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ABSTRACT 
 
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] is a biodegradable 
polyester from the family of polyhydroxyalkanoates. In the first part of this study, the 
thermal influence on the molecular mass and isothermal crystallization kinetics of 
P(3HB-co-3HHx) were investigated. The molecular mass decreases with increasing 
isothermal holding temperature and time. Avrami model has been successfully used to 
describe the isothermal crystallization kinetics of P(3HB-co-3HHx). Following the 
initial outcome, P(3HB-co-3HHx) was blended with epoxidized natural rubber (ENR). 
The blend is expected to yield polymers with combination mechanical or thermal 
properties. It is shown that ENR promotes the isothermal crystallization rate of P(3HB-
co-3HHx) despite forming immiscible constituents with P(3HB-co-3HHx). The thermal 
property of P(3HB-co-3HHx) is influenced by the presence of ENR after isothermal 
crystallization. Further experimental result shows that the P(3HB-co-3HHx) and ENR 
can be reacted in-situ using differential scanning calorimeter. The kinetic of melt 
reaction shows good approximation and similar behavior to that of other melt reaction 
systems such as poly(3-hydroxybutyrate)/ENR and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)/ENR blends. 
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ABSTRAK 
 

Poli(3-hidroksibutirat-ko-3-hidroksiheksanoat) [P(3HB-co-3HHx)] merupakan poliester 
mudah terurai dari keluarga polihidroksialkanoat. Pada bahagian pertama penyelidikan 
ini, pengaruh termal pada jisim molekul dan isotermal kinetik kristalisasi P(3HB-ko-
3HHx) telah diselidik. Jisim molekul didapati menurun apabila suhu dan waktu 
isotermal meningkat. Model Avrami berjaya digunakan untuk menggambarkan 
isotermal kinetik kristalisasi P(3HB-ko-3HHx). Berikutan hasil awal kajian, P(3HB-ko-
3HHx) telah dicampur dengan getah asli berepoksida (ENR). Campuran ini diharap 
akan menghasilkan polimer dengan kombinasi ciri-ciri mekanik atau termal. ENR 
didapati meningkatkan tahap kristalisasi isotermal P(3HB-ko-3HHx) walaupun 
campuran tersebut adalah sistem dua fasa. Sifat termal P(3HB-ko-3HHx) dipengaruhi 
oleh kehadiran ENR setelah kristalisasi isotermal. Kajian terperinci menunjukkan 
P(3HB-ko-3HHx) dan ENR dapat bereaksi secara in-situ dengan menggunakan 
kalorimetri pengimbas pembezaan. Kinetik reaksi fasa cair menunjukkan anggaran baik 
dan cir-ciri yang hampir sama dengan sistem reaksi fasa cair yang lain seperti campuran 
poli(3-hidroksibutirat) / ENR dan poli(3-hidroksibutirat-ko-3-hidroksivalerat) / ENR. 
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1.1 Overview 
Much of what we know about the danger of improper disposal of petrochemical-based 
polymers (Sheavly & Register, 2007), there is a need to use biodegradable and 
environmentally friendly polymers in daily commodity products. Biodegradable-based 
polymers can be classified according to their origin (Avérous & Pollet, 2012), such as 
polymers from agro-resources (e.g. lignin, cellulose, chitin, starch, proteins), from 
microorganisms [e.g. polyhydroxyalkanoates (PHA)], from biotechnology (e.g. 
polylactides), and from petrochemical products (e.g. polycaprolactones). Each 
classification of biopolymers has its advantages and disadvantages over one another 
summarized in a table below (Table 1): 
 
Table 1.1 General comparisons between different classes of biodegradable polymers 
Type of biodegradable polymers Abundance1 Price2 Biodegradability 
Lignin, cellulose, chitin, starch, etc. ++++ + + 
PHA ++ ++++ ++++ 
Polylactides +++ ++ ++++ 
Polycaprolactones ++ +++ ++++ 
1production volume/availability 
2subject to market demand, bulk production and efficiency of recovery 
‘+’ represents frequency of occurrence 
 
