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General Introduction

The evolution and the success of the chemical industry in the late 19th century
were intimately related to the introduction of fossil feedstocks as a basis for synthesis.
Today, fossil feedstocks in the form of oil and gas are by far the most important raw
materials for the chemical industry, accounting for more than 90 %. The some parts of
the raw materials are converted to polymers. Polymeric materials are widely utilized in
every manufacturing industry, ranging from automobiles and medicines. The advantages
of plastics, such as polypropylene (PP), polyethylene (PE), poly(vinyl chloride) (PVC),
and polystyrene (PS) are their high strength, light weight, durability and low cost. More
than 200 million tons of plastics are produced every year in the world'”. However,
contemporary geopolitical and economical developments have caused the disadvantages
of a dependence on crude oil and its limited availability.”’ The ultimate formation of the
greenhouse gas CO, from fossil feedstocks has unpredictable and irreversible
consequences on the global climate. Furthermore, the plastic waste cannot be degraded
by microorganisms and causes serious environmental problems.

Recently, the movement toward the resolution of environmental and resource
issues in the world has been conducted. The concept of building a prosperous
sustainable society was endorsed in the United Nations (UN) Earth Summit 2012 at Rio
de Janeiro (“Rio + 207).” The prime objective of sustainable development, as stated by
the Brundtland Commission of the UN General Assembly in 1987, implies meeting the
needs of the present without compromising the ability of future generations to meet
their own needs.” In sustainable society, it is imperative to reduce the demand for fossil
resources and prevent environmental issues such as global warming. These elements are
parts of sustainable chemistry, which are also referred to as green chemistry.” In

polymer industry, one of the important ways is use of renewable resources as raw



Et ti
@ Renewable _ Carbohydrate

Photosynthesis resource Work- Qil, Protein
Route 3
€02+ 10 Route 1 Monomer
L Polymerization
Disposal
Final product <——— Polymer Route 2
Processing

Figure 1. Schematic life-cycle of bio-based materials.

materials. Figure 1 shows the schematic life-cycle of bio-based materials. The materials
from renewable resources are able to prevent the environmental issues in terms of
greenhouse gas emission.

Bio-based polymers are divided by production method into the following three:

Route 1. Extraction from plants
Route 2. Combination of biological fermentation and chemical polymerization
Route 3. Fully microbial synthesis

Route 1 is a method by extraction from plants. Starch is prepared by this
method and extracted from corn and crop. Starch has some advantages such as low cost
and high biodegradability. Starch has been used as adhesives, binders, sizing material,
glues and pastes.”®

Route 2 exhibits a method by microbial synthesis and chemical polymerization.

Poly(L-lactic acid) (PLLA) is synthesized by ring opening polymerization from
0
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Scheme 1. Synthesis of poly(L-lactic acid).
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L-lactide, which is a cyclic dimer of L-lactic acid obtained by fermentation (Scheme 1).”
PLLA is one of the commercially available bio-based polymers. '*'? It is a linear
aliphatic thermoplastic with good biocompatibility, good transparency, and high
strength and modulus.”*"” Due to these properties, PLLA has attracted an interest in
various fields, such as packaging, textile, and automobile.'*"

Route 3 is a microbial synthesis of polymers from renewable resources. In this
method, the polymers are produced and accumulated in microorganisms.
Polyhydroxyalkanoates (PHAs) are naturally-occurring polyesters that behave as
intercellular energy-storage compounds in microorganisms, such as Bacillus
megaterium, Ralstonia eutropha, and Aeromonus cavie (Figure 2).2'*) These polymers
have good biocompatibility and biodegradability. Therefore, applications of PHAs are

expanded in various fields.*”

Biomass

Figure 2. Microbial synthesis of polyhydroxyalkanoate.

In the 1920s, poly(3-hydoroxybutyrate) (PHB) was first isolated from Bacillus

25-31)

megaterium by Lemoigne. Stanier and Wilkinson investigated the initial

fundamental into the mechanisms of PHA biosynthesis in the late 1950s.*?-
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was found in activated sludge
in 1974.*% This is the first detection of PHA copolymer. Ballad and Doi investigated
mechanism  of  biosynthesis of PHA  in  detail.”>® In 1993,

poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) =~ (PHBH) was  prepared Dby



fermentation.>” The first industrial production of PHBV (Trade name of “Biopol”) was
carried out by Imperial Chemical Industries Co. (ICI) in the 1980s.*¥? Biopol was
used as shampoo bottles and grips of the razor. However, the high cost and the
brittleness resulted in limited application. Recently, Kaneka Co. produced PHBH, called

“KANEKA biopolymer AONILEX”, with a production capacity of 1000 tons per year

(Figure 3).*”
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Figure 3. Development of PHA.

PHB, which is homopolymer of 3-hydroxybutyrate, is a crystalline polymer
with glass transition temperature at 4 °C and melting temperature at 180 °C.*"* Due to
the high crystallinity, PHB has high tensile strength which is similar to PP. Elongation
at break of PHB is 5%, although that of PP is more than 400%.**® The brittleness of
PHB was attributed to large spherulite size and secondly crystallization. Thermal
degradation temperature of PHB is close to its melting temperature. Therefore, PHB has

narrow processing window. These disadvantages limited to application of PHB.*>V



Nowadays, over 100 different types of PHAs are prepared by different bacterial
species and fermentation conditions. Most of PHA copolymers consist of
3-hydroxybutyrate, which is main repeating unit, and another subunit (Figure 4). The
PHA copolymers exhibit higher flexibility than PHB. It is possible to control the
mechanical and thermal properties of PHA copolymers by the mole fractions. Generally,
as the mole fractions of the subunit increased, the crystallinity and glass transition
temperature decreased. Therefore, the copolymers become more flexible and tougher as
the mole fraction of the subunit increased.””? Diverse combination of the mole
fractions offers a wide range of properties of PHAs compared with other bio-based
polymers.SS) However, the applications of PHA copolymers are hindered by several

disadvantages such as slow crystallization rate and relatively low mechanical

strength. >+
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Figure 4. General chemical structure and properties of polyhydroxyalkanoates.

With the aforementioned background, the present thesis, “Novel Bio-based
Polymeric Materials from Bacterial Polyesters”, consists of three chapters including the
following topics to develop green composites based on  bacterial

polyhydroxyalkanoates.



In Chapter 1, synthesis of plant oil-based green composites using porous PHB
as a reinforcement material is described. Porous PHB was prepared by
thermally-induced phase separation using dimethyl sulfoxide as a solvent. The
acid-catalyzed curing of epoxidized soybean oil (ESO) was examined in the presence of
the porous PHB, yielding a transparent composite (Figure 5). The mechanical properties
of the ESO network polymer were improved by the incorporation of the porous PHB.
The reinforcement effect of the porous PHB was investigated by dynamic

viscoelasticity analysis and tensile test.
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Figure 5. Preparation of plant oil-based green composite.

In Chapter 2, the effect of branched poly(lactic acid) bearing a castor oil core on
crystallization of PHBV is mentioned. Small amount of the branched poly(lactic acid)
accelerated the crystallization of PHBV (Figure 6). By the addition of the branched
poly(lactic acid), the nuclear density of PHBV was dramatically increased. Moreover,

the crystallization kinetic of PHBV was investigated.
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Figure 6. Effect of branched poly(lactic acid) on crystallization of PHBV.

In Chapter 3, preparation of green composites from PHBH and porous cellulose
is described. Porous cellulose was prepared from precursor gel by using Ca(SCN),
aqueous solution as a solvent. The porous cellulose was impregnated with chloroform
solution of PHBH and the subsequent drying produced a full bio-based composite,
retaining the porous structure of cellulose. The resulting composites showed relatively
good transparency (Figure 7). The mechanical properties of the composites were
improved by the incorporation of the porous cellulose. Furthermore, the dimensional

stability of the composites was investigated by thermal mechanical analysis.
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Figure 7. Synthesis of green composite of PHBH and porous cellulose.






