r

BRNO UNIVERSITY OF TECHNOLOGY

VYSOKE UCENI TECHNICKE V BRNE

FACULTY OF CHEMISTRY

FAKULTA CHEMICKA

INSTITUTE OF MATERIALS SCIENCE

USTAV CHEMIE MATERIALU

MODIFICATION OF POLYMER BLENDS BASED ON
POLYHYDROXYBUTYRATE AND THEIR PROPERTIES

MODIFIKACE POLYMERNICH SMESI NA BAZI POLYHYDROXYBUTYRATU A JEJICH VLASTNOSTI

MASTER'S THESIS
DIPLOMOVA PRACE

AUTHOR Bc. Veronika Meléova
AUTOR PRACE
SUPERVISOR Mgr. Radek Prikryl, Ph.D.

VEDOUCI PRACE

BRNO 2017



VYSOKE UCENIi FAKULTA

Zadani diplomové prace

Cislo prace: FCH-DIP1094/2016

Ustav: Ustav chemie materialG

Studentka: Bc. Veronika Mel€ova

Studijni program: Chemie, technologie a vlastnosti materiall
Studijni obor: Chemie, technologie a vlastnosti material
Vedouci prace: Mgr. Radek Pfikryl, Ph.D.

Akademicky rok: 2016/17

Nazev diplomové prace:

Modifikace polymernich smési na bazi polyhydroxybutyratu a jejich vlastnosti

Zadani diplomové prace:

Studium vlivu struktury polymerni smési na bazi P3HB na krystalinitu, reologické a mechanické
vlastnosti. Sruktura polymeru bude ovliviiovana reaktivnimi kompaundacemi P3HB a dalSich
biopolymert s reakénimi Cinidly.

Termin odevzdani diplomové prace: 5.5.2017

Diplomova prace se odevzdava v dékanem stanoveném poctu exemplafu na sekretariat ustavu. Toto
zadani je soucasti diplomové prace.

Bc. Veronika Melcova Mgr. Radek Pfikryl, Ph.D. prof. RNDr. Josef Jan¢ar, CSc.
student(ka) vedouci prace vedouci Ustavu

prof. Ing. Martin Weiter, Ph.D.
dékan

V Brné dne 31.1.2017

Fakulta chemicka, Vysoké uceni technické v Brné / Purkynova 464/118 / 612 00 / Brno



ABSTRACT

Theoretical part of this work describes properties and modification possibilities of poly(3-
hydroxy butyrate) (PHB) and amorphous poly(lactic acid) (PLA) and their blends.
In experimental part, reactivity of Joncryl, Raschig, and phosphite reagents triphenyl
phosphite, tris(nonylphenyl) phosphite, and diphenyl isodecyl phosphite with neat PLA and
PHB are studied. Raschig, an oligomeric polycarbodiimide based additive, was proven to
enhance melt viscosity of both polymers in amount 2%wt., therefore was used for preparation
of blends in five PHB/(PHB+PLA) ratios. Samples with Raschig and corresponding non-
reactive samples were studied using rheology, gel permeation chromatography and modulated
differential scanning calorimetry. Results showed possible reaction of Raschig and PHB/PLA
blends leading to branched structures. However, the rate of reaction is not sufficient to
completely compensate decrease in viscosity due to processing degradation. Thus,
non-reacted amount of Raschig remains in matrix. On the basis of these findings, it is
concluded that Raschig behaves rather as a relatively effective stabilizer of rheological
properties than as a reagent for the intentional modification of PHB/PLA blends’ structure. In
order to study mechanical properties of these blends, samples plasticized with
acetyltributylcitrate were prepared using twin screw extruder.

ABSTRAKT

Teoretickad ¢ast této diplomové prace popisuje vlastnosti a moznosti modifikace
poly(3-hydroxybutyratu) (PHB) a amorfni poly(mlécné kyseliny) (PLA) a jejich smési.
V experimentalni ¢asti je studovana reaktivita Joncrylu, Raschigu a fosfitovych c¢inidel
trifenylfosfitu, tris(nonylfenyl) fosfitu a difenylisodecylfosfitu s ¢istym PLA a PHB. Raschig,
oligomerni aditivum na bazi polykarbodiimidu, prokdzal v mnozstvi 2hm. % zvySeni
viskozity taveniny obou polymerd, a proto byl pouzit k pfipravé smési o péti hmotnostnich
pomérech PHB/(PHB+PLA). Vzorky s Raschigem a odpovidajicimi nereaktivnimi vzorky
byly studovany pomoci reologie, gelové permeacni chromatografie a modulované diferenéni
kompenzacni kalorimetrie. Vysledky naznacily reakce Raschigu v PHB/PLA smésich vedouci
k rozvétvenym strukturam. Rychlost reakce vSak neni nedostatecnd ke kompenzaci poklesu
viskozity v dusledku degradace pti zpracovani. Nasledné zlistdva nezreagované mnozstvi
Raschigu v matrici. Na zaklad¢ téchto zjisténi se dospé€lo k zavéru, ze Raschig se chova spise
jako relativné Uc€inny stabilizator reologickych vlastnosti, nez jako ¢inidlo pro zdmérnou
modifikaci struktury smési PHB/PLA. Za Gcelem studia mechanickych vlastnosti téchto smési
byly ve dvousnekovém extrudéru ptipraveny vzorky plastifikovany acetyltributylcitratem..
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INTRODUCTION

Recently, use and research concerning bioplastic materials have gained a great attention, as
they are linked to many benefits compared to the fossil-based plastics, such as reduction of
fossil fuel usage, reduction of carbon footprint, or reduction of global warming potential.
The term bioplastics may easily be misunderstood as it involves both biodegradable and
biobased polymers, which is commonly not distinguished although one polymer might not
exhibit both of these properties. A bioplastic that is biobased may not necessarily be
biodegradable, and a biodegradable bioplastic may not be biobased.

Biobased material has some or all of its carbon produced from a renewable plant or animal
source, or produced in yeast, bacteria, or algae grown and cultivated with biobased feedstocks
such as sugar or lipids. Todays, most biobased bioplastics are sourced from plant-based raw
materials coming from traditional crops like corn and sugar cane. However, efforts have been
made to move to second and third generation feedstocks including agricultural, forest, and
municipal waste, as well as algae and other non-food biobased feedstocks. Biobased plastics
have an equal performance as corresponding polymers produced from a fossil source. For
example, common commodity plastics poly(ethylene) (PE), poly(ethylene terephthalate)
(PET), and several types of polyamides exist in a fully biobased equivalents with the same
properties and processing characteristics. Biobased plastics that are not biodegradable are
ideal for applications such as durable goods and items that are highly recycled.

Biodegradable plastics are able to completely degrade through biological process into
carbon dioxide, methane, and water in a defined environment and in a defined timescale.
Environments include composting, anaerobic digestion, and marine and soil environments.
Biodegradable plastic can be recycled during its lifetime and after deterioration of its
properties beyond usability be submitted for biodegradation. Biodegradable polymers derived
from petroleum resources include poly(glycolide), poly(lactic acid), poly(caprolactone),
poly(butylene succinate) and many others; the group of biodegradable polymers derived from
renewable resources include proteins, polysaccharides like chitin, starch and cellulose,
microbial polyesters, such as polyhydroxyalkanoates (PHA) or poly(lactic acid).

This work is focused on the blends of two polymers, both biobased and biodegradable,
poly(3-hydroxy butyrate) and poly(lactic acid). Unfortunately both exhibit drawbacks limiting
their utilization, for poly(lactic acid) it is low heat distortion temperature and poor processing
window whereas for poly(hydroxy butyrate) it is its brittleness, low melt viscosity, and
thermal instability.



1. THEORY

1.1. Poly(3-hydroxybutyrate)
Poly(3-hydroxybutyrate) (PHB) is a natural polyester of 3-hydroxybutanoic acid belonging to
the group of short chain length poly(hydroxy alkanoates) (scl-PHA) firstly described by

Maurice Lemione in 1926 [1].
0 OH
H .
H,C" 'H O
n

Figure 1 Poly(3-hydroxybutyrate) structure unit

The polymer can be produced by bacteria from various renewable and waste carbon
resources, although the cost of the production is still too high to compete with oil-based
plastic [1].

PHB is completely biodegradable, highly hydrophobic thermoplastic polyester material
with melting point (7y,,) lying between 170—180 °C, crystallinity ranging from 55 to 80 % and
the glass transition temperature (7,) around 6 °C. It is highly stereoregular with all of
monomer units in R configuration. The summary of the mechanical properties with
the comparison with the poly(lactic acid) and commercial polymers lies in the Table 1 [2].

Table 1 Properties of PHB, PLA and selected commercial polymers [2]

Young’s moulus Tensile strenght Elongation at break
E (GPa) o (MPa) £ (%)

PHB 3.5 40 5

PDLLA — 44 100-180

PP 1.7 34.5 400

PET 2.2 56 300

PS 3.1 50 —

LDPE 0.2 10 620

One of the main drawbacks of commercially using PHB is its brittleness. It is caused by its
high crystallinity and crystallites morphology. PHB forms lamellar structure when
crystallized from the solution and spherulitic structure when crystallized from the melt.
In the latter case, neat PHB exhibits low nucleation density leading to the existence of large
spherulites with inter-spherulitic cracks [3]. Moreover, at a room temperature secondary
crystallization occurs in PHB upon storage making the material stiff and brittle. PHB
similarly to most semicrystalline polymers have a three-phase structure made of one crystal
phase and two amorphous fractions. Mobile amorphous fraction (MAF) is made of
the polymer chains that mobilize at 7, and nanosized rigid amorphous fraction (RAF) exists at
the interface of crystal and amorphous phase as a result of the immobilization of a polymer
chain due to the existence of the crystal. During the storage at 25 °C, crystallization of PHB



occurs firstly by crystal growth at the expenses of the MAF and after 240 min, a mechanism
changes to local rearrangements of the RAF phase. The ratio between the amount of
amorphous and crystalline phase measured soon after crystallization from the melt cooled at
20 °C/min is 1.4 and drops down to 0.06 after 1 year at room temperature [4].

Other serious problem is PHB low thermal stability and narrow processing window.
Thermal degradation of polyesters can be carried out by two molecular reaction pathways,
intramolecular ester exchange (transesterification) and cis-elimination (depicted for PHB in
Figure 2). Beside these, radical reactions can also proceed at high temperatures (> 300 °C).
Due to cis-elimination reaction polymer chains are cleaved randomly which leads to lowering
the molar mass and decreasing the melt viscosity. The reaction proceeds rapidly consequently
giving rise to the formation of crotonic acid and its oligomers [5].

H
CH; 0OY CCHZ 0 CHy O 0
AT
R' 0 oR R on Tt HC OR

Figure 2 PHB decomposition by cis-elimination [5]

1.1.1. Additives for PHB
Many efforts have been made to overcome the problems mentioned in previous chapter
including stabilization, plasticization and nucleation.

The effect of already mentioned chain scission of PHB during its processing can be
hindered by addition of antioxidants, which react with formed free radicals disabling their
further propagation. This way it should stabilize the melt during the whole processing time
and prevent the polymer from degradation. As melt stabilizers, various phenol-based
compounds are used, namely antioxidant 1010 [6] and tannic acid [7]. Furthermore, usage of
pomace extract [8], carboxyl-terminated butadiene acrylonitrile rubber (CTBN) and
polyvinylpyrrolidone (PVP) [8] was proven to enhance PHB thermal stability.

To ensure sufficiently high crystallization rate and temperature and homogeneity,
nucleating agents are added to PHB usually in amounts less than 1% (w/w). Their presence
causes formation of smaller and more homogenous spherulites, which considerably improves
mechanical properties of the material. The nucleating agents include boron nitride [10] (one
of the most commonly used), cyanuric acid [11], saccharin [12] or orotic acid [13].

Plasticizing the polymer causes reduced stiffness and a drop of glass transition (7;) and as
well as flow temperatures which allows us to lower the processing temperature. For semi-
crystalline polymers, the crystallization process can also be affected. Recently, mainly citrate-
based plasticizers gained great attention as they are non-toxic derivates of citric acid, for
example acetyl tributyl citrate (ATBC) [14],[15] which leads to the decrease in T.
Other plasticizers include acetyl triethyl citrate, glycerol or triacetin [12], dioctyl (o-
phthalate), dioctyl sebacate [15], soybean oil, epoxidized soybean oil, dibutyl phthalate and
triethyl citrate [16].



10

1.1.2. Chemical treatment of PHB

To improve the physical and mechanical properties of PHB, its morphology and crystalline
structure needs to be changed first and therefore various chemical method were developed
aiming to do this.

Chemical modification of PHB can be done for example via chlorination [17], maleic
anhydride grafting [18] or copolymerization. Block copolymers can be prepared by catalysed
transesterification reaction with isosorbide succinate or (S)-lactic acid mers [19],
butyleneadipate [20] or poly(ethylene glycol) (PEG) [21] and [22]. Graft copolymers of PHB
are prepared by radiation grafting in nitrogen atmosphere viaradical mechanism with
isoprene [23], sodium p-styrene sulfonate, acrylic acid, styrene and methyl acrylate [24] or
methyl methacrylate [25].