The overall production cost of PHA is mainly contributed by the choice of carbon 
substrates used. It is high compared to the price of other biodegradable polymers, and the 
yield is relatively low. To overcome these drawbacks, various strategies have been 
developed. These include: (1) the use of better engineered microorganisms capable of 
utilizing cheaper carbon sources from industrial wastes, (2) developing an efficient 
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feeding strategies suitable for the growth and accumulation of PHA in the cytoplasm of 
microorganisms, as well as (3) incorporating another polymers to make polymer blends. 
For the first time in literature, we report a polymer blend between PHA:poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] and epoxidized natural 
rubber (ENR). Unlike other petro-based plastics [e.g. poly(propylene), poly(styrene) etc.] 
that can be synthesized chemically, production of PHA involves the use of bioreactors and 
carbon substrates therefore the current price is still not feasible to compete with existing 
commercial plastics. It is thus sensible to make a polymer blend by incorporating second 
polymer. Besides, the mechanical properties can be tuned from blend morphologies, 
properties of parent polymers, phase behavior etc. The second polymers can be any 
polymers ranging from semi-crystalline to amorphous polymers. In this study, ENR was 
chosen specifically due to the commercial availability and interesting properties that it 
possesses. Among the interesting properties aforementioned are good oil resistance and 
resilience, high elongation at break, high damping properties, low gas permeation, and 
resistance to organic solvents (Baker, Gelling, & Newell, 1985). Lee and co-workers 
(2005) reported the melt reaction between homo-polymer poly(3-hydroxybutyrate) 
[P(3HB)] and ENR-50 (‘50’ denotes 50mol% epoxidation level) (H. K. Lee, Ismail, 
Kammer, & Baker, 2005). Both P(3HB) and ENR-50 forms immiscible polymer blends, 
however after melt reaction, they show a single glass transition temperature (Tg) ranged 
between the glass transition temperature of P(3HB) and ENR-50 as shown by differential 
scanning calorimeter (DSC). The influence of longer side chain group of PHA containing 
3-hydroxyvalerate (3HV) was also investigated. Chan and co-workers (2004) focused on 
the thermal properties (Chan & Kammer, 2009) as well as melt reaction (Chan, Ismail, & 
Kammer, 2004) between poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-
3HV)] with 12 mol% of HV content and ENR-50. Both P(3HB)/ENR-50 and P(3HB-co-
3HV)/ENR-50 form single Tg after melt reaction at preselected reaction (or sometimes 
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called ‘annealing’) temperature. Following these studies, there are several questions in 
mind of whether the crystallization of P(3HB-co-3HHx) in ENR shows similar behavior 
to that of P(3HB) and P(3HB-co-3HV). How does ENR influence the crystallization of 
P(3HB-co-3HHx)? Does the melt reaction between P(3HB-co-3HHx) and ENR follow the 
same kinetics to that of P(3HB)/ENR and P(3HB-co-3HV)/ENR blends? 
 
1.2 Aim and Objectives 
This research is aimed to understand the thermal behavior of P(3HB-co-3HHx) and its 
blend with ENR-50 (‘50’ denotes the level of epoxidation in mol%). Since the 3-
hydroxyhexanoate (3HHx) can range from as low as 3 mol% to approximately 90 mol%, 
the blend study focuses only at P(3HB-co-3HHx) containing 8 mol% of 3HHx. This is 
established from the following objectives: 

1. Production of P(3HB-co-3HHx) from Cupriavidus necator PHB¯4 harboring PHA 
synthase of Aeromonas caviae (pBBREE32d13), 

2. Evaluation of the thermal stability of P(3HB-co-3HHx) with different mol% of 
3HHx, 

3. Examination of the kinetics of P(3HB-co-3HHx) by isothermal crystallization 
experiments, 

4. Assessment of the influence of ENR-50 to the kinetics of isothermal crystallization 
of P(3HB-co-8mol% 3HHx), 

5. Evaluation of the kinetics of melt reaction between P(3HB-co-8mol% 3HHx) and 
ENR-50, and 

6. Examination of the thermal behavior (e.g. crystallization kinetics, melting 
behavior, thermal stability) of P(3HB-co-8mol% 3HHx)/ENR after melt reaction. 
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Introduction to this doctorate thesis has been given above. Next, we will discuss the 
detailed background and research related to PHA and ENR. This chapter elaborates in 
more detailed notions related to PHA production through microbial production, its 
recovery processes and relevant past researches. Following this, Chapter 3 summarizes 
detailed experimental procedures required to achieve our research objectives. Chapter 4 
discusses the outcomes of this research. Chapter 5 concludes the findings and elaborates 
recommendation for future study. 
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2.1 PHA 
2.1.1 Overview 
PHA, optically active polyesters with (R) absolute configuration and chiral centres, can be 
synthesized by variety of Gram-positive and Gram-negative bacteria. They serve as 
energy reserve in the cytoplasmic fluid of bacteria, or as a sink for excess reducing 
equivalents for microorganisms (Doi & Abe, 1990). The formation of PHA granules and 
its chemical structure is depicted in Figure 2.1 (Loo, Lee, Tsuge, Doi, & Sudesh, 2005). 
 