Chapter 1

Plant Oil-based Green Composite Using Porous Poly(3-hydroxybutyrate)

Introduction

As discussed in General Introduction, poly(3-hydroxybutyrate) (PHB) is a
highly crystalline and brittle polymer.** *® The brittleness of PHB is caused by large
spherulites and secondary crystallization. In order to overcome the shortcomings of
PHB, PHA copolymers and the blend materials were developed.*!™*+4

Plant oils, such as linseed, sunflower, soybean, and palm oils, are one of the
most abundant renewable resources, and hence, are expected as an ideal alternative
chemical feedstock.” Inexpensive triglyceride natural oils have been utilized
extensively for coatings, inks, plasticizers, lubricants, resins, and agrochemicals in
addition to their applications in food industry.**® However, the low functionality and
flexible aliphatic nature of plant oils result in several limitations for thermosets such as
films with low mechanical properties.®”’

Epoxidized soybean oil (ESO) is manufactured by epoxidation of double bonds
of soybean oil which is one of the lowest cost vegetable oils in the world, and it is
industrially available in large volumes at a reasonable cost.”” ESO is mainly used as a
plasticizer for poly(vinyl chloride), chlorinated rubber, and poly(vinyl alcohol)

65 . ..
) MOI'GOVGI‘, various cationic

emulsions to improve stability and flexibility.
polymerization of epoxidized plant oils can be achieved by photoinitiators, latent
catalysts, or acid catalysts. These epoxy compounds from renewable resources possess

high potential as starting materials for bio-based thermosetting plastics.®®”" Epoxidized

plant oils were cured in the presence of inorganic chemicals to produce



72-76
) Furthermore, several researchers have

organic-inorganic hybrid materials.
investigated the plant oil-based green composites using kenaf, flax, hemp, and rosin
derivatives as renewable compounds to improve poor mechanical properties.”’ ™ Full
bio-based composite was prepared by the curing of ESO in the presence of a PLLA
nanofiber mat. The nano-scale structural control of the PLLA fiber mat improved the
mechanical properties of the plant oil-based network polymer.gl)

Recently, Xin et al. have reported the fabrication of blend porous material of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) and polycarbonate.*” This chapter
deals with the synthesis of plant oil-based green composites using porous PHB as a
reinforcement material for ESO-based network polymer. The porous PHB was prepared

by thermally induced phase separation (TIPS). The resulting composites showed

relatively good transparency with the improvement of mechanical properties.

Experimental

Materials

PHB (Mw= 1.4 x 10°) was purchased from Sigma-Aldrich Co. (MO, USA).
ESO and a thermally-latent cationic catalyst (benzylsulfonium hexafluoroantimonate
derivative, Sun-Aid SI-60L) were gifts from Mizutani Paint Co. Ltd. (Osaka, Japan) and
Sanshin Chemical Industry Co. Ltd. (Yamaguchi, Japan), respectively. Other reagents

and solvents were commercially available and were used as received.

Synthesis of PHB/ESO composite
The following were typical procedures of the fabrication of PHB porous
materials and the synthesis of PHB/ESO composites. PHB powder was dissolved in

dimethyl sulfoxide (DMSO) at 90 °C for 15 min, and the solution was cooled at room

10



temperature. After 5 h, the resulting white piece was washed with ethanol several times
to obtain the porous PHB. For the synthesis of PHB/ESO composite, the porous PHB
was immersed in ESO containing thermally-latent catalyst, followed by the vacuum
treatment at room temperature to remove residual ethanol. Then, the sample was heated

at 130 °C for 5 h to produce the PHB/ESO composite.

Measurements

Scanning electron microscopic (SEM) analysis was carried out by using a
SU3500 instrument (Hitachi High-Technologies Co., Tokyo, Japan) at an accelerating
voltage of 15 kV. Nitrogen adsorption-desorption isotherms were measured by a
NOVA4200e (Quantachrome Co., FL, USA), and Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halendar (BJH) analyses were performed with the autosorb program.
Fourier transform infrared (FT-IR) spectroscopy was recorded with a Nicolet iS5
(Thermo Fisher Scientific Inc., MA, USA). Thermogravimetric (TG) analysis was
performed by using a TG/DTA7200 (Hitachi High-Tech Science Co., Tokyo, Japan) at a
heating rate of 10 °C/min under nitrogen. The thermal properties of the samples were
measured under nitrogen atmosphere by a DSC6220 differential scanning calorimeter
(DSC) (Hitachi High-Tech Science Co., Tokyo, Japan). The sample was cooled at -100
°C for 2 min, and then heated to 200 °C at a heating rate of 10 °C/min. Dynamic
viscoelasticity analysis was carried out by using a DMS6100 (Hitachi High-Tech
Science Co., Tokyo, Japan) with frequency of 1 Hz at a heating rate of 3 °C/min. Tensile
properties were measured by a Shimadzu EZ Graph (Shimadzu Co., Kyoto, Japan) with
a cross-head speed of 10 mm/min. The sample was cut into plate shape of 40 mm x 5

mm X 1 mm.
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Results and Discussion

Fabrication of porous PHB material

A porous PHB was used as a reinforcement material for plant oil-based
network polymer. Porous materials with a three-dimensional interconnected framework
have many exciting properties, including high specific surface area, high permeability,
low density, and fast mass transfer performance.®*" Owing to their properties, porous
materials have received considerable attention in various fields such as chromatography,
catalyst, and ion-exchange. The porous PHB was fabricated by TIPS method. PHB is
insoluble in DMSO at room temperature but soluble by heating. PHB powder was
dissolved in DMSO at 90 °C, followed by the cooling at room temperature and the
washing with ethanol to form a white porous PHB retaining the shape of the vessel.
Three samples of the porous PHB were prepared. The general procedure for the
preparation of the porous PHB is illustrated in Figure 1-1. The morphology of the
porous PHB was homogeneously macroporous with a three-dimensional interconnected
fibrous structure, which is shown in Figure 1-2. This unique structure could be derived

from a precursor gel and ascribed to the phase separation of the PHB/DMSO solution

Heating
DMSO

PHB
powder solution
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— > I::> PHB ESO/PHB ESO/FHB ES
SHB ESO/PHB ESOPLB ES

°HB ESO/PHB ESO/PHE ES

Porous PHB >HB ESO/PHB ESO/PHB ES
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Figure 1-1. General procedure of preparations of porous PHB
and PHB/ESO composite.
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during the cooling process, where solvent-rich regions contributed to the porous
formation. However, with the higher PHB concentration, some heterogeneous

coagulations of PHB were observed (Figure 1-2(C)).

Figure 1-2. SEM images of porous PHB prepared from different concentrations of
PHB in DMSO; (A) 50 g-L™" (B) 100 g'L™, and (C) 150 g-L™".

Figure 1-3 shows the typical nitrogen adsorption-desorption isotherm of the
porous PHB. The sharp nitrogen uptake near Py and the hysteresis loop in the P/P, range
from 0.8 to 1.0 were observed, demonstrating the pore size distribution between

mesopores and macropores. The surface area of the porous PHB, determined by BET

13
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Figure 1-3. Typical nitrogen adsorption-desorption
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analysis, varied from 95 to 128 m®g", and the formation of the porous PHB was

dependent on the PHB concentration in DMSO (Table 1-1).