Apart from this, attempts to disrupt crystalline structure of PHB through reactive
modification in the melt state have been made. It was reported, that using dicumyl peroxide
(DCP) for reactive extrusion of PHB led to generation of long-branched structure and
therefore decrease in average crystallite size. DCP concentration 0.1%wt. resulted in distinct
increase of melt viscosity during rheology measurements, while further addition of DCP had
an opposite effect due to chain scissions. Increasing concentrations of DCP influenced
the crystallization temperature which reached maximum for the sample with 0.3%wt.
The authors concluded, that during reactive extrusion microgels are formed having a high
nucleating effect [26].

Homogenous blend of PHB and 50% epoxidized natural rubber (ENR-50), which are
immiscible under normal conditions, was prepared by melt reaction. In the structure of ENR-
50 half of the double bonds of the isoprene units have been epoxidized as shown in Figure 3.
These epoxide groups react with carboxyl group formed at the end of PHB macromolecules
during its degradation.

0O

n m
Figure 3 50% epoxidized natural rubber

The blend annealing was performed for the temperatures between 184—199 °C and resulted
in single glass transition temperature materials [27].

To enhance PHB melt strength chain extender triallyl trimesate (TAM) together with DCP
was studied. During the melt processing of PHB with DCP free radicals are generated by
abstraction of tertiary hydrogen. The radicals are subsequently able to react with chain
extender to form branched and cross-linked structures as indicated on the scheme in Figure 4.
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Figure 4 Reaction of PHB with TAM in the presence of free radicals

The changes in the structure of PHB were proven by rheological measurements where
samples with 0.2%wt. DCP and addition of TAM resulted in increased melt viscosity
compared to neat PHB. The existence of cross-linked regions was examined by measuring
the gel content which reached the value 30%wt. for the sample containing 0.3%wt. DCP and
0.4%wt. TAM. For this sample the crystallization temperature was increased up to 118 °C
compared to 96 °C for neat PHB. It was also shown, that this treatment led to
the improvement in thermal stability of PHB [28].

1.2.  Poly(lactic acid)

Poly(lactic acid) (PLA) is biodegradable thermoplastic polymer chemically belonging to
the group of polyesters. High molecular weight PLA was first synthesized by Lowe in 1954
according to the procedure suggested by Carothers et al. in 1932 [29].

0 0
HO I ;I/H HO ;I/H
o7, o4,
H,C™ “H H,C H

Figure 5 Poly(lactic acid) in(S), L ( left) and (R), D (vight) configuration

As can be seen from Figure 5, the presence of a chiral carbon atom in PLA monomer unit,
lactic acid, makes the structure optically active. Therefore two stereoisomers of PLA exist —
D-poly(lactic acid) (PDLA) and L-poly(lactic acid) (PLLA) [29].

PLLA is asemi-crystalline polymer with crystallinity around 37%, melting temperature
between 170-180 °C and a glass transition temperature in the region of 60—67 °C, which
contributes to the brittleness of the material at ambient temperature. Melting enthalpy of
100% crystalline polymer is 135 g/mol. PDLLA is an amorphous polymer which has a glass
transition temperature between 50-60 °C [29].

In the blends of PLLA and PDLA stereocomplexation occurs between equimolar amounts
of D- and L-lactyl units if either of enantiomers has the molecular weight (MW) below
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10* g/mol. These stereocomplexes are created exclusively when the sequence length of L- or
D-lactyl units is at least 14. The stereocomplexation is responsible for increasing mechanical
performance, thermal and hydrolytic degradation resistance and gas barrier properties.
Melting temperature of stereocomplexes is 50°C higher than PLLA homocrystals and they
also exhibit higher crystallization rate than homocrystals because of self-nucleating effect. It
is necessary to say, that stereocomplexes do not change 7, though leaving the material still
brittle. In chloroform solution these stereocomplexes can act as cross-linking areas causing
formation of gel. In case of non-racemic mixture, stereocomplexes are created and the excess
of one stereoisomer crystallizes in the form of homocrystals. The crystallinity reaches values
up to 63% making the polymer stiff and brittle with low values of deformation at break [29],
[30].

PLA can be synthesized by bacterial fermentation of carbohydrates like starch or by
chemical synthesis. The former is preferred by two main producers of PLA, NatureWorks
LLC and Corbion®. Chemical synthesis can be performed by polycondensation of lactic acid
(2-hydroxy propionic acid) or by ring opening polymerization (ROP) of lactide (3,6-dimethyl-
1,4-dioxane-2,5-dione). However, its restricted production capacity and high manufacturing
costs together with the fact that this method is suitable only for producing L isomer limits its
using [30].

1.2.1. Additives for PLA

Additivation of PLA aims to improve its mechanical properties enough to be suitable for use
as commodity plastics. From the methods trying to overcome PLA brittleness, plasticization
has gained the most attention. Plasticizing effect leads to decrease in elasticity modulus and
maximum tensile strength, while values of elongation at break are increased. Moreover, glass
transition temperature and crystallinity should be affected. For example, using PEG,
glucosemonoester and partial fatty acid esters as plasticizing agents have been reported.
Addition of 10%wt. of PEG has shown not only influence on mechanical properties and drop
in 7, by 30 °C, but also enhancement of the impact stress of PLA [31].

Citrate plasticizers, namely triethyl citrate and acetyl triethyl citrate, are nontoxic derivates
of citric acid which have been studied as plasticizers for PLA. Both were miscible with
PLA at all compositions and possessed improved toughness and elongation at break values

[32].

Other plasticizers include adipates [33], lactic acid oligomer, L-lactide and epoxidized
soybean oil (USE) [34] or poly(propylene glycol) [35].

To obtain a material with induced crystallization various nucleating agents have been
tested with PLA. Talc, which is chemically neutrally charged silicate, was proven to have
a nucleating effect on PLA. It reduces crystallization half-time and time to full crystallization
and also increases heat distortion temperature (HDT), which is low for neat PLA [36]. Other
nucleating agents include phthalimide [37], cyclodextrin, calcium carbonate (CaCO3) [38] or
star-structured L-poly(lactides) [39].
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1.2.2. Chemical treatment of PLA

The reasons, why so many attempts have been made to chemically graft PLA, are to tailor its
biodegradation behaviour, susceptibility to hydrolysis and last but not least mechanical
properties. Similarly to PHB, PLA can be maleated using commercial peroxide Luperox L101
(2,5-bis(tert-butylperoxy)-2,5-dimethyl hexane), which structure is shown in Figure 6 [40].

o S
H,C o . A(cm
CH, 0

Figure 6 The structure of Luperox L101 peroxide 65[40]

PLA exhibits processability drawbacks in the means of poor melt strength and lack of
strain hardening. Branching and chain extension are generally considered to be a way how to
solve this.

It has been proven, that using peroxide, namely Lupersol 101 (the same chemical structure
as Luperox L.101), during processing leads to change in PLA structure due to coupling, chain-
scission, branching and cross-linking reactions. Using peroxide concentration and temperature
ranges 0.1-0.25%wt. and 170-180 °C, respectively, resulted in increased MW and melt
viscosity [41].

Recently, systems of peroxy-initiated melt reactions with chain extenders have attracted
a great attention. Triallyl trimesate (TAM) [42], triallyl isocyanurate (TAIC) [43] and
pentaerithritol triacrylate (PETA) [44] were used together with dicumyl peroxide (DCP)
bis((1-methyl-1-phenylethyl)) peroxide. Chemical structures of these reagents lie in Figure 7.
TAM is reported to significantly enhance crystallinity and crystallization rates and melt
properties of PLA, using TAIC resulted in improved thermal stability, while poor mechanical
properties of the material remained. PETA showed nucleating effect on PLA by increasing its
nucleation density and crystallization rate.

N AU S
C PN :

P A o
/\/O O\/\ ‘ OH

(0) (0)
Figure 7 The structure of TAM (left), TAIC (middle) and PETA (vight) [42], [43], [44]

Moreover, to increase MW and promote branching in PLA a multi-functional epoxide
styrene-acrylic oligomeric chain extenders (shown in Figure 8) with commercial names
Joncryl® ADR-4368 [42], [45], [46], [47], and Joncryl® ADR-4370 [48] from the company
BASF and CESA-Extend OMAN698493 from Clariant [45], [49] are used. Epoxide groups of
Joncryl and CESA react predominantly with carboxyl end groups on polyesters and the excess
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epoxide groups are able to react with terminal hydroxyl groups and with the newly formed
hydroxyl groups from the reaction between epoxide and carboxyl groups. The outcome is
long chain branched (LCB) structure of PLA with increased MW, wider molecular weight
distribution (MWD), and enhanced melt properties. The LCB structure hinder the folding of
chains into growing crystalline lamellae, which causes reduced overall crystallization rate and
increase the cold-crystallization temperature.

Figure 8 The structure of multi-functional epoxide styrene-acrylic oligomeric chain extender,
Joncryl® ADR, where x, y, and z are all between I and 20 [46]

It was found, that LCB structure can be achieved also by two-step reaction of PLA with
pyromellitic dianhydride (PMDA) and triglycidyl isocyanurate (TGIC) (Figure 9) through
reactive processing. This way a topological structure consisting of linear, star-like chains with
three arms and tree-like chains can be achieved [50]
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Figure 9 The structure of PDMA (left) and TGIC (right) [50]

Poly(carbodiimide) (PCDI, poly-(1,3,5-triisopropylphenylene-2,4-carbodiimide) and
tris(nonyl phenyl) phosphite (TNPP) (Figure 10) were also studied as chain-extenders for
PLA in order to uplift its thermal stability. Opposite to Joncryl, PCDI and TNPP stabilize
the polymer by producing longer linear chains of PLA. Addition of 2%wt. of PCDI or
0.35%wt. of TNPP ensured an acceptable stability of the complex viscosity of PLA at 160—
200 °C over 30 min. In addition, TNPP was proven to intensify the crystallization process and

as a result the degree of crystallinity, crystal growth rate, and spherulite size increased [46],
[47].
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Figure 10 The structure of PCDI (up) and TNPP (down) [46]

Last but not least, chain-extended PLLA was prepared through reactions with triphenyl
phosphite (TPP, showed in Figure 11). With the optimal amount of 2%wt., molecular weight
of PLLA increased from 62,100 to 126,000 g/mol. TPP is considered to work as an

esterification promoter [51].
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Figure 11 The structure of TPP

1.3. Blends of PHB and PLA

Chemically, PLA and PHB are both polyesters and their structures differ only in a single -
CH,- group suggesting no special interaction apart from hydrogen bonding. Both polymers
crystalline forms have orthorhombic structures.

However, their miscibility is a rather complicated phenomena. When precipitated from
chloroform, they are immiscible in the whole concentration range [52]. In the melt,
transesterification occurs enhancing the miscibility. Studies have shown that in the melt PHB
is miscible with low-molecular-weight PLLA (MW < 18000) over the whole composition
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range, whereas the PHB blends with high-molecular-weight PLLA (Mw > 18000) exhibit
biphasic separation. This is usually explained by means of the Flory-Huggins solution theory
neglecting mutual interactions between the polymers. In parallel, PLLA is miscible with low-
molecular-weight PHB (Mw < 9400) in the melt up to 50%wt. and immiscible with high-
molecular-weight PHB [53].

From miscible blends of PHB and low-molecular-weight PLLA, both polymers can
crystallize simultaneously. Two types of spherulites are formed during cooling from the melt,
dendritic PLLA spherulites and PHB spherulites. Crystallization rate of PLA is much slower,
even though PLLA starts to crystallize earlier [53].

1.3.1. Melt blended

In the blends where there is a majority of PLA (90%), PHB exists in the form of well-
dispersed droplets improving the properties of resulting polymer alloy. The heat deflection
temperature, tensile strength and foam nucleation density are enhanced relatively to neat PLA.
Moreover, the toughness of PLLA is substantially increased without reduction in optical
clarity of the blend. This is due to the finely dispersed PHB crystals acting as filler and
a nucleating agent in PLA [54]. Phase separation for the blend PLLA/PHB 75/25 can be
suppressed by addition of 7%wt. of polyester plasticizer Lapol 108 as shown by SEM.
Plasticizing effect was also confirmed by the reduction of 7, [55]. The use of a lactic acid
oligomer (OLA) as a plasticizer for PLLA/PHB blend with the majority of PLLA was also
studied. Glass transition temperature shifted to lower temperatures and the main degradation
peak for the blend decreased when compared to neat PLA as well [56].

When blended in the ratio 1:1, PLLA changes the crystallization mechanism of PHB and
lowers its 7. In miscible blends of PHB and low Mw PLLA, at 110 °C 8 hours is needed to
finish the co-crystallization. In immiscible blends, PLLA showed depressed crystallization
rate caused by the dilution effect of PHB melt, while 7, remained unchanged [53].