 
Figure 2.1 Transmission electron micrograph of PHA granules (left) and the chemical 
structure of PHA (right) in bacteria cells (Loo et al., 2005) 
 
P(3HB) is an example of homo-polymer PHA, which was first isolated by a French 
microbiologist in 1925 from Bacillus megaterium using chloroform extraction (Lemoigne, 
1925, 1926). Following the discovery of P(3HB), copolymer containing 3HV (Doi, 
Tamaki, Kunioka, & Soga, 1988), 4-hydroxybutyrate (Doi, Kunioka, Nakamura, & Soga, 
1988) and 3HHx (Doi, Kitamura, & Abe, 1995) have been subsequently discovered. The 
synthesis of PHA, in general, starts from production of hydroxyacyl-CoAs from carbon 
substrate and precursors, followed by the polymerization of hydroxyacyl-CoAs by PHA 
synthases into PHA. To date, there are at least 150 types of PHA monomers successfully 
identified (Steinbüchel & Valentin, 1995). Depending on the carbon substrates used and 
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biochemical pathways of the microorganisms, the molecular structure and copolymer 
composition of PHA can be judiciously altered to create polymeric materials with specific 
physical properties ranging from semi-crystalline plastic to elastic materials, which 
resemble rubber. PHA are known to exhibit biodegradability (Jendrossek & Handrick, 
2002; Jendrossek, Schirmer, & Schlegel, 1996) in soil (Mergaert, Webb, Anderson, 
Wouters, & Swings, 1993; Sang, Hori, Tanji, & Unno, 2002), sludge (Briese, Jendrossek, 
& Schlegel, 1994), seawater (Gonda, Jendrossek, & Molitoris, 2000) and tropical 
mangrove ecosystem (Sridewi, Bhubalan, & Sudesh, 2006). It has been long known that 
PHA degrading microorganisms tend to attack the amorphous region of PHA leading to a 
reduction of molecular weight (Shimamura et al., 1994). An example of physical changes 
in the PHA films is illustrated in Figure 2.2. 

 
Figure 2.2 Physical changes of P(3HB), poly(3-hydroxybutyratye-co-4-
hydroxybutyrate)/P(3HB-co-4HB), P(3HB-co-3HV-co-4HB) films over 8 weeks in soil 
environment (Salim, Sharon, Vigneswari, Mohamad Ibrahim, & Amirul, 2012) 
 
PHA also exhibits biocompatibility to tissue cells: osteoblast (Zhao, Zou, Shi, Wu, & 
Chen, 2007), fibroblast (Sun, Dai, Zhao, & Chen, 2007), stem cells (You et al., 2011) and 
can be used for tarsal repair (Zhou et al., 2010); thus, they serve as alternative and 

Univ
ers

ity
 of

 M
ala

ya



9 
 

environmentally friendly polymeric materials for many applications including 
environmental and medical applications. Current studies are devoted to the development 
of better genetically engineered bacteria (I. D. Hay, Du, Burr, & Rehm, 2015; Yokoo, 
Matsumoto, Ooba, Morimoto, & Taguchi, 2015) producing higher amount of PHA (S. 
Sato, Maruyama, Fujiki, & Matsumoto, 2015; Vo, Ko, & Ramsay, 2015) from renewable 
cheaper carbon sources such as fatty acids, sugars or industrial wastes (Fernández-
Dacosta, Posada, Kleerebezem, Cuellar, & Ramirez, 2015; Oh et al., 2015; S. Sato et al., 
2015). In fact, the choice of chemicals plays a major role to determine the efficiency of 
recovery process as well as the production cost in industrial scale. Kunasundari and 
Sudesh (2011) summarized various recovery processes from literatures and discussed the 
strategies to reduce production cost of PHA in large scale production (Kunasundari & 
Sudesh, 2011). The challenge of PHA recovery lies within the choice of solvents and 
chemicals with a certain level of purity, which depends on the types of final application, 
without compromising the molecular weight of extracted PHA. The biotechnological 
point-of-view of PHA is not included in this thesis due to the massive load of literatures. 
This includes genomic modification of bacteria, biosynthesis pathways, feeding strategies 
during fermentation, and biodegradation. 
 