Synthesis of PHB/ESO composite
A PHB/ESO composite was prepared by immersion method. This relies on the

penetration of ESO into the porous PHB by diffusion. The oxirane group number of

Table 1-1. Properties of porous PHB and PHB/ESO composite

Porous PHB Composite
Code Concentration® Surface area Pore volume  PHB content”
/gL /m*g! /em’-g! / wt%
ESO homopolymer - - - 0
PHB/ESO-50 50 128 0.52 5
PHB/ESO-100 100 107 0.71 11
PHB/ESO-150 150 95 0.33 19

? PHB concentration in DMSO.
® PHB content of PHB/ESO composite.
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ESO used in this experiment was 3.7 per a molecule, determined by 'H NMR
spectroscopy. For the synthesis of PHB/ESO composites, the porous PHB was
immersed in ESO containing thermally-latent catalyst, and the crosslinking of ESO was
carried out at 130 °C which was below the melting temperature of PHB. The resulting
composites showed relatively good transparency, suggesting the full impregnation of
ESO and the uniform distribution of PHB in the ESO polymer. Figure 1-4 shows FT-IR
spectra of ESO, porous PHB, and PHB/ESO composite. In the spectrum of the
PHB/ESO composite, a peak at 823 cm™ ascribed to C-C antisymmetric stretch of the
oxirane groups of ESO was not observed, and a broad peak centered at 3400 cm™ due to
O-H vibration newly appeared. These data indicate that the oxirane groups are reacted
with each other to form plant oil-based network structure. Moreover, two peaks at 1723
and 1743 cm™ ascribed to C=0 stretch of carboxyl groups of the ESO polymer and PHB

were observed.

(@)

3800 3000 2200 1400 600

Wavenumbers / cm-!

Figure 1-4. FT-IR spectra of (a) ESO, (b) porous PHB, and (c)
PHB/ESO-100 composite.
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Figure 1-5 represents the SEM images of the fracture surface of the ESO
homopolymer and the PHB/ESO-100 composite. The ESO homopolymer was brittle,
and the fracture occurred where a crack spread easily and freely. The fracture
cross-section of the ESO homopolymer was smooth and uniform surface. On the other
hand, the SEM image of the PHB/ESO-100 composite showed dense filling of fibrous

protrusions attributed to the porous PHB.

[5 _dalU 18 UKy S Edme BE U0 SE

Figure 1-5. SEM images of cross-section of (A) ESO homopolymer and (B)
PHB/ESO-100 composite.

Thermal properties of PHB/ESO composite

Thermal degradation of the ESO homopolymer, the porous PHB, and the
PHB/ESO composites was studied by TG measurement (Figure 1-6). TG traces of the
ESO homopolymer and the porous PHB showed only one weight-loss behaviors at 270
and 400 °C, respectively, due to the thermal decomposition. Almost no residues were
observed at 500 °C. It was found that the PHB/ESO composites decomposed through
two stage weight-loss processes, with the first weight-loss occurring at ca. 300 °C and
the second one at ca. 400 °C. Comparing the traces of the PHB/ESO composites to

those of the ESO homopolymer and the porous PHB, the first and second weight-losses

16



100
80 |
R 60 [ (@)
5 @
= C
()] -
2 40 )
v (&)
20 |
0 1
100 200 300 400 500

Temperature/ °C

Figure 1-6. TG traces of (a) ESO homopolymer, (b)
PHB/ESO-50, (¢) PHB/ESO-100, (d) PHB/ESO-150
composites, and (e) porous PHB.

could be attributed to the decomposition of PHB and ESO components, respectively.
Therefore, TG analysis allowed the assessment of PHB content of the composites from
the first weight-loss (Table 1-1). The PHB content of the composites increased as a
function of the PHB concentration in DMSO. The first decomposition temperature of
the PHB/ESO composites was slightly higher than that of the porous PHB, suggesting
that the ESO polymer prevents out diffusion of volatile decomposition products.”*
The PHB/ESO composite was soaked in chloroform for 24h. The PHB
component was dissolved in chloroform, and the residue weight was close to the ESO
content obtained by TG measurement. In the SEM image of the residue after soaking of
the composite, the pores derived from the depletion of PHB were observed. These
results indicate that the porous structure of PHB is retained without shrinkage during the

synthesis of the composite.
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DSC measurement of the ESO homopolymer, the porous PHB, and the
PHB/ESO-100 composite was carried out to evaluate the effect of the porous PHB on
the thermal behaviors (Figure 1-7). In the first heating curve of the ESO homopolymer,
only a glass transition was observed at -34 °C, whereas the curve of the porous PHB
showed a glass transition and melting of PHB at -16 and 168 °C, respectively. In the
curve of the PHB/ESO-100 composite, two glass transitions ascribed to the ESO
polymer and PHB were observed at -45 and -18 °C, respectively. These data indicates
that most of the PHB components are immiscible to the ESO polymer. The crystallinity
of the PHB component in the PHB/ESO-100 composite was about 60 %, and this value
hardly changed compared with that of the porous PHB (64 %). Furthermore, both
curves of the ESO homopolymer and the PHB/ESO composite were almost constant in
the higher temperature region, suggesting the quantitative consumption of the oxirane

groups of ESO.

<—— Endo

-80 -40 0 40 80 120 160

Temperature / °C

Figure 1-7. DSC curves of first heating scan for
(a) ESO homopolymer, (b) porousPHB, and (c)
PHB/ESO-100 composite.
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Mechanical properties of PHB/ESO composite

Figure 1-8 shows the dynamic viscoelasticity (storage modulus and loss factor)
as a function of temperature for the ESO homopolymer and the PHB/ESO-100
composite. For both samples, the storage moduli remained almost constant at low
temperature between -100 and -60 °C, and dropped as temperature increased. In the
rubbery region, the storage modulus of the PHB/ESO composite was higher than that of
the ESO homopolymer, suggesting the reinforcement effect of the crystallized PHB. A
broad peak of the loss factor of the ESO homopolymer was found around 0 °C, which
was regarded as the o-transition corresponding to the glass transition of the ESO
polymer. The a-transition of the PHB/ESO composite shifted to a lower temperature
region. This may be because the distances between crosslinked points become longer by
the incorporation of the porous PHB. Moreover, a small peak newly appeared at 25 °C,
which corresponded to the glass transition of PHB. This result is in good agreement

with DSC analysis.
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Figure 1-8. Dynamic viscoelasticity of ESO homopolymer
and PHB/ESO-100 composite.
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To evaluate the reinforcement effect of the porous PHB, tensile test was
performed. The strain-stress curves of the ESO homopolymer and the PHB/ESO
composites are shown in Figure 1-9. The porous PHB was too brittle to be carried out

the tensile test. Mechanical properties of fiber-reinforced materials are affected by some

2.5
(d)

15
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Figure 1-9. Strain-stress curves of (a) ESO homopolymer, (b)
PHB/ESO-50, (c) PHB/ESO-100, and (d) PHB/ESO-150

composites.

factors such as fiber volume, aspect-ratio, fiber-matrix adhesion, and orientation.
Tensile strength and toughness are dependent on the compatibility between fiber and the
matrix, while modulus is influenced by fiber impregnation or aspect-ratio of fiber.”
The incorporation of the porous PHB increased the Young’s modulus and tensile
strength, compared with those of the ESO homopolymer. These data indicate the good
distribution of the PHB component in the ESO polymer. Moreover, the strain at break of
the PHB/ESO composites was larger than that of the ESO homopolymer. Plant oils are
often used as a plasticizer for biopolymers such as poly(lactic acid) and PHAs.”*® The
three-dimensional fibrous structure of PHB improved the brittleness of ESO-based

network polymer and PHB, due to the good interfacial adhesion and the formation of

20



the interaction between the ESO chains and the surface of the porous PHB. The
improvement effect of the mechanical properties was dependent on the PHB content of
the composites. The Young’s modulus and tensile strength of the composites increased
as the PHB content increased. On the other hand, the largest strain at break was found in
the PHB/ESO-100 composite. The decrease of the strain at break in the PHB/ESO-150
composite may be due to the aggregation of PHB during phase separation process (see
Figure 1-2(C)). Moreover, the toughness of the PHB/ESO composites, defined as the
area of the strain-stress curve, was much larger than that of the ESO homopolymer. This
data implies that the resulting composites possess great capacity to absorb energy before

breaking.