Adding PLLA to the PHB matrix leads to increase of 7, and 7; and drop of 7, together
with broadening the melting peaks, which may be explained by recrystallization and/or
lamella thickening. In addition, crystallinity and the number of large spherulites are reduced
and crystallization rate for PHB is decreased. In case of amorphous PDLLA, the spherulites of
PHB are volume-filling with PDLLA incorporated in the inter-spherulitic regions [57].

1.3.2. Partially cross-linked blend

In order to further improve the performance of PHB/PDLLA blends, the blends were partially
cross-linked using different concentrations of DCP as a free radical initiator (0.1; 0.5 and
1%wt.), while the ratio PHB/PDLLA was kept 70/30.

DCP causes hydrogen absorption from PDLLA and PHB chains and consequently
combination of free radicals at the interphases. Complex products can be obtained, including
branched/cross-linked PHB, branched/cross-linked PDLLA, PHB-g-PDLLA copolymers and
PHB-cross-linked-PDLLA network. Moreover, competitive reaction of chains scission occurs
because of the thermal instability of PHB and the free radicals.
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The process of compounding was monitored by measuring the torque of the Haake mixer.
As can be seen from the typical curve of torque plotted against time shown in Figure 12,
the values increased at the beginning because of feeding and began to drop as the polymer
started to degrade thermally. After addition of DCP, the torque values raised rapidly,
suggesting a formation of crosslinking/branching structures. Then the curve reached its
maximum and the degradation reaction started to prevail reducing the melt strength and
consequently the torque values.
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Figure 12 Torque values of the Haake mixer during processing of PHB/PDLLA reactive blends
[38]

Improved compatibilization of these two polymers was confirmed by SEM observation of
compounded blend compared with blend without DCP addition. The phase boundaries
became unclear indicating an enhanced interfacial adhesion and compatibility.

Using these amounts of DCP, up to 20% of gel content was formed in the resulting
material containing 10% more PDLLA fraction than the overall blend.

PHB exhibited deterioration of crystallization ability caused by reactive compounding.
Thermal behaviour of PHB PDLLA blends showed reduced peak crystallization temperature
and crystallinity with addition of DCP. On the contrary, cold crystallization temperature and
enthalpy were increased. The existence of two melting peaks is attributed to recrystallization
process upon heating. Both 71, and Ti,, values are decreased by addition of DCP indicating
the presence of imperfections and small-sized lamellar crystals formed as a consequence of
the partial crosslinking and branching.

Moreover, the mechanical properties namely tensile and flexural strength and impact
toughness of the blends were enhanced after the partially crosslinking as well as
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the rheological properties of the melt, the storage modulus (Go) and the complex viscosity (")
were increased [58].

1.4. Blending and compatibilization of polymers

Polymer blend is a mixture of at least two polymers or copolymers, comprising more than
2%wt. of each component. Miscibility of polymer blends is explained in the means of
extended Flory-Huggins theory with binary polymer-polymer interaction parameter as the key
element, which is acomplex function of all variables: polymer structure, MW and
distribution, blend composition, pressure, temperature, stress field, etc.

Miscible blend is associated with a negative value for the free energy of mixing and
a positive value of the second derivative of concentration. Its domain size is comparable to
the dimension of the macromolecular statistical segment as it is homogeneous down to
the molecular level.

In immiscible polymer blends we consider three cases:

1) crystalline matrix/amorphous dispersed phase — nucleation behaviour and the spherulite
growth rate may be affected by the second phase,

2) amorphous matrix/crystalline dispersed — a fractionated crystallization occurs which may
lead to a drastic reduction in the degree of crystallinity,

3) crystalline matrix and dispersed phase — in this case, both phases may affect each other,
rarely simultaneous crystallization is present.

Since glass transition temperature is relatively simple to measure, that’s why detection of
a single 7, in a blend has been used as a test for miscibility. However, 7, is rather sensitive to
the degree of dispersion, thus a single value can be detected in immiscible blends with small
enough domain size (< 30 nm) [59].

Blending of two immiscible polymers necessarily leads to phase-separated material. Its
morphology and interfaces have to be well controlled which is done by compatibilization.
This process leads to the reduction of the interfacial tension coefficient, stabilisation of
the desired morphology against the processing stresses and improving interaction between
phases in the solid state. Chemical compatibilization is divided into two categories:
compatibilization by addition of a compatibilizer, and reactive compatibilization. In
the former case, one of the strategies is addition of a small amount (0.5-2%wt.) of a tailored
copolymer. However, the added copolymer has a tendency to form micelles, which do not
participate in the process and it has the disadvantage that it has to diffuse to the interfacial
region. Therefore, a compatibilizing copolymer is nowadays formed simultaneously with
generation of interphase morphology during extrusion processing, which is the principle
of reactive compatibilization [59],[60].

1.4.1. Reactive compatibilization

During the last three decades, polymer blending has become important part of
the commercialization of polymers. Reactive compounding has been used mainly for
modification of engineering resins such as PP, PA, thermoplastic polyesters, PC or POM.
Copolymer formation in situ is a heterogeneous reaction taking place across a melt-phase
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boundary. A compatibilizer must therefore be located at the interfaces in order to play its roles
[59],[60].

Reactions taking place during reactive compounding can be classified as follows [59]:

1) redistribution or trans-reaction — block and random copolymers formation
a) reactive end-groups of polymer-1 (P1) attack main chain of polymer-2 (P2)
b) chain cleavage/recombination involving all polymers

2) graft copolymer formation
a) direct reaction of end-group of P1 with pendent groups of P2
b) reaction of end group of P1 with pendent group of P2 in the presence of a condensing
or a coupling agent
¢) reaction of pendent group of P1 with main chain of P2 in a degradative process

3) block polymer formation
a) direct reaction of end-group of P1 with end group of P2
b) reaction of end-group of P1 with end-group of P2 in the presence of a condensing or
a coupling agent
c) reaction of end-group of P1 with main chain of P2 in a degradative process

4) cross-linked copolymer formation
a) direct reaction of pendent functionality of P1 with pendent functionality of P2
b) reaction between pendent functionalities of P1 and P2 in the presence of a condensing
or a coupling agent
¢) main chain of P1 reacts with main chain of P2 in the presence of a radical initiator

5) Ionic bond formation — block, graft or cross-linked structures
a) ion-ion association mediated by metal cations as linking agents
b) ion-neutral donor group association mediated by metal cations
¢) inter-chain protonation of a basic polymer by an acidic polymer

The type 1 reactions (trans-reactions) have mainly been used to compatibilize polyester
blends. As the trans-reaction proceeds, the amount of crystallinity decreases which results in
improved toughness, but reduced solvent and chemical resistance. For many applications only
limited transesterification can be allowed. Addition of organo-phosphites (e.g.
triphenylphosphite), supposing their conversion to di-phosphonates, is used to stop
the exchange reaction. Block polymer formation (type-3 reaction) usually involves a coupling
or condensing agent, e.g. epoxide, anhydride, phosphite or tri-phosgene. Compatibilization by
formation of a compatibilizing copolymer with low level of crosslinking (type-4) usually
involves reaction of multiple pendent groups.

Efficient reactive compatibilization should lead to high molecular weight copolymers. This
together with crowding of the copolymer at the interface causes thick and rigid interphases,
enhanced stability of morphology, increased melt viscosity and superior stress transfer in
the solid state. The effect of compatibilization on crystallinity is more ambiguous. Since it
increases the interfacial area the overall nucleation rate is increased. By contrast, diffusion of
the nuclei to the crystallisable phase is slowed down. Furthermore, at high degree of
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compatibilization, when the crystallisable polymer forms adispersed phase and
the drop/domain size is reduced below a critical limit for trapping nucleating particles,
the crystallisation rate may be drastically reduced. Crystallisation within the small domains
may only proceed by the homogeneous crystallisation mechanism [59].

1.4.2. Mechanism of reaction compatibilization
During reactive compatibilization using peroxides reaction proceeds by radical mechanism.

In initiation step thermally induced homolytic scission of O—O bond of the peroxides leads
to the creation of primary radicals containing unpaired electrons. Subsequently, these highly
reactive species form active centre in two different ways, abstraction of hydrogen atom from
polymer chain or addition of monomer (in this case compatibilizer). Preference for
the reaction is given mainly by the nature of radical species (initiator), more efficient in
abstraction reactions are stable, heteroatom centred radicals. Susceptibility of polymer
towards abstraction is also important and is controlled by the strength of bond between
hydrogen and polymer.

Subsequent step until termination is referred as propagation. This step determines
the kinetics of the overall compatibilizing reaction and is controlled by the diffusion of
compatibilizer towards the reactive radicals. Large number of reactions occurs during
propagation, including desired reaction between macro-radicals and compatibilizer. Apart
from this, polymerization of a compatibilizer, chain transfer to a polymer or other additives or
chain scission by B-scission mechanism can take place.

Termination is rapid combination of two radicals forming non-radical species with no
energetic barrier. Growing macro-radical may react with oligomeric radical or other macro-
radical. The latter case leads to a generation of cross-linked structures. Termination is
diffusion controlled, therefore it is more likely for the polymer radical to be combined with
smaller radical than other macro-radical. In the mixture of two polymers, compatibilizer and
initiator, expected products include graft and block copolymers, cross-linked structure
containing both polymers, branched and cross-linked homopolymers, polymerized
compatibilizer and products of scission [61].

1.4.3. Processing technology

When two immiscible polymers are mixed in the form of solid pellets, morphology
development starts with melting the pellets, then the polymer is stretched/deformed to slender
threads which subsequently break-up to small particles. Possible coalescence of small
particles to larger ones can be avoided by ensuring much greater rate of dispersion than rate of
melting/plastification.

This can be done by any type of mixer capable of melting and mixing polymer system.
Two basic types of mixers are distinguished: batch and continuous mixers. The former is
mainly used for preliminary and laboratory-scale studies, while the latter is used for both
laboratory studies and industrial production, depending on the size of the machine. For
reactive compounding in continuous mixers screw extruders are mainly used. They are
classified into single and twin-screw extruders. Even today, choosing adequate mixer (type,
size, etc.) remains empirical because of lack of fundamental understanding and quantitative
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evaluation of the common features and differences among these different types of mixers. Co-
rotating self-wiping twin-screw extruders are used most frequently for polymer blending and
alloying.

In a screw extruder, the morphology development is a function of screw length, while in an
internal mixer it is a function of time. In the resulting blend, the minor component forms
drops or filaments dispersed in a continuous matrix of the second polymer. Elementary steps
in the mixing process are deformation of dispersed phase in the flow field in order to increase
the interfacial area between the two components and decrease of local dimensions
perpendicular to the flow direction (striation thickness).

The presence of a copolymer as a macromolecular compatibilizer has essential effect on
the development of blend morphology:

1) it accelerates the melting/plastification rate through enhanced heat conductivity at
the interphase between two polymers,

2) it modifies the sheet/thread formation and break-up via interfacial tension modification,

3) itreduces or prevents from coalescence.

1.4.4. Controlling factors of reactive compatibilizing

Generally speaking, the faster the copolymer formation kinetics the faster the morphology
development and the finer the ultimate morphology. The complexity of compatibilizing
process indicates that it can be affected by both nature of theused compounds and
technological parameters. Variables include the nature of the polymers, compatibilizer,
initiator, and eventually other additives, temperature, mixing time and intensity etc.

1.4.4.1. Effect of temperature and mixing time

It is straightforward, that processing temperature affects the half lifetime of the free radical
initiator, #,. Increased temperature causes rise of thermal decomposition rate of initiator and
the initiator efficiency in producing free radicals on polymer, which results in increased
polymer macro-radicals concentration and therefore the reactivity of the system [61].
The activation energy of the decomposition of the initiator is usually very high and thus it’s
tin 1s decreased with increasing temperature. Temperature should be chosen so that
the following inequalities are satisfied:

52‘mixing <hp< 0.2 tprocess-

That means that if we want the initiator to be consumed at the end of the process,
the overall processing time (Zyrocess) Should be at least 5 times #1, of the initiator. Moreover,
initiator should be well mixed in the polymer before a significant amount is decomposed,
therefore time necessary for mixing up the grafting system, #mixing, should be 5 times shorter
than ¢#,; of the initiator [60].

Other effect of temperature is on the kinetics of co/polymerization occurring in the system.
In case of radical grafting, grafting yield increases with increasing temperature, until some
limit is reached. One factor in this can be enhanced diffusion of reactive species [61].
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1.4.4.2. Polymer

As compounding of two polymers involves covalent attachment between them, the nature of
polymer backbones defines grafting process due to its structure and chemical composition.
The presence of reactive groups on the backbone chains is the major requirement for
the reactive blending. Strong interactions (covalent bonds, ionic bonds) between two
polymers in the melt are limited to a few percent of the polymers chains. The miscibility
between two components is improved by the introduction of intermolecular H-bonds. For
example in case of PHB, the carbonyl groups form an inter-H-bond with the hydroxyl groups
of hydrogen bonding additives, competing with the self-H bonding formed by the hydroxyl
groups themselves. The crystallinity and melting temperature obviously decrease for PHB H-
bonded miscible blends [63].