During storage over a certain period of time, e.g. 1–2 years, PHA undergoes secondary 
crystallization and the molecular weight of the PHA gradually decreases (de Koning & 
Lemstra, 1993). From the standpoint of product development, the knowledge of 
crystallization kinetics is of critical need in regulating the size, orientation/alignment and 
structure types (banded, fibrillar, shish kebab etc.) of the spherulites of PHA crystals, 
which in turn, affects the mechanical properties of the materials. The requirement for 
crystallization of a semi-crystalline polymer is restricted to a temperature range between 
its Tg and melting temperature (Tm). 
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2.1.2 Thermal properties of PHA 
DSC is a powerful tool to characterize important thermal features of PHA materials such 
as apparent Tm, enthalpy of melting (ΔHm), crystallization temperature (Tc) and Tg. In 
recent years, there have been numerous reports on the determination of crystallinity of 
PHA using DSC, X-ray diffraction (XRD), vibrational spectroscopy particularly on 
Fourier transform infrared (FTIR) and so on. However, in this chapter, we focus on the 
determination of crystallinity using DSC. The crystallinity of PHA or any other polymer 
can be regulated through heating/cooling processes, and these processes affect the final 
mechanical properties. In a study of isothermal crystallization, the first heating is usually 
applied to eliminate thermal history to which the polymer is stored. Upon quenched 
cooling, polymer crystals are formed at preselected isothermal crystallization 
temperatures. Once the crystallization completes, the polymer is re-heated in order to 
determine the Tm and ΔHm. For semi-crystalline polymer processing, the polymer is 
usually heated and followed by cooling, for examples: injection molding, hot-pressing, 
extrusion and so on. 
 
P(3HB) has the highest melting point (170–180 °C) in the class of PHA with high degree 
of crystallinity (X*) at 55–65% (Barham, Keller, Otun, & Holmes, 1984). X* is a quantity 
that depends on the molecular weight, biosynthesis pathway and thermal treatment. Its 
copolymers such as P(3HB-co-3HV), P(3HB-co-4HB), and P(3HB-co-3HHx) have lower 
crystallinity, lower melting points, lower crystallization temperatures and wider 
processing window for processing. Figure 2.3 summarizes the crystallinity of (a) P(3HB-
co-3HV), (b) P(3HB-co-4HB), and (c) P(3HB-co-3HHx) in identical thermal conditions 
unless otherwise stated. Owing to the complexity and lack of studies on the 100% 
crystallinity materials for PHA copolymers such as P(3HB-co-4HB) and P(3HB-co-
3HHx), all the crystallinity calculations used are based on the 100% crystallinity of 
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P(3HB) materials (ΔHref = 146.6 J g−1), as determined by Braham and co-workers (1984). 
The fundamental issue here is to understand the crystallinity with increasing co-monomer 
compositions. 
 

 
 

 
Figure 2.3 Crystallinity as a function of comonomer composition in a series of PHA 
samples: (a) P(3HB-co-3HV) (Buzarovska et al., 2007; Conti, Yoshida, Pezzin, & Coelho, 
2007; Gunaratne & Shanks, 2005; Kunioka, Tamaki, & Doi, 1989; W. H. Lee, Loo, 
Nomura, & Sudesh, 2008), (b) P(3HB-co-4HB) (Kunioka et al., 1989; Mitomo, Hsieh, 
Nishiwaki, Kasuya, & Doi, 2001; Nakamura, Doi, & Scandola, 1992; Wang et al., 2010; 
Wen, Lu, Peng, Zhu, & Zheng, 2012) and (c) P(3HB-co-3HHx) (Asrar et al., 2002; Cai & 
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Qiu, 2009; Cheng, Lin, Su, Chen, & Sun, 2008; Doi et al., 1995; Feng et al., 2008; Qu, 
Wu, & Chen, 2006; Shimamura et al., 1994; Tsuge, Saito, Kikkawa, Hiraishi, & Doi, 
2004; Ye, Wang, Wang, Chen, & Xu, 2010; Yu et al., 2009; Zini, Focarete, Noda, & 
Scandola, 2007) 
 