Conclusions

A porous PHB was fabricated by TIPS method using DMSO as a solvent to
produce a piece of white material with a three-dimensional interconnected fibrous
structure. By changing the concentration of PHB in DMSO, the formation and structure
of the porous PHB could be easily controlled. The porous PHB was immersed in ESO
with thermally-latent catalyst, and the subsequent curing of ESO gave the PHB/ESO
composite. The resulting composites were relatively transparent, due to the nano-scale
fibrous structure of PHB. DSC and DMA results of the composite showed two glass
transitions and the melting of PHB. The Young’s modulus and the tensile strength of the
PHB/ESO composites were larger than those of the ESO homopolymer. The
incorporation of the porous PHB also increased the strain at break, indicating the

resulting composites are effectively reinforced without sacrificing toughness.
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Chapter 2
Crystallization Behavior of Poly(3-hydroxybutyrate-co-3-hydroxyvarelerate)

Adding Branched Poly(lactic acid) as a Nucleating Agent

Introduction

Poly(3-hydroxylbutyrate) (PHB) has potential applications in packaging,
coating, agricultural films, ete. ¥V However, the application of these materials is
hindered by some disadvantages such as the narrow processing window, poor thermal
stability, and high brittleness.””'*” Considerable effort has been expended to solve these

problems and to improve the physical properties of PHB. Strategies including blending

105-108) 109)

of PHB with other polymers, annealing of the molding articles, and
copolymerization of 3-hydroxybutyrate (3-HB) with another subunit have been
undertaken.*"*? The higher ductility of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) relative to the PHB homopolymer makes it of particular importance among
these copolymers. However, PHBV has a slow crystallization rate, and these properties
become more detrimental with an increase in 3-hydroxyvalerate (3-HV) unit content.
Because of the low crystallization rate, the films made from PHBV are tacky with a
tendency of self-adhesion. In addition, a large fraction of the subunit remains

110) Therefore,

amorphous and undergoes crystallization slowly during storage.
acceleration of the crystallization of these copolymers by addition of a nucleating agent
is of prime importance. Many kinds of nucleating agents have been proposed for PHB
and the copolymers, including talc, boron nitride, saccharin, lignin, terbium oxide,
lanthanum oxide, melamine, wuracil, metal phosphate, a-cyclodextrin, and

organophosphorous compounds.'''"*" Although the addition of such nucleating agents

has resulted in an increased crystallization rate, some of these components are
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undesirable in finished articles that may come into contact with humans, animals, or the
environment.

Recently, branched poly(lactic acid) bearing a castor oil core was synthesized
and its pasticization effct on poly(L-lactic acid) (PLLA) was reported. The addition of
only a small amount of the branched poly(lactic acid) to PLLA exerted a plasticization
effect and suppressed the lowering of the tensile strength and the thermal properties of
PLLA.'™ This chapter deals with development of novel nucleating agent for PHBV.
The crystallization behavior of PHBV was investigated in the presence of the branched
poly(lactic acid) as a nucleating agent, via differential scanning calorimetry (DSC) and
polarized optical microscopy (POM). The study, wich was described in this chapter, has
considerable significance for the development of biomass plastics based on the

bio-based additive consisting of castor oil and lactide presented herein.

Experimental

Materials

PHBV containing 5 mol% 3-HV (Mw= 5.0 x 10°) was purchased from
Sigma-Aldrich Co. (CO., USA). Castor oil was obtained from Wako Pure Chemical
Industries, Ltd., (Osaka, Japan) and L- and D,L-lactides were purchased from Tokyo
Kasei Co. (Tokyo, Japan), and used without further purification. Other reagents and

solvents were commercially available and were used as received.

Synthesis of branched poly(lactic acid)s
The following procedure was typically used in the synthesis of branched
poly(lactic acid).'”” A mixture of L-lactide (LLA) (0.72 g, 5.0 mmol), castor oil (0.093 g,

0.1 mmol), and tin (II) octanoate (2.0 mg, 5.0 x 10° mmol) was kept under argon
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atmosphere at 130 °C with gentle stirring. After 24 h, the mixture was dissolved in 3 mL
of chloroform, and the solution was poured into 60 mL of ethanol. The precipitated
polymeric material was collected by centrifugation and dried in vacuo to yield 0.63 g of
the polymer (78 % yield). Linear poly(lactic acid) (LP-L25) was synthesized by a

similar procedure using 1-octanol as an initiator.

Sample preparation of PHBV/branched poly(lactic acid) blend

PHBYV (0.50 g) and branched poly(lactic acid) (0.025 g) were dissolved in 10
mL of chloroform at room temperature with gentle stirring. After 12 h, the solution was
cast on a glass plate, and the solvent was allowed to evaporate for 12 h at room
temperature. The obtained solid was heated at 175 °C for 10 min, and hot pressed at
175 °C under a pressure of 5 MPa for 20 min. This was followed by rapid quenching at

0 °C to produce a blended sample.

Measurement

'H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
DPX-400 instrument (Bruker BioSpin Co., MA, USA). Size-exclusion chromatographic
(SEC) analysis was carried out at 40 °C using a TOSOH SC8020 apparatus with a
refractive index detector and a TOSOH TSKgel G3000yur; the eluent used was
chloroform at a flow rate of 1.0 mL/min (Tosoh, Tokyo, Japan). A calibration curve was
obtained using polystyrene standards.

Polarized microscopic analysis was carried out using an OLYMPUS BXS5I
microscope (Olympus, Tokyo, Japan) equipped with an IMOTO MHS-2000 heating
stage (Imoto Machinery, Kyoto, Japan). The sample was placed on a glass slide, melted
at 180 °C on a heating stage, and subsequently cooled at room temperature.

The crystallization behavior of the samples was investigated under nitrogen atmosphere

using a SEIKO DSC6020 differential scanning calorimeter (DSC) (Hitachi High-Tech
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Science Co., Tokyo, Japan). For the non-isothermal crystallization, the sample was
melted at 180 °C for 15 min and then cooled to -50 °C at a cooling rate of 10 °C/min.
The temperature was maintained for a duration of 15 min, and the sample was reheated
to 180 °C at a heating rate of 10 °C/min. For isothermal crystallization, the sample was
first heated to 180 °C for 15 min, and the temperature was rapidly decreased
(100 °C/min) to the predetermined crystallization temperature. The temperature was

then held constant until the completion of crystallization.

Results and discussion

Synthesis of branched poly(lactic acid) bearing castor oil core
Branched poly(lactic acid)s were synthesized from castor oil and lactide by
ring-opening polymerization using tin (II) octanoate as a catalyst.'*” Castor oil, which

has three secondary hydroxyl groups, was used as an initiator for the polymerization of

Table 2-1. Properties of linear poly(lactic acid) and branched poly(lactic acid)s

) Feed ? b b T, ¢ T,
Code Lactide ] M, M./M,
ratio /°C /°C
LP-L25 L-lactide 25 4100 1.8 11.0 54.0
BP-L.25 L-lactide 25 5500 1.4 8.1 143.2
BP-DL25  D,L-lactide 25 5700 1.3 4.8 —d
BP-L50 L-lactide 50 9600 1.3 10.4 151.5
BP-DL50  D,L-lactide 50 8900 1.2 15.0 —d
BP-L75 L-lactide 75 12500 14 13.3 156.8
BP-L100 L-lactide 100 14800 1.6 19.5 161.3
* Lactide/initiator (mol/mol).
® Determined by SEC.
¢ Determined by DSC.
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lactide. Six branched and one linear poly(lactic acid)s were prepared as nucleating
agents for PHBV (Table 2-1). The molecular weight of the branched poly(lactic acid)s
was quite close to the value calculated based on the feed ratio. Thus, the feed ratio was
used as a measure of the molecular weight of the branched poly(lactic acid) in the

evaluation of the nucleation effects.