As already mentioned, the polymer backbone influences the generation of active centres
responsible for further reactions. It is straightforward, that the reactivity of so formed reactive
centres and its precedence towards the reaction with reactive agents and other components of
the mixture are affected as well. During the compounding reactivity slightly changes due to
the B-scission [61].

1.4.4.3. Compatibilizer

A number of factors relating the additives need to be considered in designing experiments.
These include: its concentration, solubility in the polymer melt, volatility, the method of
introducing into the mixture, reactivity towards initiator and substrate derived radicals, and
susceptibility to homopolymerisation.

As far as the homopolymerisation is concerned, in case of reactive blending it is an
undesired reaction. The susceptibility to homopolymerisation depends both on its propagation
rate constant and the propagation/depropagation equilibrium constant and is suppressed above
the ceiling temperature. One way to avoid it is to use oligo- or polymeric compounds, which
exhibit lesser tendency to undergo homopolymerisation due to steric factors. It is important to
note, that their non-volatility makes them difficult to remove them from reaction product
afterwards [64].

The effect of increasing the reactive agent concentration on the reaction yield is favourable
up to a certain limit and is reversed further on. If the compatibilizer concentration becomes
too high, phase separation can occur resulting in reduced grafting yields and an increased
likelihood for homopolymerisation. To a certain extent it can affect degradation rate of
a polymer, as it traps radicals that would otherwise undergo chain scission or crosslinking
[61].

Equally important is chemical reactivity of the agent towards the polymers. For example,
an epoxy moiety at the end of the macromolecule is highly reactive with COOH and OH end
groups of PHB and PLA, although the reaction with COOH occurs primarily. Moreover,
a temperature raise shifts the epoxy/COOH reaction to the product side. Pre-introduction of
polymers with glycidyl methacrylate (GMA), containing an epoxy moiety at one end, could
also be an effective way to achieve reactive PHB-based blends [64].
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1.4.4.4. Initiator

A selection of an appropriate initiator should be emphasized on the concentration and
residence time of transient radical species generated during the reaction, which is mainly
given by the half-life of the initiator. Ideally, it should be short compared with the residence
time in the extruder. A shorter half-life initiator will initially give a higher transient radical
concentration for the same concentration of initiator, which may increase the likelihood of
crosslinking by radical-radical combination. In opposite case, residual initiator may have
a negative effect on product stability [64].

Initiator concentration follows similar trend as reactive agent, once a certain concentration
is reached, higher levels of initiator do not increase the conversion of grafted monomer, as
formed radicals participate in the termination of the growing polymer and other termination
reactions [61].

A variety of other factors relating initiator have to be considered for an experiment:

1) the solubility of the initiator in the polymer melt and its partition coefficient between
the various phases in case of multiphase melts,

2) volatility of the initiator - this is a concern both in choosing the method of introduction
and for safety,

3) physical form of the initiator,
4) the method of introducing the initiator - the initiator may be:
a) introduced with the feedstock,
b) added with the monomer,
c¢) added as a separate feed,
d) added directly or adsorbed onto the polymer,
e) added as a solution in the monomer or a solvent,
f) added all at once or by multipoint addition,

5) the extent of cage reaction and the formation of initiator derived by-products — it depends
on the nature of the initiator and on other reactants presented in the reaction system such
as polymer substrate, monomer, additives, etc,

6) susceptibility of the initiator to induce decomposition and other side reactions - diacyl
peroxides and hydroperoxides are particularly prone to induced decomposition [64].

1.4.4.5. Additives

Grafting yield or the extent of graft co-polymerization depends also on the reactivity of
possible additives in the mixture. The reaction between the desired reactant and the polymers
must compete with undesirable reactions pathways, such as chain-transfers or radical
trapping. Nevertheless, various coagents have been studied and proved to enhance
the agent/backbone reaction and to improve the grafting efficiency, and/or to reduce side
reactions during melt phase processing [64].
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2. EXPERIMENTAL
2.1. Materials

2.1.1. PHB

PHB with a production name Hydal 8-10/3V and 2V were kindly provided by Nafigate,
which is an Exclusive Licensee of the initial patent developed by the team of Professor Ivana
Marova at Brno University of Technology. Hydal biotechnology is a technological process of
converting third generation feedstock, waste cooking oil, into PHB by means of fermentation
and subsequent polymer isolation. Polymer isolation process consists of separation of
microbes, their disruption and polymer extraction, polymer precipitation, solvent removal and
solvent recovery steps.

Polymer, in the form of flakes was firstly dried in an oven at 60 °C for two hours and
processed using HAAKE™ Rheomex OS single screw extruder with the HAAKE™
PolyLab™ OS driving unit. Setting of temperature zones from hopper to dye was as follows:
180 °C - 180 °C -170 °C - 160 °C, rotational speed was set to 200 RPM. Extruded profile was
guided through water bath with a temperature 60 °C in order to finish the crystallization
process, air dried and fed into the pelletizing machine.

2.1.2. PLA

PLA Ingeo™ 4060D (amorphous PDLLA, referred to as PLA), suitable for thermoformed,
coating, injection molded, blow molded, and fiber applications, was provided by NatureWorks
LLC in the form of pellets and used as recieved. This grade may be used in food packaging
materials and, as such, is a permitted component of such materials pursuant to section 201(s)
of the Federal, Drug, and Cosmetic Act, and Parts 182, 184, and 186 of the Food Additive
Regulations. Glass transition temperature is 55—60 °C.

2.1.3. Reactive agents
Following reactive agents were purchased from Kingyorker and used as received:

e triphenyl phosphite (TPP): molecular formula C;sH;sO3;P (shown in Figure 11),
MW 310.28 g/mol, boiling point 360 °C,

e tris nonylphenyl phosphite (TNPP): molecular formula C4sHgO3P (as shown in Figure
10), MW 689.00 g/mol, boiling point 180 °C at 4 hPa,

e diphenyl isodecyl phosphite (DPDP): molecular formula C,;,H3,03P (as shown in Figure
13), MW 374.45 g/mol, melting point 54.75 °C, boiling point 435.74 °C.
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Figure 13 The structure of DPDP

Joncryl ADR-4368 (referred to as Joncryl, shown in Figure 8), with MW 6800 g/mol and
T, 54 °C was purchased from BASF SE and used as recieved. It reacts to increase melt
viscosity and intrinsic viscosity in polyesters, while being proven for specific food
applications.

Raschig 9000 (referred to as Raschig, shown in Figure 10), a high-molecular-weight
(2-3-10* g/mol) polycarbodiimide was purchased from RASCHIG GmbH and used as
recieved. It should work as a chain extender for polyesters and therefore cause a significant
increase of intrinsic viscosity and additionally enhanced hydrolytic stability.

Citroflex A-4, chemically acetyltributylcitrate (referred to as ATBC, shown in Figure 14),
with MW 402.50 g/mol and boiling point 327 °C was purchased from Vertellus Holdings
LLC and used as recieved. It is widely used in children’s toys and food contact applications
and also as a plasticizer for bioplastics such as a PLA, cellulose acetate and
poly(hydroxyalkanoic acids).

Figure 14 The structure of acetyltributylcitrate
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2.2. Characterization methods

2.2.1. Gas chromatography — flame ionization detector

Gas-liquid chromatography (GC; often called just gas chromatography) is analytical
separation technique used to separate complex mixtures for both quality and quantity
measurements. The mobile phase is a inert gas such as helium and the stationary phase is
a high boiling point liquid (for example polydimethylsiloxane) adsorbed onto a solid support
in a very thin layer. A flexible tube containing stationary phase is often coiled inside
a thermostatically-controlled oven to keep it at a constant temperature. Volatile samples, or
samples volatilized by heating, are introduced into the gas phase and flow through
the column. Substances with a greater affinity for the mobile phase reach the detector at
the end of the column more quickly than those with a greater affinity for the stationary phase.

A flame ionization detector typically uses a hydrogen/air flame, into which the sample is
passed to oxidise organic molecules and produces electrically charged particles (ions).
The ions are collected to produce an electrical signal which is then measured. The FID is also
extremely sensitive to hydrocarbon impurities, which can cause increased baseline noise and
reduce the detector sensitivity. This detector is used to quantify residuals and determine
the purity profile of the material. This analysis is important mainly for purity determination of
PHB. Considering its production process, it may contain traces of residual solvent and
biomass or impurities from used equipment, which could influence its behaviour and stability.

Analysis was performed on Hydal 8-10/3V and 2V. Polymer was firstly dried at 105 °C for
12 hours and 9-11 pg of sample was methanolysed at elevated temperatures with 15%wt.
solution of sulphuric acid in methanol afterwards. GC-2010Plus machine with ZB-WAX plus
30 m x 0.32 mm column with internal diameter 0.50 um was used. Temperature programme
was set as follows: 5 min at 40°C, then 15°C/min to 260°C and isothermal for 7 min.
Dispenser and detector temperatures were set to 250 and 300 °C, respectively. Helium as the
eluent at a flow rate of 2.6 ml/min was used. Detection was performed by method of internal
standard (99.6 % PHB) with FID detector.

2.2.2.  Gel permeation chromatography

Gel permeation chromatography (GPC; also known as size exclusion chromatography, SEC)
is a type of high performance liquid chromatography, which can be performed in a wide range
of solvents, from non-polar organics to aqueous. It uses columns packed with small, round,
porous particles made from polymers that have been cross-linked in order to be insoluble, or
inorganic materials, such as spherical silica. Molecules contained in the solvent passing
through the particles are separated on the basis of their size. Small polymer creating small
coils can enter many pores in the beads and it takes a long time for them to pass through
the column. Conversely, large polymer coils that cannot enter the pores take less time to leave
the column and they are eluted first. Comparing measured data to a calibration that shows
the elution behaviour of a series of polymers for which the MW is known we can determine
the MWD of a sample.

This measurement is important for characterization of a raw material to help building
a picture of its likely behaviour. The MW values of a polymer are important as they influence
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properties such as brittleness, toughness, and elasticity. Analysis was performed on Hydal 8-
10/3V. Six samples were taken and subjected to 0—6 heating cycles using conventional DSC
(more in chapter 2.2.4.1) and the change in MW and MWD were analyzed.

In case of polymer blends GPC doesn’t tell us if the sample contains different compounds.
It gives information regardless chemistry of the sample. Analysis was performed on kneaded
samples as the ratios in the mixtures are not influenced by an error that may arise in case of
extrusion.

The samples were firstly dissolved in chloroform and diluted to a concentration 3—6 pug/ml.
Measurements were performed on Agilent Technologies 1100 Series instrument equipped
with isocratic pump, fraction collector and autosampler. PLgel 10 um mixed B column
thermostated to 30 °C with chloroform as the eluent at a flow rate of 0.1 ml/min against linear
polystyrene standards with narrow distribution were used (10 points in calibration).
Instrument is equipped with refractive index detector (RID), which measures the refractive
index of an analyte relative to the solvent.

2.2.3. Rheology

Rheology is a science dealing with deformation and flow of matter. Relationships between
stresses and deformations are fundamental concepts of continuum mechanics. These relations
can be formulated in a standard form as:

=Gy,

o=1n: 7 >
where o is the shear stress, y is shear strain (deformation) and j is the shear rate.
Proportionality constant in the relationship between shear stress and strain is called shear

modulus (G). The constant coefficient of proportionality in the relationship between shear
stress and rate, n, is called viscosity (or shear viscosity). If the shear stress is not proportional

to the shear rate, such liquid is called non-Newtonian and the ratio o/7 is called apparent
viscosity, which is not necessarily constant. Polymer melts or the most polymer solutions are
among the Non-Newtonian fluids. Measurements of rheological properties are strongly linked
with their molecular structure and conditions. Polymers are viscoelastic fluids, which behave
viscous or elastic, depending on how fast they flow or are deformed in the process.

Samples for rheology measurements were prepared by pressing approximately 5 g of the
sample from reactive kneading between two metal plates using hydraulic laboratory press
machine to prepare films with the thickness of 500 um. The plates were shaped by pressing
into rounded specimens with a diameter 25 mm.

Rotational (Shear) Stress Control (combined motor and transducer, CMT) TA Rheometer
AR-G2 with the radiation oven was used for the measurements. Torque range of the
instrument is 0.003—200 uN'm, frequency range is 1:10"—1-10% Hz, displacement resolution is
0.025 pRad and normal force range is 0.005-50 N. Environmental Test Chamber (ETC)
system was used and parallel plate geometry with diameter 25 mm was chosen for all the
measurements, gap was adjusted to appropriate value according to the sample from
0.5-2 mm.
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2.2.3.1. Time sweep

Time sweep (TS) of the material is used to determine if properties are changing over the time
of testing. Important is stability against thermal degradation. The material response is
monitored at a constant frequency, amplitude and temperature.