P(3HB-co-3HV) can crystallize in either 3-hydroxybuyrate (3HB) or 3HV lattice 
depending on the compositional distribution. The transformation of 3HB lattice to 3HV 
lattice is between 40–45 mol% of 3HV as indicated by the dash curve in Figure 2.3(a). 
Exceeding this composition, the 3HV crystals dominantly prevail due to isodimorphism 
(Bloembergen, Holden, Hamer, Bluhm, & Marchessault, 1986; Bluhm, Hamer, 
Marchessault, Fyfe, & Veregin, 1986). The open marker in Figure 2.3 indicates first 
heating cycle starting from room temperature or lower to above the melting temperature 
of PHA while the solid marker indicates the second heating after isothermal crystallization 
at preselected crystallization temperature. There have not been many reports on the 
crystallinity of PHA with high composition of second monomer determined after 
isothermal crystallization by using DSC. The crystallinity of P(3HB-co-4HB) is illustrated 
in Figure 2.3(b). Here, it also behaves in similar manner to that of P(3HB-co-3HV). The 
crystallinity reduces drastically to approximately 15% when 40 mol% of 4HB present. 
The crystallinity of P(3HB-co-4HB) increases gradually from 65 to 100 mol% of 4-
hydroxybutyrate (4HB). The corresponding polymer crystal in this region is expected to 
come from the fractions of 4HB. Studies of the crystallinity of P(3HB-co-3HHx) show a 
slightly different trend at high composition of 3HHx. The crystallinity does not increase 
with increasing monomer up to 100 mol% of 3HHx, as illustrated in Figure 2.3(c) (Asrar 
et al., 2002; Cai & Qiu, 2009; Cheng et al., 2008; Doi et al., 1995; Feng et al., 2008; Qu et 
al., 2006; Shimamura et al., 1994; Tsuge et al., 2004; Yu et al., 2009; Zini et al., 2007). 
This indicates that dominant amorphous longer side chains of 3HHx disrupt the crystalline 
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region of 3HB in the copolymer. The side chain of the random co-monomer units in PHA 
does affect the crystallinity of the PHA at the same co-monomer composition (mol%) for 
the isodimorphized co-monomer crystal. For instance, at 80 mol% of second co-
monomers in P(3HB-co-3HV), P(3HB-co-4HB) and P(3HB-co-3HHx), a reduction of 
crystallinity is observed at 30%, 20% and 10%, respectively. 
 
The apparent melting temperature of the corresponding PHA crystals formed during heat-
cool-heat process is illustrated in Figure 2.4. Figures 2.4(a), (b), and (c) show the apparent 
melting temperatures, Tms, of P(3HB-co-3HV) (Buzarovska et al., 2007; Conti et al., 
2007; Gunaratne & Shanks, 2005; Kunioka et al., 1989; W. H. Lee et al., 2008; Mitomo, 
Morishita, & Doi, 1995; Mitomo, Takahashi, Ito, & Saito, 1999; Yamada, Wang, 
Asakawa, Yoshie, & Inoue, 2001), P(3HB-co-4HB) (Kunioka et al., 1989; Lu, Wen, & 
Yang, 2011; Mitomo et al., 2001; Nakamura et al., 1992; Wang et al., 2010; Wen et al., 
2012) and P(3HB-co-3HHx) (Asrar et al., 2002; Cai & Qiu, 2009; Doi et al., 1995; Feng 
et al., 2008; Qu et al., 2006; Shimamura et al., 1994; Tsuge et al., 2004; Yu et al., 2009; 
Zini et al., 2007) with different co-monomer compositions. 
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Figure 2.4 Apparent melting temperature as a function of co-monomer composition in the 
series of PHAs samples: (a) P(3HB-co-3HV) (Buzarovska et al., 2007; Conti et al., 2007; 
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Gunaratne & Shanks, 2005; Kunioka et al., 1989; W. H. Lee et al., 2008; Mitomo et al., 
1995; Mitomo et al., 1999; Yamada et al., 2001), (b) P(3HB-co-4HB) (Kunioka et al., 
1989; Lu et al., 2011; Mitomo et al., 2001; Nakamura et al., 1992; Wang et al., 2010; Wen 
et al., 2012) and (c) P(3HB-co-3HHx) (Asrar et al., 2002; Cai & Qiu, 2009; Doi et al., 
1995; Feng et al., 2008; Qu et al., 2006; Shimamura et al., 1994; Tsuge et al., 2004; Yu et 
al., 2009; Zini et al., 2007) 
 