Non-isothermal crystallization

The effects of the branched poly(lactic acid) on the crystallization of PHBV
were investigated by DSC measurements. Generally, a high melt crystallization
temperature is taken as an indicator of fast crystallization during non-isothermal
crystallization. Figure 2-1 shows the non-isothermal melt crystallization and the melting
behaviors of neat PHBV, PHBV/LP-L25, PHBV/BP-L25, and PHBV/BP-DL25 blends.
The crystallization rate of the neat PHBV was very slow, and no melt crystallization
peak was observed during the cooling process at 10 °C/min (Figure 2-1(A)). In the

subsequent heating process, a cold crystallization peak appeared in the temperature

(A) (B)
(a) ] (a)
g | o g | ®
S /‘_/\____a G
i (c) l (c)
(d)
(d) —— :\/\/——[_
-:30 0 30 60 90 120 150 -30 0 30 60 90 120 150
Temperature / °C Temperature / °C

Figure 2-1. DSC curves of (A) non-isothermal crystallization and (B) subsequent
heating scans for (a) neat PHBV, (b) PHBV/LP-L25 (5 wt%), (¢) PHBV/BP-L25 (5
wt%), and (d) PHBV/BP-DL25 (5 wt%) blends. Both the cooling and the heating

rates are 10 °C/min.
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range of 30 to 50 °C (Figure 2-1(B)). The DSC curves of the PHBV/LP-L25 blend were
similar to those of neat PHBV. Although the crystallization of PHBV was slightly
accelerated by the incorporation of LP-L.25, crystallization of the PHBV/LP-L25 blend
could not be complete during the cooling process at 10 °C/min. On the other hand, with
the addition of the branched poly(lactic acid), melt crystallization peaks appeared at the
higher temperature of ca. 80 °C and became much sharper than that of the
PHBV/LP-L25 blend. The crystallization peaks of the PHBV/BP-L25 and
PHBV/BP-DL25 blends were not observed in the subsequent heating scan because most
of the PHBV crystallized during the cooling process. These data indicate that the
branched poly(lactic acid) accelerates the crystallization of PHBYV significantly, and the
nucleation effect exerted by these additives are greater than that of the linear poly(lactic
acid). This may be that the branched poly(lactic acid) having the castor oil core was
well-dispersed in PHBV matrix than the linear poly(lactic acid), because plant oil acts

as a plasticizer of PHA in microorganisms.'*”
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Figure 2-2. DSC curves of non-isothermal crystallization at
a cooling rate of 10 °C/min; (a) neat PHBYV, (b)
PHBV/BP-L25, (¢) PHBV/BP-L50, (d) PHBV/BP-L75,
and (¢) PHBV/BP-L100 blends. Additive amount of the
branched poly(lactic acid) are 5 wt%.
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Figure 2-2 shows the DSC analysis of the melt crystallization behaviors of neat
PHBV and PHBV/branched poly(lactic acid) blends with different molecular weights
(i.e., feed ratio of lactide to castor oil). It is obvious that the branched poly(lactic acid)s
were able to enhance the crystallization of PHBV to a significant degree during the
cooling process at 10 °C/min, compared with neat PHBV. The melt crystallization
temperature (7,,.) was dependent on the molecular weight of the branched poly(lactic
acid)s, and the highest 7,. was found for the PHBV/BP-L50 blend.

All parameters derived from the DSC curves, i.e., T, the enthalpy of melt
crystallization (AH,.), the glass transition temperature (7y), the cold crystallization
temperature (7¢.), the enthalpy of cold crystallization (4H,.), the melting temperature
(7)), and the melting enthalpy (4H,,) of neat PHBV, PHBV/linear poly(lactic acid) and

PHBV/branched poly(lactic acid) blends are summarized in Table 2-2. By the addition

Table 2-2. Non-isothermal crystallization and melting behaviors of PHBYV,
PHBV/linear poly(lactic acid), and PHBV/branched poly(lactic acid) blends

Content® Tpe AHpe Tq Tee AHee Tw AH,

Code 1 -1 -1
/wthe /°C /Jg /°C /°C /Jg /°C /Jg

PHBV 0 384 6.1 -19.2 40.6 364 1402 649
PHBV/ BP-L25 5 824 592 -195 —° —° 1463 659

PHBV/ BP-L50 25 832 635 -194 —® —® 1454 698
PHBV/ BP-L50 5 862 628 -192 —° —° 1452 720
PHBV/ BP-DL50 5 939 663 -192 —°® —° 1501 684
PHBV/ BP-L50 75 840 544 -192 —° —P° 1481 622
PHBV/ BP-L50 10 712 433 -189 437 6.6 1459 69.7
PHBV/ BP-L75 5 838 603 -193 —° —° 1470 69.0
PHBV/ BP-L100 5 79.5 58.1 -192 —° —" 1469 702

* Content of poly(lactic acid) for PHBV.
® Not observed.
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of the branched poly(lactic acid), the crystallization parameters changed significantly
compared with those of the melting ones. Remarkable crystallization of PHBV was
achieved during the cooling scan by the addition of even 2.5 wt% of BP-L50. The 7,
and 4H,, of PHBV/branched poly(lactic acid) blends were slightly higher than those of
neat PHBV, and the 7, of the PHBV/branched poly(lactic acid) blends changed
negligibly in comparison to that of neat PHBV. The 7, provides useful information on
blend miscibility. If the blend is one phase (miscible), a single 7, lying between the
values for each component is detected. If the blend is two phase (immiscible), two T,
are observed close to or matching those of the two components.'**'* The T, of the
BP-L50 was slightly observed around 10 °C in PHBV/BP-L50 blend. The
crystallization of PHBV was also accelerated by the addition of BP-DL50, which is an
amorphous polymer. These data suggest that the branched poly(lactic acid) enhances the

overall crystallization due to the heterogeneous nucleation function by phase separation.

Isothermal crystallization

In order to understand the effect of the branched poly(lactic acid) on the
crystallization rate of PHBYV, the isothermal crystallization behavior of neat PHBV and
PHBV/branched poly(lactic acid) blends was investigated. Figure 2-3 shows typical
isothermal crystallization curves for neat PHBV, PHBV/BP-L50, and PHBV/BP-DL50
blends. The crystallization rate of neat PHBV was extremely slow, and the
crystallization was not completed within 60 min at 95 °C. With the addition of the
branched poly(lactic acid), the exothermic peaks derived from crystallization became

sharp, and the crystallization times were shorter than that of neat PHBV.
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Figure 2-3. Typical isothermal crystallization curves
of (a) neat PHBYV, (b) PHBV/BP-L50 (5 wt%), and (c)
PHBV/BP-DL50 (5 wt%) blends.

The well-known Avrami equation (Eq. (1)) is often used to analyze the

isothermal crystallization kinetics.'2%'2®

1-X,=exp(-k-1") (1)
Here, X, is the relative degree of crystallinity at a certain time ¢, k is the overall
crystallization rate constant that includes contributions from nucleation and growth rate,
and » is the Avrami exponent, which depends on the nucleation and growth mechanism.
If Eq. (1) is transformed into the double-logarithmic form, the equation of a straight line
(Eq. (2)) is obtained, and the parameters £ and » are determined from the intercept and
the slope, respectively.

log [-In (1 - X))] =log k+ nlog¢ ()
When X; = 0.5 in Eq. (2), the crystallization half time (¢;,,), which is the time taken for
50% of total-volume crystallization, is given as follows:

tip=(0n2/k)" (3)
The Avrami double-logarithmic plots are shown in Figure 2-4, and the Avrami

parameters calculated from these plots are shown in Table 2-3. Generally, the ¢, values

increase with increasing temperature. In all of the samples evaluated, the #;, values of
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the PHBV/BP-L50 blends were lower than those of neat PHBV; this indicates rapid
crystallization by the incorporation of BP-L50. Each curve in Figure 2-4 is
characterized by an initial linear portion during the early stage of crystallization and a
tendency for the slope to change due to secondary crystallization in the final stage. This

secondary crystallization is considered to be the result of the spherulite impingement.

(A) 85, 90, 95 °C (B) 90, 95, 100 °C
1
0t 0.8 |
X -1 X o4 |
Z 2 Z
£ £ 0rF
El E
Tl = 04
-5 ' ' ' -0.8 . . .
-1.5 0.5 0.5 15 -0.6 0.3 0 0.3
log t log ¢

Figure 2-4. Isothermal Avrami plots of (A) neat PHBV and
(B) PHBV/BP-L50 blend (5 wt%).