The TS procedure, which was used for the measurements, is shown in Table 2. To ensure
comparable condition for all samples, the first three steps were added to all further
experiments. These contained firstly condition step 1, which aimed in pre-heating the sample,
while the normal force control was active and set for 1 N with a tolerance of changing the gap
limit £ 800 um. Next step was time sweep 1, where the sample started heating up to the
temperature of measurement, while withstanding oscillation with amplitude of deformation
0.1 %strain in order to settle down the sample before measurement. In the third step,
condition step 2, active normal force control was turned off ensuring the gap would not be
changed during the measurement.

The measurement itself (time sweep 2) was performed for 10 min at 190 °C, frequency
used was 0.833 Hz and amplitude of deformation was chosen 300 % in order to simulate
conditions during processing.

Time sweep 3 was used for structure recovery in order to distinguish between effect of
thermal degradation and structure distortion by the influence of shear. It was performed for
5 min at 190 °C with unchanged frequency however, the strain used was 1 %.

From obtained data, a total drop (from the beginning of the time sweep 1 to the highest
point of recovery) and a recovery ability of storage and loss shear modules and complex
viscosity are evaluated.

Table 2 Procedure of TS measurements

1 2 3 4 5
Condition Time Condition Time Time
stepl sweep 1 step 2 sweep 2 sweep 3

Temperature (°C) 170 190 190 190 190
Wait for yes no no yes no
temperature
Control normal active active non-active  non-active  non-active
force
Duration (min) 5 2 — 10 5
Frequency (Hz) - 0.833 - 0.833 0.833
Strain (%) — 1 — 300 1

2.2.3.2. Frequency sweep

During frequency sweep (FS), the material response to increasing frequency (rate of
deformation) is monitored at a constant amplitude and temperature. At high frequencies, the
elastic properties dominate. At low frequencies, the viscous properties dominate. The test
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assumes stability of the sample. Strain used should be in linear viscoelastic region (LVR),
which is a region of small or slowly applied deformations, where the magnitudes of stress and
strain are related linearly, and the behaviour for any liquid is completely described by a single
function of time. The length of LVR is highly dependent on frequency, higher frequency
means shorter LVR.

The FS procedure, which was used for the measurements, is shown in Table 2. The first
three steps are the same as in case of TS. Frequency step was performed for frequencies from
0.1 to 20 Hz in order to achieve the widest possible range of frequencies and maintain the
experiment length as small as possible and therefore avoid the degradation of the material at
the same time.

After that, strain sweep 1 step was added to minimize the number of used samples. Strain
sweep with the amplitudes of deformation 0.5-300 %strain and frequency 0.833 Hz was
performed. Strain sweep is used to determine LVR for polymers.

Table 3 Procedure of TS measurements

1 2 3 4 5
Condition Time Condition  Frequency Strain
stepl sweep 1 step 2 sweep 1 sweep 1
Temperature (°C) 170 190 190 190 190
Wait for yes no no yes no
temperature
Control normal active active non-active  non-active  non-active
force
Duration (min) 5 2 — - —
Frequency (Hz) - 0.833 - 0.1-20 0.833
Strain (%) — 1 — 1 0.5-300

2.2.4. Thermal characterization

2.2.4.1. Conventional DSC

Differential Scanning Calorimetry, or DSC, is a thermal analysis technique that looks at how
a material’s heat capacity (C,) is changed by temperature. A sample of known mass is heated
or cooled and the changes in its heat capacity are tracked as changes in the heat flow. This
allows the detection of transitions such as melts, glass transitions, phase changes, and curing.

Two types of DSC instruments are widely used: the heat flux DSC and the power
compensated DSC. In a heat flux DSC system the sample and reference are heated at the same
rate from a single heating. The temperature difference between the pans is recorded and
converted to a difference in heat flow. In the second one the sample and reference are heated
separately. Thermocouples attached to the disk platforms measure the differential heat flow.
The heat flow to each pan is adjusted to keep their temperature difference close to zero, while
the furnace temperature is increased linearly.



30

TA Instruments model DSC 2920 was used for the measurements. Hydal 8-10/3V
underwent following heat programme:

e cquilibrate as 40 °C,

e temperature ramp to 190 °C at a heating rate 10 °C/min under nitrogen atmosphere,
e cooling to 40 °C,

e repeating cycle for 0-5 times (1-6 heating cycles).

2.2.4.2. Modulated differential scanning calorimetry

Thermal properties of prepared samples were determined using modulated differential
scanning calorimetry (MDSC). The interpretation of non-modulated DSC results is difficult
due to various transformations occurring simultaneously during heating. MDSC has an ability
to distinguish apparent thermodynamic (reversing signal) and kinetic (non-reversing signal)
events under the prevailing DSC modulation conditions. Three types of curves can be derived
from the experiments: total heat flow or heat capacity curve (Cp“’tal, the same as
a conventional DSC curve), the in-phase curve (reversing or storage C,) and out-of-phase
curve (loss Cp). In addition, a non-reversing heat capacity (kinetic) curve can be obtained
from the difference between the total C, and reversing C,. Glass transition temperature 7,
melting temperature 7r, and cold crystallization temperature 7, were determined from MDSC
curves. Crystallinity X, was calculated from measured data using the following equation:

AH
X, ==2m100 %,

where AHp,, and AH,’ (J/g) are enthalpies of melting and enthalpy of melting 100%
crystalline polymer (93.1 and 146 J/g for PLLA and PHB, respectively).

Measurements were performed on TA Instruments model Q200 DSC with refrigerated
cooling. All samples were firstly heated to 190 °C (10 °C/min) to remove thermal history
followed by a cooling scan (5 °C/min) to =50 °C. Then MDSC measurements were obtained
for heating scans from —50 °C to 190 °C, at an average heating rate of 3 °C/min with a period
of 20 s and modulation amplitudes of 0.8 °C.

All measurements were carried under nitrogen atmosphere. Polymer sample masses varied
from 5 to 10 mg. Aluminium pans with samples were sealed before measurement. The top
part of the pan was pressed down to improve thermal contact with the sample, taking care that
the flatness of the bottom face contacting the temperature sensor in the chamber was
maintained.

2.2.4.3. Thermogravimetry

Thermogravimetry (TG) is used to measure the mass or change in mass of a sample as
a function of temperature or time or both. Measurements are used primarily to determine the
composition of materials and to predict their thermal stability at temperatures up to 1000 °C.
Nevertheless, changes in mass occur during sublimation, evaporation, decomposition, and
chemical reaction, magnetic or electrical transformations. From the TG curve of a loss of
mass step, 7, (onset of change) and 71, (midpoint) are evaluated.
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Crucial factors are the choice of purge gas and the conditions present in the specimen
chamber. The purge gases consist of inert or oxidizing gases, such as nitrogen, helium, argon
and oxygen, or air.

Measurements were performed using Q500/ Q50 TGA thermogravimetric analyzer with
a responsive low-mass furnace; sensitive thermobalance, and efficient horizontal purge gas
system (with mass flow control). Used heat programme was as follows:

e equilibrate as 40 °C,

e temperature ramp to 550 °C at a heating rate 10 °C/min under nitrogen atmosphere,
e change to oxidative air atmosphere,

e temperature ramp to 600 °C at a heating rate 10 °C/min.

2.2.5. Mechanical and thermo-mechanical testing

2.2.5.1. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is a basic tool used to measure the viscoelastic
properties of materials (particularly polymers). DMA instrument applies an oscillating force
of a defined amplitude and frequency to a sample of known geometry and measures its
response. The mechanical modulus of the material can be expressed as an in-phase
component, the storage modulus (G’), and an out of phase component, the loss modulus (G”’).
The storage modulus is the measure of the sample’s elastic behaviour. The ratio of the loss to
the storage is the tan delta and is often called damping. It is a measure of the energy
dissipation of a material.

Modulus values change with temperature and during transitions in materials. For example
the glass transition, can be seen as changes in the G’ or tan delta curves.

DMA measurements were obtained with DMA 2980 device from TA Instruments. Single
cantilever geometry was used with a deformation frequency 1Hz and amplitude of
deformation 25 um. Testing specimens with typical dimensions 30x12x2 mm were prepared
from extruded flat tapes. Used rating programme was as follows:

e cquilibrate at 40 °C,
e heating to 150 °C (130 °C for PLA samples) with a rating rate 5 °C/min.

2.2.5.2. Tensile testing

Tensile test is a standard engineering procedure to characterize properties related to
mechanical behaviour of materials. The properties describe the response of the material
during the actual loading conditions. The variation in geometry of the specimen has to be
considered. Tensile tests are simple, relatively inexpensive, and fully standardized. Under
pulling type of loading it can be quickly determined how the material will react to the type of
forces being applied in tension. Tensile test allows to determine tensile (Young’s) modulus of
elasticity £ and other material’s mechanical characteristics like yield stress oy or strain at
yield point &, where first macroscopic plastic deformation occurs, strength of material o and
strain at break ¢. These mechanical characteristics further determine the usage of material for
specific application.
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Testing specimens with typical dimensions 75x12x2 mm were prepared from extruded flat
tapes. Zwick-Roel Z010 device was used for tensile testing. Load indicator with maximum
10 kN and grips with 10 kN maximum workable force were used for the measurements.
Testing speed was set to 10 mm/min. The device is not equipped with extensometer for
Young’s elastic modulus determination.

2.2.6. Scanning electron microscope

The scanning electron microscope (SEM) uses a focused beam of electrons to generate a
signal at the surface of specimens. Electrons are accelerated and carry significant amounts of
kinetic energy. As they decelerate in the solid specimen, their energy is dissipated and a
variety of interactions occur between electrons and sample. These signals include secondary
electrons (that produce SEM images), backscattered electrons (BSE), X-rays, diffracted
backscattered electrons (EBSD that are used to determine crystal structures and orientations
of minerals), photons, visible light, and heat. Secondary electrons and backscattered electrons
are commonly used for imaging samples: secondary electrons are most valuable for showing
morphology and topography on samples and backscattered electrons are most valuable for
illustrating contrasts in composition in multiphase samples. Emitted X-ray spectrum is used to
obtain a localized chemical analysis by identification of the lines in the spectrum by Energy
Dispersive X-ray Spectrometry (EDS or EDX). All elements from atomic number 4 to 92 can
be detected in principle. Only one, but important disadvantage of SEM is requirement of
conductivity of sample. That does not mean, that nonconductive samples cannot be imaged
(or measured), but surface of the sample must be coated with a conductive layer.

In most applications, data are collected over a selected area of the surface of the sample,
and a 2-dimensional image is generated that displays spatial variations in these properties.
Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a scanning
mode using conventional SEM techniques

Samples were freeze fractured under liquid Nitrogen and attached to aluminium disc.
Afterwards, fractured areas were coated with Pt/Pd layer under Argon atmosphere using
BALZERS sputtering device. JEOL 7500F microscope with resolution up to 1 nm was used
for observations of samples’ morphology. Microscope is equipped with a system of several
detectors that make secondary electron images and in addition with RIBE and LABE
detectors for backscattered electrons. Used accelerating voltages in kV, working distances
in mm (WD) and magnification are in the bottom part of the pictures.

2.3. Reactive kneading

Samples of both polymers with reactive agents were prepared using a 50 ml internal chamber
Brabender laboratory kneader operating at 200 °C (oil temperature) and 45 RPM. Total
sample weight was kept 30 g. Polymer was fed into the chamber within two minutes and was
homogenized continuously for 1 min. At the time of three minutes reactive agent was added
to the mixture. The time evolution of the torque (N-m) was recorded during the whole
processing experiment. Polymer granules were dried in an oven at 60 °C for 2 h before
processing.



33

Firstly neat polymers were mixed with reactive agents and time evolution of the reaction
was studied in situ by torque measurements for 5 minutes after feeding, which is sufficient for
the reaction to proceed. From these measurements, one reactive agent was chosen for series of
reactive and nonreactive blends preparation.

24. Sample preparation

A day before processing itself, series of reactive and non-reactive blends were firstly weighed
and mixed. Due to the lack of material, 300 g of each mixture was prepared. Afterwards they
were dried in polymer dryer at 80 °C for four hours and sealed together with silica gel in order
to remain dry.

In the first step, so prepared samples were reactively extruded using Brabender®
co-rotating meshing twin screw extruder TSE 20/40 with Brabender® Plasti-Corder
Lab-Station driving unit (see Figure 15). The temperature profile was set from hopper to die
as 138 °C - 158 °C - 165 °C - 165 °C - 165 °C in the five different extrusion areas, rotational
speed was kept 150 RPM to ensure the same mixing time for all samples. Brabender®
DDW-MDO0-MT-0.5 gravimetric feeder was used to dose the mixtures in a rate from
0.2-0.7 kg/h. The feeding was held under nitrogen atmosphere. Extruded profiles were put
into water bath with a temperature 60 °C in order to finish the crystallization process, air dried
and fed into the pelletizing machine.