The melting of P(3HB-co-3HV), in Figure 2.4(a), reduces drastically from 175 °C to 
approximately 70–90 °C up to 40 mol% of 3HV and gradually increases to 100 °C at 100 
mol% 3HV. The transition of dominant crystal lattice from 3HB to 3HV indicates that the 
3HV units co-crystallized in the sequence of 3HB units and accommodates the repeating 
monomer unit of 3HB as part of its crystal structure. This phenomenon is an evidence of 
isodimorphism in P(3HB-co-3HV). In the case of P(3HB-co-4HB), the Tms of P(3HB-co-
4HB) reduce from 175 °C, for P(3HB), to approximately 50 °C at and above 40 mol% of 
4HB. The trend of Tms of P(3HB-co-3HHx) also greatly reduces with the increase in 
3HHx content. Both P(3HB-co-4HB) and P(3HB-co-3HHx) have multiple melting peaks. 
It is evident that there are multiple traces of melting peaks when second co-monomers 
present, as shown in the example in Figure 2.4(b) with the vertical dash curve for P(3HB-
co-4HB) with 38 mol% of 4HB at 157, 118 and 54 °C. Multiple melting peaks observed 
in PHA may result from the presence of crystals with different stability and lamellar 
thickness (isomorphism and polymorphism), melting-crystallization-remelting mechanism 
during heating-cooling process, molecular weight differences and/or physical aging 
(Watanabe, He, Fukuchi, & Inoue, 2001). 
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2.1.3 Mechanical properties of PHA 
Mechanical properties of some PHA are similar to those of conventional polymers such as 
poly(propylene), poly(ethylene) and poly(styrene). For example, the tensile strength and 
elongation at break of P(3HB) was reported at 30-45 MPa and 5%, respectively. This 
tensile strength is similar to that of poly(propylene), which was 38 MPa (Doi & Abe, 
1990; Natta & Corradini, 1960). The mechanical properties of PHA are known to be 
influenced by type of crystals formation. The first study of temperature dependent 
drawing method that produces ultra-high modulus polymer was studied for poly(ethylene) 
(Capaccio, Crompton, & Ward, 1976). The drawing of semi-crystalline polymer leads to 
physically orientation of random coiled amorphous region of the polymer into relatively 
aligned or stretched form (β-form), and thus great improvement of mechanical strength 
can be observed. The first experimental observation of planar zigzag or β-form of P(3HB) 
was made by Yokouchi et al. (1973) (Yokouchi, Chatani, Tadokoro, Teranishi, & Tani, 
1973), followed by Orts et al. (1990) (Orts, Marchessault, Bluhm, & Hamer, 1990). 
Another form of PHA crystal, α-form (21 helix with shish-kebab structure), is one of the 
common structures of PHA crystals and it can be produced from one-step annealing 
without isothermal crystallization, as illustrated in Figure 2.5(a). The β-form with fully 
extended PHA chain conformation can be produced using a combination technique of 
one- or two-step drawing followed by annealing (Furuhashi, Imamura, Jikihara, & 
Yamane, 2004; Iwata, Fujita, Aoyagi, Doi, & Fujisawa, 2005). The β-form contributes to 
higher tensile strength because the amorphous region between the lamella is fully 
extended, as illustrated in Figure 2.5(b) and 2.5(c). There are several factors influencing 
the tensile strength of semi-crystalline polymer in drawing method, such as the speed of 
melt-spinning, drawing ratio, applied strain, molecular weight of polymer, crystallization 
temperature, and annealing condition. In cold one-step drawing, the molten polymer is 
quenched into ice water and annealed at temperature near to its Tg while in the cold two-
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step drawing method, the polymer is quenched, annealed, kept at room temperature and 
further drawing is applied before annealing. 
 
Kusaka and co-workers (1999) shows that the β-form P(3HB) obtained using combination 
of drawing method has tensile strength at 1.3 GPa (Kusaka, Iwata, & Doi, 1999), while 
Tanaka and co-workers (2006) reported that P(3HB-co-8mol% 3HV) has a tensile 
strength of 1 GPa (Tanaka et al., 2006). There is a remarkable increment of tensile 
strength when ultra high molecular weight of P(3HB) is used in the drawing as compared 
to lower molecular weight. The property of aligned β-form can be retained for several 
months and no cracks were observed in PHA, suggesting a suppression of secondary 
crystallization (Fischer, Aoyagi, Enoki, Doi, & Iwata, 2004). In addition to annealing 
thermal treatment, Martinez-Salazar and co-workers (1989) in their study show that there 
is a thermal expansion and cracking of P(3HB) and P(3HB-co-3HV) after isothermal 
crystallization (Martinez-Salazar, Sanchez-Cuesta, Barham, & Keller, 1989). The Bragg 
d-spacings of P(3HB-co-3HV) having different molar compositions, which are obtained 
from x-ray diffractometer, show a gradual and linear increment with increasing 
crystallization temperatures. This implies that when P(3HB) is cooled slowly, larger size 
of P(3HB) spherulites are formed thus it weakens the mechanical properties of P(3HB). 
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Figure 2.5 Mechanism to produce planar zigzag conformation (β
P(3HB-co-3HV) fibers by different drawing methods:
isothermal crystallization, (b) one
cold-drawing and two-
vertical arrows indicate the drawing direction.
 