The n values of neat PHBV and PHBV/BP-L50 blends were in the range of 1.64 to 1.67
and 1.71 to 1.88, respectively, and were almost independent of the given isothermal
crystallization temperature. The addition of BP-L50 increased the n values of the
PHBV/BP-L50 blends. This increase in the n values may be attributed to the transition
of the crystallization mechanism from diffusion control to contact control.'**” Similar
behaviors were observed for the PHBV/BP-DL50 blends. The k values of the
PHBV/BP-L50 and PHBV/BP-DL50 blends increased by more than two orders of

magnitude relative to those of neat PHBYV, indicating that the crystallization rate

increased remarkably.
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Table 2-3. Crystallization kinetic parameters and crystallization half time

Temperature® n k tip
Code
/°C / min™ / min
PHBV 85 1.67 0.031 6.40
90 1.66 0.014 10.3
95 1.64 0.002 32.5
PHBV/BP-L50 90 1.88 34 043
95 1.75 2.0 0.55
100 1.71 1.7 0.58
PHBV/BP-DL50 90 2.03 2.7 0.51
95 1.86 3.1 0.45
100 1.84 2.2 0.53

* Isothermal crystallization temperature.

Polarized microscopic analysis

The melt crystallization of neat PHBV, PHBV/BP-L50 (5 wt%), and
PHBV/BP-DL50 (5 wt%) blends was further investigated using POM. A good
nucleating agent decreases the activation energy required for the polymer to create a
critical nucleation surface. Figure 2-5 shows the photomicrographs of the spherulite of
PHBYV. Polarized micrographs were taken on the 0, 2, and 60 min after quenched from
melt at 180 °C. All samples showed clean and uniform melt before crystallization (0
min.). The crystallization of neat PHBV was very slow and this result accords with the
isothermal crystallization behavior (Figure 2-3). The spherulite size of neat PHBV was
very large, and the nuclear density was quite low. On the other hand, the addition of
BP-L50 or BP-DL50 reduced the crystallization time remarkably and produced a
dramatic decrease in the spherulite size and an increase in the number of spherulites

relative to neat PHBV crystallized under the same conditions. During the crystallization
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process, the branched poly(lactic acid) acted as a nucleating agent for PHBYV, thereby

increasing the nucleation density and changing the crystallization dynamics of PHBV.

0 min 2 min

Figure 2-5 Polarized optical micrographs of (A) neat PHBV (0, 2, and 60 min),
(B) PHBV/BP-L50 (5 wt%) (0 and 2 min), and (C) PHBV/BP-DL50 (5 wt%)
blends (0 and 2 min).

Nucleation mechanism

In general, nucleating agents increase the crystallization rate by promoting
heterogeneous nucleation. Heterogeneous nucleation utilizes foreign pre-existing
surfaces to reduce the free energy of nucleation. The free energy is reduced when a
nucleus contacts a pre-existing surface, leading to a smaller critical nucleus size
requirement. Most nucleating agents have a melting point above 200 °C. To examine the
possibility of dissolution of the branched poly(lactic acid) in the PHBV melt,

microscopic observation of the PHBV/BP-L50 system was undertaken. The mixture of
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PHBV/BP-L50 was heated to 180 °C on a hot stage and observed via POM. The
mixture was cleanly and uniformly melted to produce a homogeneous mixture (Figure
2-5). The molecular weight and glass transition temperature of PHBV changed only
marginally after heating. According to the chemical structure, a chemical reaction is not
expected to occur between the branched poly(lactic acid) and PHBYV, and thus the
chemical nucleation can be excluded. The subsequent cooling process resulted in
crystallization of PHBV (Table 2-2). These observations suggest the plausible
crystallization mechanism as follows. The heterogeneous nucleation is initiated by the
introduction and the phase separation of the branched poly(lactic acid). The PHBV
crystal grows on the surface of the domain of the branched poly(lactic acid) in early
stage. The branched poly(lactic acid), acting as a nucleating agent, decreases the surface

energy barrier and increases the nucleation density for PHBYV crystallization.

Conclusions

Branched poly(lactic acid)s prepared from castor oil and lactide by
ring-opening polymerization were used as nucleating agents for bacterial PHBV, and the
nucleating capacity of the branched poly(lactic acid)s was evaluated via differential
scanning calorimetry and polarized optical microscopy. The addition of the branched
poly(lactic acid) enhanced the crystallization of PHBV to allow for completion during
the cooling process at 10 °C/min, whereas crystallization of the PHBV/linear poly(lactic
acid) blend was not complete in same conditions. During isothermal crystallization, the
crystallization rates of the PHBV/BP-L50 and PHBV/BP-DL50 blends were remarkably
higher than that of neat PHBV. The branched poly(lactic acid) acted as an effective
heterogeneous nucleating agent by phase separation, which promoted the crystallization

remarkably and increased the crystallization rate, based on a comparison of the #;,, and k&
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values. The spherulite size of PHBV was dramatically decreased by the incorporation of
the branched poly(lactic acid). These results indicate that the branched poly(lactic acid)

exhibits high potential as a nucleating agent for bacterial polyesters such as PHBV.
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Chapter 3

Green Composite of Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

Reinforced with Porous Cellulose

Introduction

Poly(3-hydroxybutyrate-co-3hydroxyhexanoate) (PHBH) is a copolymer
consisting of randomly arranged 3-hydroxybutyrate (3-HB) and 3-hydroxyhexanoate
(3-HH) units. PHBH has lower melting point and highly ductile properties than PHB.
The amount of 3-HH fraction in PHBH strongly influences the properties of this
polymer such as crystallinity, melting point, strength, and crystallization rate. It has
been reported that the crystallinity of PHBH decreases from 60 to 18 % as 3-HH
fraction increases from 0 to 25 %, making PHBH soft and flexible.*” However, the low
crystallinity results in low strength, modulus and thermal stability of PHBH and the
final products are tacky due to low glass transition temperature.**

Composite materials are important for structural application where combination
of high strength and stiffness are required.”*"*” In recent years, there is increasing
interest in the development of bio-based and/or biodegradable composite materials
which are sometimes called green composite.”®'**"*> One approach to make green
composite is to use cellulose fibers.

Cellulose is the most abundant material in the world and about 1.5 x 10'? tons of
cellulose grow every year."*® Cellulose from wood, straw, and cotton is widely used in
several industries, such as paper industry, chemical industry, textile industry, and food

industry. Compared to inorganic fibers, cellulose fibers have several advantages such as

renewable nature, low density, high specific strength, etc.'*”"*® Cellulose fibers such as
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native fibers, their fragments, and regenerated fibers were used as a reinforcement
component for common polymers.139'148) The main drawback of cellulose fibers for
reinforcement applications is incompatibility with polymer matrices due to their strong
hydrophilic nature. Agglomeration is a common problem when polymers are filled with
cellulose fibers because of the worse adhesion between cellulose fibers and polymer
matrix. Therefore, it is a major challenge how to obtain good dispersion of cellulose in
polymer matrix.

Cellulose cannot be manufactured by melt processing technique and casting
method in common solvent, due to the strong hydrogen bonding between intra- and
inter-molecules. Therefore, many researchers have studied about solvents for cellulose.
Several solvent systems such as LiCl/N,N-dimethylacetamide (DMAc), Ca(SCN),/water,
LiOH/urea/water, and ionic liquids were reported and used for the modification or the
preparation of cellulose gel.149'152) This chapter deals with preparation of green
composites from PHBH and porous cellulose. The porous cellulose prepared by using
Ca(SCN), aqueous solution was used as a reinforcement material, and a novel green
composite from PHBH and cellulose was developed by immersion process. The
resulting composites showed optically transparency with increases of mechanical

properties and thermal stability.

Experimental

Materials

PHBH containing 11 mol% 3-HH (Mw= 3.2 x 10°) was gift from Kaneka Co.
and cellulose (Whatman CF-11) was purchased from Wako Pure Chemical Industries,
Ltd. Other reagents and solvents were commercially available and were used as

received.