In the second step, granules of extruded blends were processed under the same conditions
with addition of plasticizer. In this case extruder was equipped with extrusion die for flat tape
profile processing. However, because of dysfunction of diaphragm pump for dosing, the
plasticizer couldn’t be fed directly into the extruder. Instead, it was mixed with granules and
the mixtures were fed manually. This caused insufficient mixing of the plasticizer in the
blends as the majority of it remained in the feed throat enabling further feeding.
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Figure 15 Brabender® twin screw extruder system, Central European Institute of Technology Brno
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3. RESULTS AND DISCUSSION
3.1. Raw material characterization

3.1.1. PHB Hydal

Since the polymer that has been used has not been purchased commercially, but comes from
the Nafigate pilot plant, it was necessary to perform the initial characterization of the material
for each batch.

GC-FID analysis determined 98.2 %wt. of pure PHB in dry matter of Hydal 8-10/2V and
99.5 %wt. for the sample of 8-10/3V.

As described in the theoretical part of this work, PHB is highly sensitive to thermal
degradation, which occurs during every heat treatment including processing and sample
preparation. Changes in polymer properties with heating cycles were studied by means of
DSC measurements combined with GPC analysis. Crystallization exotherms of cycled
samples are shown in Figure 16. As can be seen from the figure, crystallization mechanism of
PHB was affected. Broadening of peaks can be observed and the crystallization temperature
(T,) decreased from 110.2 °C (1 cycle) to 91.5 °C (6 cycles). Melting point dropped from
176.6 °C (1 cycle) to 172.5 °C (6 cycles).
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Figure 16 Crystallization exotherms of Hydal 8-10/3V for 1—6 heating cycles

GPC measurement confirmed expected drop in MW (number average was decreased to
21 % of initial value) and narrowing of MWD caused by random cleavage of PHB chains.
Figure 17 shows MWD change for all samples including raw polymer (marked 0 cycles). MW
averages and polydispersity index (PDI) obtained by GPC analysis are listed in Table 4.
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Table 4 GPC analysis of cycled samples of Hydal 8-10/3V

Cycles 0 1 2 3 4 5 6

M, (g/mol) 177,900 106,700 72,760 75,750 56,920 37,480 37,590
M, (g/mol) 526,100 275,700 183,700 158,000 123,800 97,540 87,660
M, (g/mol) 1,177,000 542,500 357,200 276,700 220,500 186,200 153,600

PDI 2.96 2.58 2.53 2.09 2.18 2.60 2.33
L2 r
—0O0 cycles
1,0 ’ — 1 cycle
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Figure 17 MWD of Hydal 8-10/3V after 0—6 heating cycles

From rheology TS measurements, thermal stability of the polymer under mechanical stress
was determined. The values of the drop of | n | , G" and G" and the overall recovery capacity
are given in Table 5. Complex viscosity and loss modulus dropped by 89 % and their
recovery ability is 3 %. Total decrease of storage modulus was 98 % and recovery ability 1 %.
This suggests thermal degradation of sample during the measurement.

Table 5 Results of TS of Hydal 8-10/3V

Total drop by (-) Recovery ability (-)
Sample | 7*| G' G" | 7*| G’ G"
1 0.89 0.98 0.88 0.02 0.00 0.02
2 0.90 0.98 0.90 0.03 0.01 0.03
3 0.88 0.97 0.88 0.03 0.01 0.03

average 0.89 0.98 0.89 0.03 0.01 0.03
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3.1.2. PLA
In case of PLA, MW analysis was performed using GPC. Results are listed in Table 6.

Table 6 MW of PLA analyzed by GPC

M, (g/mol) 80,200
M, (g/mol) 179,400
M, (g/mol) 320,200
PDI 2,24

3.2.  In situ reactions with reactive agents

Firstly, mixtures of both neat polymers with selected reactive agents were prepared. Three
phosphite reagents were studied, namely TPP, DPDP and TNPP, from which the reaction of
TPP and TNPP with PLA has already been described in literature (see chapter 1.2.2).
Moreover, Joncryl and Raschig are both proven to react with PLA. In order to find suitable
compatibilizing agent for PHB/PLA blends, it is necessary to choose a reagent reactive with
both polymers. The amount of reagent 2%wt. was chosen according to literature and reaction
time 5 minutes was chosen on the basis of previous experiments so that time for the reaction
is sufficient. The list of prepared samples is shown in Table 7. In sample name, K stands for
kneaded samples, following number denotes PHB/(PHB+PLA) weight ratio and at the end
there is reactive agent abbreviation.

Table 7 The list of samples of PHB and PLA with different additives

Amount (%owt.) Reaction

Sample time
name PHB PDLL TPP DPD TNPP Joncryl Raschi )

A P o (min)
K100 100 5
K100TPP 98 2 5
K100DPDP 98 2 5
K100TNPP 98 2 5
K100J 98 2 5
K100R 98 2 5
KO0 100 5
KOTPP 98 2 5
KODPDP 98 2 5
KOTNPP 98 2 5
KO0J 98 2 5
KOR 98 2 5
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Melt torque of samples during the compounding was recorded and showed expected
decrease in time due to thermal degradation. Parts of the curves after feeding were normalized
by subtracting the values of neat polymer in order to evaluate the difference between
individual additives. The graphs for PHB and PLA with additives are shown in Figure 18 and
Figure 19, respectively.
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Figure 18 Differential curves of time evolution of torque during processing of reactive PHB samples

As can be seen from Figure 18, only Raschig showed enhanced melt viscosity compared to
neat PHB indicating their reaction. As for DPDP, TNPP and Joncryl, melt torque showed
more rapid decrease than in case of neat PHB. This may be explained by pro-degrading or
lubricating effect of the agents. TPP did not influence torque values.
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Figure 19 Differential curves of time evolution of torque during processing of reactive PLA samples
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PLA showed increased melt viscosity as measured by torque with all studied additives.
With TNPP added, the curve showed rapid increase which mitigated three minutes after
feeding and then continued mildly. For samples with TPP and Joncryl, melt torque began to
rise one minute after feeding and continued with steady increase. In case of TPP, the curve
settled in the end of the experiment. Time evolution of torque for samples of PLA with DPDP
and Raschig showed increase in period of approximately 1-2 minutes after feeding and then
remained steady.

3.3. PHB/PLA kneaded blends

For purpose of studying PHB/PLA blends, mixtures with three different weight ratios of
polymers were prepared. On the basis of previous experiments, for preparation of reactive
blends Raschig was selected as it is supposed to react with both PHB and PLA. Amount of
reagent 2%wt. and reaction time 5 minutes was left untouched. Samples of prepared blends
with corresponding PHB/(PHB+PLA) weight ratios and weight composition of samples are
listed in Table 8. Time evolution of torque for all blends is shown in Figure 20.

Table 8 The list neat and reactive PHB/PLA blends

Sample  PHB/(PHB+PLA) Amount (Yowt.) Reaction
name ratio PHB PDLLA Raschig time
K70 70/100 70 30 5
K50 50/100 50 50 5
K30 30/100 30 70 5
K70R 70/100 68.6 29.4 2 5
K50R 50/100 49.0 49.0 2 5
K30R 30/100 29.4 68.6 2 5
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Figure 20 Torque values of mixer during processing of PHB/PLA blends
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As can be seen from the picture, decrease in torque values attributed to decrease in
viscosity is the most significant in case of neat PHB and became slower proportionally with
addition of PLA, which is less sensitive to thermal degradation than PHB. With addition of
Raschig melt viscosity was enhanced for all blends. However, except of KOR containing PLA
with Raschig, degradation reaction still competes with extending reaction.

3.4. Characterization of kneaded samples

3.4.1. Rheology time test
As already mentioned and depicted, both polymers and mainly PHB are susceptible to thermal

degradation. This was evaluated by calculating a total drop and recovery ability for storage
and loss shear modules and complex viscosity from obtained data. Table 9 shows results of
the measurements.

As for nonreactive series of samples, an overall decrease of complex viscosity and loss
modulus is lower with increasing amount of PLA. Furthermore, recovery ability of this
parameter is higher with increasing amount of PLA. This supports the idea that PLA is more
thermally stable and its viscosity and loss modulus drop during time sweep was rather caused
by entanglement and molecule orientation than thermal degradation. Similar trend is observed
for storage modulus, except for K100 (kneaded PHB), where total drop was 79 %, which is
19 % less than for raw PHB. Also recovery ability of G is 19 % whereas 0 % for raw material
and therefore a measurement error is expected.

Reactive series of samples demonstrate similar trends. Decrease in characteristic
rheological parameters is lower with increasing PLA amount apart from complex viscosity
and loss modulus of KOR sample (PLA with Raschig). The ability of structure recovery is
increasing with increasing PLA weight percentage for all samples but storage modulus of
KI100R.

Due to probable error of K100 measurement, K100R was compared with raw PHB.
Addition of Raschig led to smaller relative drop of observed parameters and higher recovery
ability of elastic component and therefore enhanced rheological stability. Similarly, in case of
PHB/PLA blends in all ratios, Raschig caused less sensitivity to thermal degradation against
neat blends. As for KO (kneaded PLA), complex viscosity and loss modulus drop was higher
for reactive sample. However, their recovery ability remained comparable. Storage modulus
total decrease was 13 % in case of KO, while 0 % for KOR meaning it was fully recovered.
This indicates improved thermal stability and melts strength of PLA with Raschig.
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Table 9 Results of TS of kneaded samples

Sample PHB/(PHB+PLA) Total drop by (-) Recovery ability (-)
name ratio | n* | G’ G" | n* | G G"
K100 100/100 0.89 0.79 0.89 0.00 0.19 0.00
K70 70/100 0.83 0.94 0.83 0.00 0.02 0.00
K50 50/100 0.76 0.89 0.76 0.01 0.03 0.01
K30 30/100 0.62 0.77 0.62 0.00 0.06 0.00
KO 0/100 0.18 0.13 0.18 0.49 0.69 0.49
K100R 100/100 0.79 0.82 0.79 0.01 0.13 0.01
K70R 70/100 0.76 0.86 0.76 0.00 0.04 0.00
K50R 50/100 0.70 0.73 0.70 0.13 0.16 0.13
K30R 30/100 0.36 0.05 0.36 0.37 0.71 0.36
KOR 0/100 0.42 0.00 043 0.48 0.89 0.47

Typical record for time sweep measurement is shown in Figure 21 for samples K50 and
KS50R. The rest of the graphs is enclosed in appendix 1-4. Absolute values of rheological
parameters are higher with Raschig for all samples except K100 and K100R. K100R sample
showed lower initial complex viscosity and loss modulus comparing to K100. Nevertheless,
the slope of decrease was lower for K100R suggesting Raschig’s thermal stabilizing function.
It is interesting to note, that samples with PHB/(PHB+PLA) ratio 50/50, K50 and K50R,
obtain higher values of viscosity and storage modulus than PLA samples, KO and KOR.
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Figure 21 Time sweep measurement for samples K50 and K50R
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3.4.2. Frequency sweep

Data obtained from frequency sweep of prepared blends were evaluated by means of G’ and
G" crossover point. The crossover frequency is indirectly proportional to the MW and the
crossover modulus is indirectly proportional to the width of the MWD. It is not possible to
determine absolute values of MW without calibration, however, blends with matching
PHB/(PHB+PLA) ratio can be compared. In Table 10, there are coefficients of linear
regressions for relations between dynamic modules and angular frequency log(G’) = f(log(w))
and log(G”’) = f(log(w)) as well as calculated values of intersection angular frequency and
modulus. These results indicate higher MW for reactive samples as their crossover angular
frequency is lower in comparison with non-reactive samples. In addition, for all reactive
samples except K70R crossover modulus was shifted to lower values suggesting broader
MWD than non-reactive samples.

Table 10 Measured and calculated data for frequency sweep analysis

G' G" Crossover point
Sample PHB/(PHB+PLA) Angular

name ratio ) d slope . Y slope frequency Modulus

intercept intercept (rad/s) (Pa)
K100 100/100 163 083 -058 134 20510° 1.56:10°
K70 70/100 068 131 236  0.83 3.4410° 2.03-10°
K50 50/100 1.74 131 3.01 0.83  4.81:10> 1.73:10°
K30 30/100 0.61 130 227 087 7.6310°  4.60-10°
KO0 0/100 0.87 139 246 091 2.1610°  3.13:10°
K100R 100/100 017 136 203  0.84 4.12:10° 1.19-10°
K70R 70/100 174 1.19 293 079 1.02:10° 2.04-10°
K50R 50/100 2.33 117 333 076 2.6810*> 14810’
K30R 30/100 2.11 1.16  3.12 082 9.7310* 3.7510°
KOR 0/100 216 125 325  0.82 3.1810° 1.97-10°

Assuming the validity of Cox-Merz rule, measured results were transformed into relations
of viscosity on flow rate, flow curves. They are depicted in Figure 22 and Figure 23 for non-
reactive and reactive blends, respectively. No distinct shear thinning was observed. Low shear
viscosities are descending with PHB/(PHB+PLA) ration in the following order: 50/50, 0/100,
70/100, 30/100, 100/100 for non-reactive samples and 50/50, 0/100, 30/100, 70/100, 100/100
for reactive series. At the same time, samples with Raschig exhibit higher viscosity for
compositions.