 

Mechanism to produce planar zigzag conformation (β-form) in high
fibers by different drawing methods:  (a) one-step

isothermal crystallization, (b) one-step-drawing after isothermal crystallization, and (c) 
-step-drawing (Furuhashi et al., 2004; Iwata et al., 2005

vertical arrows indicate the drawing direction. 
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form) in high-strength 
step-drawing without 

drawing after isothermal crystallization, and (c) 
Iwata et al., 2005). The 
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2.2 ENR 
The discovery of natural rubber (NR) begins in 15th century when Padre d’Anghieria 
reported that he had seen Mexican tribes people played with elastic balls. It was after a 
century that Frenando Hernandez reported the same balls can be obtained by tapping a 
specific bark. The gum that flows out of the bark was called 'holli' by the Indians. The 
scientific research of NR begins in 1735 when Charles de la Condamine concluded that 
NR is a type of condensed resinous oil. Since then, there has been more and more 
successful development of this material in various applications (depicted in Figure 2.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 NR - From discovery to industrialization 
 

From International Institute of 
Synthetic Rubber Producers, Inc 

1815 Hancock became a leading 
manufacturer in the UK 
producing rubber mattress. 

1840 Goodyear discovered 
vulcanization by accident.  

1842 Hancock had sought for the 
secret of vulcanization that 
brought him a vast fortune. 

1845 R.W. Thomson invented 
pneumatic tire, inner tube and 
textured tread. 
 

1850 - Rubber toys were being 
produced 
- Solid hollow balls were 
made for golf and tennis. 

1879-1882 Bouchardt discovered 
polymerization of isoprene. 

1500 1600 1700 1800 1900 2000 2010 2013 

1525 Padre d’Anghieria reported 
that he had seen Mexican 
tribes people playing with 
elastic balls. 

1649 Frenando Hernandez wrote, “When the bark is tapped a gum flows 
out which is called 'holli' by the Indians....the gum is so resilient that, properly prepared and shaped into round balls these balls can 
be used for the same purpose as our Spanish inflated leather balls.” 

1723 In 1723, Father AJ de la Neuville wrote of the 
peculiar gum (rubber) which the Indians of 
French Guiana used to make various artefacts and ornaments. 

1735 (Scientific study began) Charles de la Condamine concluded rubber was 
nothing but a type of condensed 
resinous oil. 
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In the context of sciences, NR comes from milky sap. The milky sap is obtained by 
tapping euphorbiaceae rubber trees. In the family of euphorbiaceae, hevea brasiliensis is 
the most commercially and economically important tree producing up to 28.5 million 
tonnes of NR around the world (Malaysia, 2014). NR latex consists of mainly poly-cis-
1,4-isoprene, as shown in Figure 2.7 (note: IUPAC name for isoprene is 2-methyl-1,3-
butadiene), with a molecular weight ranging from 100 kDa to 1000 kDa, and small 
amount of proteins, fatty acids, resins and inorganic compounds. After tapping, NR latex 
is converted to dry latex. A series of processes has to be performed such as (1) filtration, 
(2) coagulation with formic acid, (3) mechanical compression, (4) desiccation, and (5) 
stored until the next stage of processing. Depending on the final products that fit different 
needs, the dried latex can be further processed and modified into useful products. 
 

 
Figure 2.7 Milky sap (left) containing poly(cis-1,4-isoprene) (right) drips off rubber tree 
(picture taken from Encyclopedia Britannica) 
 
Modified NR find its applications in general and industrial rubber goods, footwears, latex 
products (e.g. glove, condoms, catheters, latex thread), and automotive products (tyres, 
inner tubes). Without modification, the proteins and chemical compounds in NR latex 
may cause allergic reactions (Alenius, Turjanmaa, & Palosuo, 2002). One of the common 
modified NRs is ENR (structural formula is as depicted in Figure 2.8). In the synthesis of 
ENR, peroxy acid (RCOOOH) is firstly prepared by reacting hydrogen peroxide and 
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carboxylic acid. Following this, epoxidation NR can be performed to produce different 
ENR containing various degrees of epoxidation. The reactions are shown as following 
(Gelling, 1991): 
Step 1:  HOOH + RCOOH ↔ RCOOOH + H2O 
Step 2:  “NR” + RCOOOH → “ENR” 
ENR is commercially available in two common grades: 25 mol% (also called as ENR-25) 
and 50 mol% of epoxidation (ENR-50) in Malaysia. 
 