38



Preparation of PHBH/cellulose composite

The following procedure was typically used in the preparation of
PHBH/cellulose composites. Calcium thiocyanate (Ca(SCN),) was dissolved in
deionized water to saturation (59 wt%) at room temperature. Cellulose was dispersed in
this solution, and the mixture was heated at 120 °C for 20 min to give transparent
solution. The solution was cooled at room temperature to form cellulose gel. After 24 h,
the gel was washed several times by ethanol, and cellulose was regenerated to porous
material. For the preparation of PHBH/cellulose composite, the porous cellulose was
immersed in 5 wt% of PHBH chloroform solution, followed by the drying at room
temperature to remove solvent. Then, the sample was pressed at 160 °C under a pressure
of 5 MPa for 5 min. This was followed by rapid quenching at 0 °C to produce

PHBH/cellulose composite.

Measurements

Thermogravimetric (TG) analysis was performed using a SEIKO TG/DTA7200
(Hitachi High-Tech Science Co., Tokyo, Japan) at a heating rate of 10 °C/min
under ,nitrogen. Scanning electron microscopic (SEM) analysis was carried out by a
HITACHI SU-3500 instrument (Hitachi High-Technologies Co., Tokyo, Japan). The
thermal properties of the samples were investigated under nitrogen atmosphere by using
a SEIKO DSC6220 differential scanning calorimeter (DSC) (Hitachi High-Tech Science
Co., Tokyo, Japan). The sample was melted at 180 °C for 2 min and then cooled to
-50 °C at a cooling rate of 10 °C/min. The temperature was maintained for a duration of
2 min, and the sample was reached to 180 °C at a heating rate of 10 °C/min. Polarized
optical microscopic analysis was carried out using an OLYMPUS BX51 microscope
(Olympus, Tokyo, Japan) equipped with an IMOTO MHS-2000 heating stage (Imoto

Machinery, Kyoto, Japan). The sample was placed on a glass slide, melted at 180 °C on
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a heating stage, and subsequently cooled at room temperature. Dynamic viscoelasticity
analysis was carried out by using a SEIKO DMS6100 (Hitachi High-Tech Science Co.,
Tokyo, Japan) with frequency of 1 Hz at a heating rate of 3 °C/min. Tensile properties
were measured by a Shimadzu EZ Graph (Shimadzu Co., Kyoto, Japan). A cross-head
speed of 10 mm/min was used. The sample was cut into plate shape of 40 mm x 5 mm x
150 pm. Thermal expansion was measured by a SEIKO TMA/SS6100 (Hitachi
High-Tech Science Co., Tokyo, Japan) in tensile mode under 10 mN tension with 10

mm span at a heating rate of 3 °C/min.

Results and discussion

Synthesis of PHBH/cellulose composite

PHBH/cellulose composite was prepared by immersion method. Porous
material based on cellulose gel was used as a reinforcement filler for PHBH. Cellulose
was dissolved in Ca(SCN), aqueous solution at 120 °C, followed by cooling at room
temperature to form a white cloudy gel similar to agar gel. The salt in the cellulose gel

was extracted by rinsing with ethanol, and cellulose was regenerated as a white porous

Poly(3-hydroxybutyrate-co-
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composite

Figure 3-1. Preparation of PHBH/cellulose composite.
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material retaining its shape. The formation of the porous cellulose was dependent on the
cellulose concentration in Ca(SCN) , aqueous solution. The immersion method relies on
penetration of dissolved PHBH into the pore of cellulose by diffusion. The regenerated
cellulose with porous structure was immersed in PHBH chloroform solution, followed
by the drying at room temperature to remove solvent. Figure 3-1 shows the photograph
of PHBH/cellulose composite after hot pressing at 160 °C. The resulting composite was
transparent and letters (PHBH/Cellulose) in the background could be seen through the
sample. This result suggests structural homogeneity above visible wavelengths,
resulting from the nanometric fibrous structure of cellulose. With higher cellulose
content, however, some turbidity was observed, due to heterogeneous coagulation of
cellulose.

TG analysis was performed to evaluate cellulose content of the composite.
Figure 3-2 shows typical TG curves of neat PHBH, cellulose and PHBH/cellulose
composite. The weight of neat PHBH and porous cellulose rapidly decreased at 292 and

361 °C, respectively. The TG curves of PHBH/cellulose composites showed stepwise
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Figure 3-2. Typical TG curves of (a) neat PHBH, (b)
cellulose, and (c) PHBH/cellulose-32.
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degradation behaviors, and allowed assessment of cellulose content of the composite
from weight decrease at ca. 360 °C. Three composites were prepared. Sample code,
cellulose concentration in Ca(SCN), aqueous solution, cellulose content of the
composites, and decomposition temperature are summarized in Table 3-1. The cellulose
content depended on the cellulose concentration in Ca(SCN), aqueous solution,

indicating that the cellulose content could be controlled.

Table 3-1. Preparation of PHBH/cellulose composite

Cellulose Decomposition temperature
Code concentration® Cellulose content Joc
/ wt% / wt% Tu Ta
PHBH - 0 290 —4

PHBH/cellulose-16 1.0 16 287 344
PHBH/cellulose-32 2.5 32 283 352
PHBH/cellulose-45 4.0 45 283 350
Cellulose = 100 4 361

* Cellulose concentration in Ca(SCN) , aqueous solution.
® Cellulose content of PHBH/cellulose composite.
¢ No data.

4 Not observed.

Figure 3-3 shows SEM images of the porous cellulose and the residue after
soaking of the composite in chloroform for 24 h. The cellulose gel had highly porous
structure consisting of fibrillar network, which was ascribed to the phase separation of
the cellulose solution. The morphology of the residue of the composite after soaking in
chloroform was similar to that of the porous cellulose, indicating that fibrillar cellulose
is not aggregated during the washing by ethanol and the preparation of the composite.

Furthermore, the residue weight after soaking was close to TG results.

42



Figure 3-3 SEM images of (A) porous cellulose and (B) residue of PHBH/cellulose

composite after soaking in chloroform.

Thermal properties of PHBH/cellulose composite

DSC measurement of neat PHBH and PHBH/cellulose composites was
performed to evaluate the effects of the porous cellulose on thermal behaviors of PHBH
(Figure 3-4). In second heating scan, glass transition, cold crystallization, and melting
of PHBH were observed. The glass transition temperature (7,) of PHBH hardly changed
by the incorporation of cellulose. Similar results were reported in several studies.'>> *%
On the other hand, the cold crystallization temperature of PHBH/cellulose composites
decreased and the exotherm peaks at around 40 °C became sharper compared with that
of neat PHBH. This behavior resulted because cellulose component accelerated the
crystallization of PHBH. The three-dimensional network of cellulose reduced the energy
barrier of nucleation to form a small critical nucleus of PHBH. Neat PHBH and
PHBH/cellulose  composites exhibited two melting peaks, demonstrating
melting-recrystallization-melting process, the intensity of the lower melting peak of the
bimodal endotherms increased by the incorporation of cellulose. This is accounted for

the melting of unstable crystal and thin lamella of PHBH formed by hindrance of

cellulose network. Although the crystallization of PHBH was effectively accelerated in
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Figure 3-4. DSC curves of heating scans for (a) neat
PHBH, PHBH/cellulose-16, PHBH/cellurose-32 , and
(d) PHBH/cellulose-45

PHBH/cellulose-16 and PHBH/cellulose-32, the crystallization of PHBH was inhibited
at higher cellulose content (PHBH/cellulose-45). This may be due to the confinement of
PHBH chains caused by a large amount of cellulose.