However, it is assumed that competing reactions of chain cleavage due to thermal
degradation and reaction between Raschig and both components take place during
measurement.
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Figure 23 Cox-Merz curves for reactive series

Molecular weight determination
In an effort to identify changes in molecular structure of reactive samples which resulted in
change of the rheology, molecular weight determination was performed. Measurement results
for all samples are shown in Figure 24 and obtained MW averages and polydispersity indexes
(PDI) are listed in Table 11. As for nonreactive series, MW averages decrease with increasing
PLA amount according to the mixing rule. MWD is distinctly broader for all samples
containing PHB, than for KO (kneaded PLA). With addition of Raschig, MW averages are
shifted to lower values. Moreover PDI values are increased with addition of Raschig meaning
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Table 11 Results of GPC analysis of kneaded samples
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SI?:‘IE;" PHB/(PLA+PHB) ratio M, (g/mol) (gj‘lf::)l) M, (g/mol) PDI
K100 100/100 121,800 315,100 621,200  2.59
K70 70/100 108,800 284,900 565300  2.62
K50 50/100 100,700 263,500 536,700  2.62
K30 30/100 91,390 228,400 458,000  2.50
KO 0/100 95,370 193,500 328200  2.03
K100R 100/100 77,300 296,800 601,200  3.84
K70R 70/100 71280 270,000 559,600  3.79
K50R 50/100 68,320 253,100 524200  3.71
K30R 30/100 66,950 229,700 471,800  3.43
KOR 0/100 61,350 190,000 338,400  3.10
Raschig - 15,350 41,350 104,300  2.69

As can be seen from the figure, for reactive samples occurrence of molecules with lower MW
than in case of the nonreactive samples is observed. Moreover, low-molecular fraction is

present in larger quantities causing broader MWD. As reported in Raschig data sheet, its M, is
2-3-10* g/mol, which was confirmed by GPC measurement (see Table 11). Therefore, low-
molecular fraction present in reactive samples is attributed to existence of the separate peak of

non-reacted Raschig. This caused distinct decrease in number average MW observed for
reactive samples as this attribute is sensitive to the presence of low-molecular weight fraction.
The decrease in M,, and M, is less significant and is smaller with increasing amount of PLA.

This leads to the conclusion that no rapid change in MW occurred with Raschig addition.
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Figure 24 GPC measurements of kneaded samples
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3.44. MDSC measurement

The study of change of thermal properties was performed by MDSC measurements with
results in Table 12. Amount of PHB crystalline phase was calculated using the formula
referred in chapter 2.2.4.2.

For nonreactive series, crystallization temperature is decreased with addition of PLA
indicating slightly influenced crystallization kinetics of PHB in presence of the amorphous
PLA phase. Crystallization heat is decreased proportionally to addition of PLA. Glass
transition temperatures were obtained from reversing MDSC curves being difficult to detect
for PHB due to its low amount of mobile amorphous phase. 7, values for both polymers did
not show any distinct trend. Melting temperature corresponding to PHB remained unchanged
around 170 °C and melting enthalpy decreased proportionally to increasing amount of PLA
meaning the overall crystallinity of PHB was not changed. With addition of Raschig, there
was no significant change in thermal properties of neat polymers and their blends.

Table 12 Results of MDSC analysis of kneaded samples

Sample PHB/(PL{&+PHB) T. C) H, T,PHB T,PLA T, °C) H, X (%)
name ratio J/g) (cO) (cO) J/g)

K100 100/100 113 81 10 171 103 70
K70 70/100 108 58 12 58 170 76 75
K50 50/100 110 41 13 58 170 52 71
K30 30/100 107 20 10 57 170 31 71

KO 0/100 58

K100R 100/100 112 80 13 170 103 70
K70R 70/100 111 57 14 57 170 74 72
K50R 50/100 110 39 10 57 170 51 70
K30R 30/100 106 24 7 57 169 33 75
KOR 0/100 58

Typical curve obtained from MDSC measurement is shown in Figure 25 for samples K50
and K50R, while the rest is enclosed in appendix 5-8. Glass transitions for both polymers are
visible on a total heat curve, one in range between 0 and 25 °C (for PHB) and the second
between 50 and 60 °C (for PLA). PHB exhibits characteristic double melting peak in both
cases. This is caused by recrystallization from the melt, which is supported by presence of the
exothermic crystallization peak in the melting region.
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Figure 25 Typical MDSC curve for K50 and K50R sample

3.5. Samples prepared by twin-screw extrusion

In order to study the behaviour of tested materials during conventionally used processing

technique for polymers and to determine their mechanical properties, series of extruded

samples were prepared. As visible from Table 13, firstly prepared granules are marked with

a letter G and flat tapes processed from granules mixed with plasticizer in second cycle are

marked T.

Table 13 The list of samples prepared during twin-screw extrusion

PHB/(PLA+PHB)  Sample Amount (Yowt.) Sample Amount (Yowt.)
ratio nameé  pHB PDLLA Raschig Name€  Gsample Citrate A4
100/100 G100  85.0 T100 85 15
70/100 G70 595 255 T70 85 15
50/100 G50 425 425 T50 85 15
30/100 G30 255 595 T30 85 15
0/100 GO 85.0 TO 85 15
100/100 G100R  83.0 2 T100R 85 15
70/100 G70R  58.1 249 2 T70R 85 15
50/100 G50R 425 425 2 T50R 85 15
30/100 G30R 249  58.1 2 T30R 85 15
0/100 GOR 83.0 2 TOR 85 15
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3.6. Characterization of granulates

3.6.1. MDSC measurements
MDSC measurement of granules was performed to characterize and compare thermal
properties with kneaded samples. Results are listed in Table 13.

Results follow same trends observed in case of kneaded samples. Crystallization
temperature and crystallization enthalpy are decreased with addition of PLA. Values of T for
both polymers and as well as melting temperature of PHB did not show any trend. Melting
enthalpy decreased with increasing amount of PLA. Raschig did not lead to any significant
changes.

However, in case of G30, calculated crystallinity was 122 %. This was probably caused
during sample preparation. Because of lack of the material, delay between sampling was not
sufficient and therefore an error in mixing ratio of PHB/(PLA+PHB) was caused. Supposing
PHB crystallinity is not changed by addition of PLA and/or Raschig being in range of
70-75 % as determined from MDSC measurement of kneaded samples, deviation from the
initial weight composition could occur for all samples.

Table 14 Results of MDSC analysis of granules

Sample PHB/(PLA+PHB) T. °C) H, T, PHB T,PLA T, °C) H, X.(%)
name ratio J/g) ©0O) ©0O) J/g)

G100 100/100 95 74 8 175 101 69
G70 70/100 95 52 11 60 175 72 71
G50 50/100 87 33 7 59 176 46 63
G30 30/100 82 38 11 59 174 53 122

GO 0/100 61

G100R 100/100 96 74 6 174 99 68
G70R 70/100 91 53 13 59 174 79 77
GS50R 50/100 84 31 5 60 174 43 59
G30R 30/100 5 59 173 5 11
GOR 0/100 60

3.6.2. Weight composition of blends

Weight composition of granules was quantified by TGA measurement. As you can see from
Figure 26, although the peak temperatures of Raschig’s decomposition are 372.4 °C and
406.3 °C, there is no visible peak corresponding to Raschig in case of G100R and GOR
samples. This may be caused by changed decomposition kinetic of Raschig in polymer matrix
or its chemical attachment to polymer molecules. Nevertheless, in subsequent discussion its
amount 2%wt. is neglected.
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Figure 26 TG curve for G100, GO, G100R, GOR samples and Raschig

TG curves for polymer blends with analysed amounts of PLA in the samples are shown in
Figure 27. Samples G70, G30 and G30R are enriched with PLA phase, while samples G50,
G50R and G70R contain lower amounts of PLA than considered.
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Figure 27 TGA of granulated blends
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3.6.3. Morphology study via SEM

In case of reactive blends, homogeneity obtained by processing is a key parameter for the
reaction to be carried out uniformly throughout volume. Twin-screw extrusion method is
commonly used for these purposes due to high shear stress of polymer melt. Resulting
morphology of melt processed mixtures is driven by rheology of the blends. For PHB/PLA
blends, there is a big difference between viscosities of both components. In case of reactive
series, low viscosity component Raschig is added.

In Figure 28, there are SEM images of G100 and G100R samples. In both images there are
holes with approximately 1 um diameter most probably caused by air presence. As the system
was not vacuum degassed, gas stayed in the melt during processing and led to the formation
of pores in cooled extruded profiles. Otherwise, G100 is homogeneous material as expected
from neat PHB. On the contrary, there are well-wetted formations with size from 1 to 2 pm on
the fracture surface of G100R. In order to exclude the possibility, that Raschig is not miscible
with PHB and forms drops in polymer matrix reacting exclusively on the surface of these
drops, EDX map of this sample was measured (shown in Figure 29). This proves Raschig is
well dispersed in PHB matrix and does not form Raschig enriched clusters with PHB.

1.00kV SEI

Figure 28 Secondary electrons SEM image of G100 (left) and G100R (right) samples with
magnification %5,000

Figure 30 shows SEM images of G70 and G70R samples. Although it is well mixed,
G70 sample shows visible phase boundaries, confirming that PLA is not soluble in PHB in
this amount. In case of G70R, with addition of Raschig bulk homogeneity is enhanced leading
to smaller phases. However, there are cylindrical particles in the structure. They possessed a
good adhesion to the matrix during freeze fracturing of the sample as the fracture passed
through them. Existence of these structures may arise from orientation of the material during
processing.
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Figure 29 SEM-EDX image of GI100R with magnification x2,000

Figure 30 Secondary electrons SEM image of G70 (left) and G70R (right) samples with magnification
x5,000

In Figure 31, there are SEM images of G50 and G50R samples. G50 exhibits biphasic
structure composed of continuous homogeneous phase and spherical particles with diameter
around 1 pm. Seemingly, continuous phase consists of homogeneous solid solution of PHB
and PLA and the second phase is made of the excess of one of them. Because discontinuous
phase is formed by more viscous component during processing, it is assumed, that excluded
spheres are made of PLA. Moreover, as used PLA is amorphous, it is expected to create
smooth and rounded structures.

Sample G50R displayed similarly to G70R improved homogeneity together with the
existence of cylindrical particles with good adhesion.



51

Figure 31 Secondary electrons SEM image of G50 (left) and G50R (right) samples with magnification
x5,000

Figure 32 depicts SEM images of G30 and G30R samples. In case of G30 sample, the
majority of mixture is made of more viscous component, PLA. Therefore, it is difficult to
incorporate PHB into it. As a result, an amount of PHB crystallites equal to the non-mixed
part are formed.

Sample G30R shows similar morphology with improved interphase between continuous
phase and PHB crystallites.

Figure 32 Secondary electrons SEM image of G30 (left) and G30R (right) samples with magnification
x5,000

SEM images of GO and GOR samples can be seen in Figure 33. Image of GO shows
homogenous morphology with a domain containing numerous pores. These defects were
caused during processing as PLA in the form of granules was dispensed into the machine at
greater velocity than samples before and thus there was more gas inside. GOR sample
confirmed phenomena observed in MDSC measurements, that weight composition of
granules does not strictly follow PHB/(PHB+PLA) ratios. There was a small fraction of PHB
in the form of rounded particles. In this amount, PHB is prevented from crystallization and
therefore is not detectable by MDSC.
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Figure 33 Secondary electrons SEM image of GO (left) and GOR (right) samples with magnification
x5,000

3.7. Characterization of flat tapes

Flat tapes were produced from granules mixed with plasticizer for the purpose of testing
mechanical and thermo-mechanical properties of studied polymer blends. This way,
additional thermal processing is avoided and testing specimens are prepared directly from the
tapes. Citrate plasticizer was used in order to enhance mechanical properties of blends
because as described in chapter 1.1, PHB lacks superior mechanical properties.

Nevertheless, technical problem during processing made it impossible to dispense
plasticizer into the extruder in required amount. TG analysis was performed in order to
analyze its quantity in the samples.

3.7.1. Plasticizer observation by TGA

TG curves showing comparison between granules and flat tapes of corresponding
PHB/(PHB+PLA) ratios for non-reactive and reactive series can be seen in Figure 34 and
Figure 35, respectively.

Plasticized samples exhibited shift of degradation onset and peak temperatures to lower
temperatures for both polymers in all samples. However, acetyltributylcitrate did not show
any distinct degradation peak. It is assumed, that the amount of plasticizer in close proximity
to the surface is evaporated, resulting in weight loss at lower temperatures than in the case of
samples without plasticizers. As citrate is mixed in both polymers according to its distributing
coefficient, its degradation is further on indistinguishable from the degradation of polymers.
Therefore, it is impossible to determine its absolute quantity in the samples.



53

G100
G70
G50
G30

T100
T70

T30

@
o

Deriv. Weight (%/°C)

-1 T T
150 250 350 450

Temperature (°C)
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Figure 35 TGA curves of reactive series of granules and tapes

Due to the impossibility of accurate determination of plasticizer amount, two samples from
previous experiments, marked 70 and 70R, with same composition as T70 and T70R were
used for comparison. As can be seen from the resulting TG curves showed in Figure 36,
beginning of the decomposition curves of prepared tapes and model samples is different. This
indicates, that tested tape samples (T10—-TOR) contain lower amount of citrate than intended.
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Figure 36 TGA of T70 and T70R samples with samples from previous experiments, 70 and 70R

3.7.2. Thermal analysis

Prepared tapes were subjected to thermal analysis via MDSD with results illustrated in Table
15. From the results of TO and TOR samples, it is clear that mass composition of samples was
further deviated. In these samples, existence of small fraction of PHB was proven by
observing melting peak corresponding to PHB.

Table 15 Results of MDSC analysis of tapes

T T o nun Tt T ey
T100 100/100 116 77 0 168 97
T70 70/100 112 56 5 44 168 73
TS50 50/100 104 39 51 164 51
T30 30/100 61 34 1 53 172 35

TO 0/100 100 1 45 170 6

T100R 100/100 91 65 171 89
T70R 70/100 114 54 38 167 66
TSOR 50/100 109 50 43 164 53
T30R 30/100 100 21 -1 48 172 28

TOR 0/100 49 169 3
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Nevertheless, 7, of PLA was noticeably reduced as a result of addition of plasticizer.
Measurement sensitivity was not sufficient for PHB T, detection for some samples. When T,
was detected, it was shifted to lower temperatures as well. In most of the samples, PHB
exhibited decreased melting temperature. Both these changes can be attributed to plasticizing
effect.

3.7.3. Mechanical and thermo-mechanical properties

Prepared samples were subjected to tensile testing and DMA in order to evaluate possible
effect of Raschig addition on mechanical and thermo-mechanical properties of neat polymers
and their blends.

3.7.3.1. Tensile testing
Graphs with measured values of E-modulus (approximate), yield strength and elongation at
break can be seen in Figure 37, Figure 38 and Figure 39, respectively.

Young’s modulus did not show any trend with changing the composition of blends. Its
change with addition of Raschig is in between of error bars for all samples. Similarly in case
of yield strength, there is no dependency on weight composition of polymers. Effect of
Raschig was observed in case of T30R sample, where yield strength was decreased from
(38.5+0.4) MPa to (31.6 = 1.2) MPa.

On the basis of previous experience with plasticized PHB/PLA blends, elongation at break
values higher than 50 % were expected for studied samples. This expectation was only
fulfilled for T50 and T50R blends and TO and TOR (neat PLA and PLA with Raschig).
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Figure 37 E-modulus measured by tensile testing of flat tapes
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Figure 38 Yield strength measured by tensile testing of flat tapes
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Figure 39 Elongation measured by tensile testing of flat tapes

These results correlated with the suspicion acquired after TG analysis, that samples do not
contain sufficient amount of plasticizer to enhance their mechanical properties. Therefore,
T70R, T70, 70 and 70R samples were pressed into foils with a thickness around 0.4 mm and
shaped into 5A type dogbone specimens and tested for comparison. Results of this testing
(Table 16) demonstrate that mechanical properties of prepared tapes do not correspond with
the composition they should have. Yield strength of 70 and 70R samples is approximately two
times lower and their elongation at break is more than ten times higher. Due to the technical
problems, blends were not plasticized enough, which resulted in poor mechanical properties,
which explains the abovementioned observations.
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Table 16 Comparison between T70 and T70R and samples from previous experiments 70 and 70R

Sample name PHB/(PLA+PHB) ratio oy (MPa) & (%)
T70 70/100 66.8 + 0.4 3.0+0.1
T70R 70/100 57.3£8.1 1.9+04
70 70/100 294+14 37.9+8.0
70R 70/100 30,0+ 1.6 40.5+10.1

3.7.3.2. DMA measurement

DMA analysis was performed in order to study temperature dependent behaviour of dynamic
modules of prepared plasticized samples. Measured range corresponds to the polymer rubbery
plateau. Its appearance is related to the degree of crystallinity of a material. The modulus of
crystalline material is typically higher than for high-molecular weight amorphous polymer.
For fully amorphous polymers, the width of rubbery plateau as well as the properties in this
region depends on molecular weight between entanglements.

Typical curve obtained from DMA measurement for samples T50 and T50R is shown in
Figure 40, while the rest is enclosed in appendix 9-12. According to this, DMA 7, of these
blends lies under 40 °C.
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Figure 40 DMA analysis for samples T50 and T50R

Storage and loss modules as well as tan delta at 80 °C (in order to avoid influence of glass
transition) for all samples were compared. Results are depicted in Figure 41 for G', in Figure
42 for G” and in Figure 43 for tan delta.

For both non-reactive and reactive series, the drop in storage and loss modules with
increasing amount of PLA is observed. Opposite to this, tan delta is rising. This phenomenon
correlates with increasing amount of amorphous fraction in rubbery state in blends making
them softer. With addition of Raschig, storage modulus is shifted to lower values for all
samples except T70R. Loss modulus was increased for TIOOR and T70R and decreased for
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the rest of reactive samples. Tan delta dropped for T70R and T30R samples and otherwise
rose.

However, no relations can be concluded from these measurements because of unknown
amount of plasticizer in these samples, which could influence their thermo-mechanical

behaviour.
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Figure 41 Values of storage modulus at 80 °C for tape samples as measured by DMA

50
45 B Neat blends

40 B Reactive blends
35

30
25
20
15
10

Loss modulus (MPa)

100 70 50 30 0
PHB/(PHB+PLA) ratio

Figure 42 Values of loss modulus at 80 °C for tape samples as measured by DMA
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4. CONCLUSION

The aim of this thesis was to perform reactive compounding of biopolymer blends based
on poly(3-hydroxy butyrate) and poly(lactic acid) with selected reagent and to study possible
changes in their structure by means of thermal and rheological measurements.

Non-commercial PHB material from company Nafigate was used for studies, therefore the
first part of experimental work deals with raw material characterization. Particularly, thermal
stability as change in molecular weight and thermal properties with heat treatment was
studied.

Reactive reagents described in literature for non-radical initiated reactions with PLA were
selected, namely Joncryl, Raschig, and phosphites TPP and TNPP. DPDP, which is
structurally similar, was added. Reactivity of these compounds was first investigated on neat
PLA and PHB during processing in laboratory kneader instrumented with torque sensor.
Reagents were added in amount of 2%wt. Torque related to melt viscosity was recorded for
8 minutes which corresponds to 5 minutes after feeding of reagent. In order to eliminate
viscosity drop caused by thermal degradation of non-additivated polymer, obtained data were
evaluated differentially. Among tested reagents, Raschig showed enhancement of melt
viscosity during processing. The rest of the reagents is either non-reactive towards PHB,
reaction rate or yield is insufficient. As a result, thermal degradation of material is dominant
and viscosity drop is faster than in case of neat PHB. Therefore, these substances are not
suitable for reactive compounding of PHB and its blends. On the contrary, PLA reacts
willingly with all studied reagents as expected.

On the basis of these experiments, non-reactive and reactive, with addition of Raschig
PHB/PLA, blends were prepared. Blends with 70/100, 50/100 and 30/100 PHB/(PHB+PLA)
ratios were studied. Processing conditions were left unchanged.

So prepared samples of both polymers and their blends, as well as corresponding reactive
samples, were characterized with rheology measurements, GPC and MDSC analysis.
Rheology was used to study sample stability during simulated processing stresses (10 minutes
time test, amplitude of deformation 300 %, frequency 0.833 Hz). Storage and loss modulus
and complex viscosity as a function of time were evaluated together with subsequent structure
recovery ability under amplitude of deformation 1 %. In case of non-reactive series of
samples, there is inverse proportionality between total drop of G’, G’* and | n* | and addition
of PLA. Moreover, recovery ability is higher with increasing amount of PLA as it is less
sensitive to thermal degradation and its viscosity decrease during time test is attributed to
entanglement of molecules. Reactive samples followed this trend. In addition, these blends
exhibited lower total decrease of G’, G’” and | n* | and improved recovery ability comparing
to corresponding non-reactive samples. This fact points out possible branching of reactive
matrices structure. Further, G’ and G’* dependency on angular frequency (frequency sweep)
was measured and G’ and G’ modulus crossover point was determined. The crossover
frequency is indirectly proportional to the MW and the crossover modulus is indirectly
proportional to the width of the MWD. Results indicated higher MW and broader MWD of
reactive samples. This is contrary to results of GPC analysis, which confirmed broader MWD,
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however, did not show MW change. These statements lead to conclusion, that Raschig causes
structure changes, by forming of branched molecules, of studied polymers and their blends.
Thus samples” MW was not changed and at the same time they displayed increase in G’, G’
and | n* | of melt as observed by frequency sweep measurement. Structure changes were not
reflected in thermal properties.

In order to gain samples suitable for mechanical tests, both series were prepared by twin-
screw extrusion. Extruded granules were observed using SEM microscope. Dispersion
homogeneity of Raschig in the matrix was first verified by EDX analysis. Reactive mixtures
showed enhanced homogeneity with lower phase size compared to non-reactive matrices.
Thermal measurements and SEM images of PLA samples revealed a shift in weight
composition due to insufficient sample amount and long residence time of material in
extruder.

It is known from literature that PHB/PLA blends without plasticizers are generally brittle
with an elongation to break up to 10 %. Therefore, matrices plasticized with 15%wt. of
acetyltributylcitrate were processed. However, due to technological problems with the liquid
additive dispenser, required amount of plasticizer was not obtained in the samples. The fact
was confirmed by TGA analysis. Therefore, mechanical properties of plasticized samples did
not reach values known from previous experiments. To verify the method of measurement
and above-mentioned assay, tensile test was performed on samples with a PHB/(PHB+PLA)
ratio 70/100 and samples from previous experiments with the same ratio and sufficient
plasticizer content. The results showed 13 and 21 times higher elongation at break for non-
reactive and reactive sample, respectively, in case of softened comparative samples. In spite
of this, DMA analysis was performed on prepared samples, which showed no trend, probably
due to the inconsistent amount of plasticizer.

Information identified can be summarized into following fundamental points:

e Raschig, oligomeric polycarbodiimide, reacts with both polymers.

e [ts reaction with PHB/PLA probably leads to branched structures.

e The rate of reaction is not sufficient to completely compensate decrease in viscosity
due to processing degradation.

e For the same reason, its non-reacted quantity remains in matrix (with 2%wt.
addition).

e Impact on mechanical and thermal properties has not been proved.

In conclusion, it can be stated, that Raschig behaves as a relatively effective stabilizer of

rheological properties rather than as a reagent for the intentional modification of PHB/PLA
blends’ structure.
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ATBC
CTBN
DCP
DMA
DPDP
DSC
EBSD
EDX
ETC
ENR
FID
FS
GC
GMA
GPC
HDT
LCB
LDPE
LVR
MDSC
MW
MWD
OLA
PA
PC
PCDI
PDI
PDLA
PDLLA
PE

acetyl tributyl citrate

carboxyl-terminated butadiene acrylonitrile rubber

dicumyl peroxide

dynamic mechanical analysis
isodecyl diphenyl phosphite
differential scanning calorimetry
diffracted backscattered electrons
energy dispersive X-ray spectrometry
environmental test chamber
epoxidized natural rubber

flame ionization detector
frequency sweep

gas chromatography

glycidyl methacrylate

gel permeation chromatography
heat distortion temperature

long chain branched

low density poly(ethylene)

linear viscoelastic region
modulated differential scanning calorimetry
molecular weight

molecular weight distribution
lactic acid oligomer

poly(amide)

poly(carbonate)
poly(carbodiimide)
polydispersity index
D-poly(lactic acid)

D, L-poly(lactic acid)
poly(ethylene)
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PEG
PET
PETA
PHA
PHB
PLLA
PMDA
POM
PP

PS
RID
ROP
RPM
Scl-PHA
SEC
SEM
TAIC
TAM
TGA
TGIC
TNPP
TPP
TS
WD

poly(ethylene glycol)
poly(ethylene terephthalate)
pentaerithritol triacrylate
poly(3-hydroxy alkanoate)
poly(3-hydroxy butyrate)
L-poly(lactic acid)
pyromellitic dianhydride
poly(oxy methylene)

poly(propylene)

poly(styrene)

refractive index detector

ring opening polymerization
revolution per minute

short chain length polyhydroxyalkanoates
size exclusion chromatography
scanning electron microscope
triallyl isocyanurate

triallyl trimesate
thermogravimetric analysis
triglycidyl isocyanurate
tris(nonyl phenyl) phosphite
tri phenyl phosphite

time sweep

working distance
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Appendix 2 Time sweep measurement for samples K70 and 70R
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Appendix 6 MDSC curves for K70 and K70R samples
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Appendix 9 DMA analysis for samples T100 and T100R
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Appendix 10 DMA analysis for samples T70 and T70R

Loss Modulus (V1 Pa)

Universal V4, 5ATA Instrument
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Appendix 11 DMA analysis for samples T30 and T30R
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Appendix 12 DMA analysis for samples T30 and T30R