The crystallization behaviors of PHBH were also investigated by polarized
optical microscopy (Figure 3-5). Polarized optical micrographs were taken on 10 min
after quenched from melt at 180 °C. In neat PHBH, the spherulite with characteristic
banding and Maltese cross were observed. The spherulite size of neat PHBH was
relatively large, and the nuclear density was quite low. Polarized micrograph of
PHBH/cellulose composite at 180 °C showed slightly bright due to the crystallized
cellulose, although fibrous structure was not observed. PHBH component crystallized
during cooling process, and the porous cellulose increased the number of PHBH crystal

and dramatically reduced the crystal size. These observations accord with DSC results.
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Figure 3-5. polarized optical micrographs of (A) neat PHBH and (B)
PHBH/cellulose-32 composite.

Mechanical properties of PHBH/cellulose composite

To evaluate the reinforcement effect of the porous cellulose, dynamic
viscoelasticity analysis was performed. Figure 3-6 shows the temperature-dependence
of the storage modulus of neat PHBH and PHBH/cellulose composites. The storage

modulus of neat PHBH at lower temperature (below 7,) was almost constant at around

1.E+11

1.E+10

1.E+09

E'/ Pa
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1.E+07
50 256 0 25 50 75 100

Temperature / °C

Figure 3-6. Storage modulus of (a) neat PHBH, (b)
PHBH/cellulose-16, (c) PHBH/cellulose-32, and (d)
PHBH/cellulose-45.
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9.0 GPa and dropped at around -20 and 60 °C, which derived from the glass transition
and the melting of PHBH, respectively. The incorporation of the porous cellulose
increased the storage modulus in the rubbery region and the reinforcement effect
depended on the cellulose content of the composite. The storage modulus of
PHBH/cellulose composites with high cellulose content was relatively higher above
even the melting temperature of PHBH, suggesting the porous cellulose improved
thermal stability.

The strain-stress curves of neat PHBH and PHBH/cellulose composites were
shown in Figure 3-7 and the mechanical properties such as Young’s modulus, maximum
strength, strain at break, and toughness are summarized in Table 3-2. Mechanical
properties of fiber-reinforced materials are affected on some factors such as fiber
volume, aspect-ratio, fiber-matrix adhesion, and orientation. Tensile strength is
dependent on the compatibility between fiber and the matrix, while modulus is

influenced by fiber impregnation or aspect-ratio of fiber.”” The Young’s modulus and
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Figure 3-7. Strain-stress curves of (a) neat PHBH, (b)
PHBH/cellulose-16, (c) PHBH/cellulose-32, and (d)
PHBH/cellulose-45.
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the tensile strength of PHBH/cellulose composites increased compared with those of
neat PHBH. These behaviors are related to the three-dimensional porous structure of
cellulose and the interaction between PHBH and regenerated porous cellulose owing to
their relatively polar nature. These data indicate that porous cellulose acts as a
reinforcement material. The strain at break of PHBH/cellulose composites was larger
than that of neat PHBH. The brittleness of poly(3-hydroxyalkanoate) such as PHB and
PHBH is attributed to large spherulite and secondary crystallization.”®'*> The porous
cellulose dramatically decreased the spherulite size of PHBH by the nucleating effect of
cellulose. Moreover, the toughness of PHBH/cellulose-32, defined as the area of the
strain-stress curve, was more than 3 times larger compared with that of neat PHBH.
This data implies that the resulting composites possess a great ability to absorb energy

before breaking.

Table 3-2. Mechanical properties of PHBH/cellulose composite

Code 1(())1(11?1%;2 hg?ﬁ;ﬁg?ﬁn Strain at break ~ Toughness
/ MPa / MPa /% / MJ-m™
PHBH 271 15 20 2.2
PHBH/cellulose-16 378 20 29 4.9
PHBH/cellulose-32 732 22 36 7.2
PHBH/cellulose-45 746 27 8 1.5

Coefficient of thermal expansion (CTE) is reduced by the transfer of thermal
stress from polymer matrix to high aspect-ratio fibrous material such as glass fiber or
cellulose fiber."**"*” Figure3-8 shows the thermomechanical analysis results of neat
PHBH and PHBH/cellulose composites. The CTEs of PHBH/cellulose composites in
glassy state (below T,) were 22-42 ppm/K, which values were smaller than that of neat
PHBH. Above T, the CTE of neat PHBH remarkably increased. On the other hand, the

incorporation of porous cellulose suppressed thermal expansion of PHBH/cellulose
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composites as the cellulose content increased. These results indicate that the
three-dimensional network structure of cellulose is effective in restricting thermal

expansion of PHBH matrix.

Thermal expansion /%

-30 -15 0 15 30 45

Temperature / °C

Figure 3-8. Thermal expansion of (a) neat PHBH,
(b) PHBH/cellulose-16, (c) PHBH/cellulose-32,
and (d) PHBH/cellulose-45.

Conclusions

A green composite from bacterial polyester and cellulose was developed, and
the thermal and mechanical properties of the composite were evaluated. Regenerated
porous cellulose prepared from Ca(SCN), aqueous solution was impregnated with
PHBH by immersion of the porous cellulose in polymer solution, and the subsequent
drying gave a full bio-based composite. The resulting composites showed relatively

good transparency due to nano-scale network structure of cellulose. The porous
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cellulose accelerated the crystallization of PHBH and the spherulite size of PHBH
decreased. The Young’s modulus and the tensile strength of PHBH/cellulose composites
were larger than those of neat PHBH. The incorporation of the porous cellulose also
increased the strain at break, indicating the resulting composites are effectively
reinforced without sacrificing toughness. Furthermore, the porous cellulose resulted in

low thermal expansion of the composites.
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Conclusion Remarks

This thesis deals with the novel bio-based materials from bacterial polyesters.

The results obtained through this thesis are summarized as follows:

In Chapter 1, preparation of plant oil-based green composite using porous
poly(3-hydroxybutyrate) (PHB) was mentioned. The porous PHB with topological
fibrous structure was prepared by dissolution of the polymer in dimethyl sulfoxide
(DMSO) by heating and the subsequent cooling, which was a simple and easy technique.
The morphology and surface area of the porous PHB were dependent on the PHB
concentration in DMSO. The porous PHB was impregnated with epoxidized soybean oil
(ESO) by immersion, and the acid-catalyzed curing of ESO produced a full bio-based
composite retaining the porous structure of PHB. The resulting composites showed
relatively good transparency with reinforcement of plant oil-based network polymer.
Furthermore, not only stiffness but also toughness of the composites was improved by
the incorporation of the porous PHB, suggesting the good interfacial adhesion between

the porous PHB and ESO polymer matrix.

In Chapter 2, the effects of branched poly(lactic acid) on crystallization of the
bacterial polyester, (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) were described.
The capacity of the branched poly(lactic acid) as a nucleating agent was evaluated via
differential scanning calorimetry and polarized optical microscopy. Enhanced
crystallization of PHBV was observed in the presence of the branched poly(lactic acid)
than in linear poly(lactic acid). Crystallization of the PHBV/branched poly(lactic acid)
blend from the melt was complete during the cooling process at 10 °C/min. The
crystallization half time of the PHBV/branched poly(lactic acid) blend decreased

significantly. By the addition of the branched poly(lactic acid), the spherulite size of
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PHBYV became much smaller than that of neat PHBV.

In Chapter 3, synthesis of green composite from
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) and porous cellulose as a
reinforcement material was described. Cellulose gel was prepared from a Ca(SCN),
aqueous solution, and the subsequent washing by ethanol gave regenerated porous
cellulose without shrinkage. The PHBH/cellulose composite was fabricated by
immersion of porous cellulose in a polymer solution. The cellulose content of the
composites was controlled by changing the cellulose concentration of the Ca(SCN),
aqueous solution. The resulting composites showed a relatively good transparency with
improvements in mechanical properties such as tensile strength, toughness, and
brittleness. Furthermore, the thermal stability of the composites was improved by the

incorporation of cellulose.

Given that these materials are derived from renewable resources, the biomass
content of the materials from bacterial polyesters, polyhydroxyalkanoates, was 100%.
Therefore, the resulting materials should contribute greatly to prevent the environmental
issues such as greenhouse gas emission. This thesis provides new methodologies for the

preparation of high-performance bio-based polymeric materials.
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