 
Figure 2.8 Chemical formula of ENR 
 
The chemical (e.g. polarity and stereoregularity) and physical properties (e.g. Tg, 
resilience, permeability, viscosity) of NR change according to epoxidation level. It is well 
known that after modification, the polarity and Tg increase while the permeability and oil 
resistance improve. For DSC analysis, the transition of glassy-rubbery state in ENR 
occurs at different temperature depending on the level of epoxidation. For example, the 
Tgs (midpoint) of 25 mol% and 50 mol% ENR are −50 °C and −25 °C, respectively. ENR-
50 has a tensile strength of 10 MPa and an elongation at break of 760% (Ishak & Bakar, 
1995). The oxirane group of ENR is susceptible to ring opening reactions, and this 
provides a wide range of possible grafting and/or crosslinking reactions with other 
polymers. 
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2.3 Polymer blends 
In general, polymer blends are made to prepare a new material and/or overcome the 
limitation of one or both of the parent materials. The limitation can be in terms of cost or 
poor physical and thermal performances. To utilize polymer blends, it is always important 
to study the phase behavior and the miscibility of the blends. We shall limit our 
subsequent discussion on binary blends. If the two polymers are miscible, which is quite 
rare in any case, it often produces one single combination of properties. However if the 
two polymers are immiscible, a modification of one polymer or introduction of 
compatibilizer agent to improve the interfacial adhesion between the two phases is often 
needed. The choice of compatibilizer agent influences the final mechanical properties of a 
blend. There are several possible morphologies of immiscible polymer blends depending 
on its compositions. They are depicted in the following Figure 2.9. 
 
 
 
 
 
Figure 2.9 Composition-dependence morphologies in immiscible polymer blends (note : 
particle sizes may vary depending on nature of polymers) 
 
Polymer 2 is randomly dispersed in the matrix of polymer 1 [Figure 2.9 (A)], and vice 
versa when polymer 1 is randomly dispersed in the matrix of polymer 2 [Figure 2.9 (C)] 
when one component is in excess. As the amount of polymer 2 increases in Figure 2.9 
(A), there is likelihood that it forms agglomerates (indicated by red color square dot 
circle). Agglomeration can also happen when one polymer is doped with nanoparticles 
above certain mass fraction, e.g. 10 wt% and above, depending on the blend systems. 

polymer 1 polymer 2 

A: B: C: 
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When the fraction of polymer 2 increases further, a “co-continuous structure” forms 
[Figure 2.9 (B)]. Here, a percolation threshold or pathway is formed (roughly 40% - 60% 
of polymer 2 or 50:50 blend composition in 100% mass fraction). Percolation threshold is 
defined as the formation of long-range connectivity in random system. This is particularly 
useful for polymer electrolytes in which the doped ion can ‘hop’ from one to the other end 
in one phase. 
 
Another simple illustration of Figure 2.9 can usually be observed in semi-
crystalline/elastomer blends such as PHA-based and ENR-based polymer blends. Calvão 
and co-workers (2012) investigated the mechanical properties of P(3HB) blended with 
ethylene propylene diene monomer (EPDM) and poly(vinyl butyral)-co-(vinyl alcohol)-
co-(vinyl acetate) (PVB). Upon addition of rubber components, e.g. EPDM or PVB, the 
tensile strength and elastic modulus decrease while the elongation at break and impact 
strength increase. The crystallinity of P(3HB) phase is not influenced by the presence of 
EPDM or PVB (Calvão et al., 2012). In another related studies, the thermal properties of 
P(3HB) (H. K. Lee et al., 2005) and P(3HB-co-12mol% 3HV) (Chan & Kammer, 2009) 
blended with ENR-50 reveal that they are immiscible over the entire composition range. 
The crystallinity is almost constant in the blend. The interfacial adhesion between PHA 
and ENR can be improved by melt reaction at relatively high temperature or ‘reactive’ 
blending. 
 
In recent years, there has been a vast amount of research on PHA-based and ENR-based 
‘reactive’ polymer blends without adding any compatibilizing agent. For example, 
ENR/poly(ethylene-co-acrylic acid) (Mohanty, Mukunda, & Nando, 1995; Mohanty & 
Nando, 1996; Mohanty, Roy, Santra, & Nando, 1995), ENR/cassava starch (Nakason, 
Kaesaman, Wongkul, & Kiatkamjornwong, 2001), ENR/P(3HB) (H. K. Lee et al., 2005), 
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ENR/P(3HB-co-3HV) (Chan et al., 2004; Chan & Kammer, 2009), ENR/poly(ε-
caprolactone) (Chang, Eom, Kim, Kim, & Kim, 2010), ENR/poly(propylene) (Rooj et al., 
2011), P(3HB-co-3HV)/poly(butylene succinate) (Praphulla, 2012), and ENR/nylon-12 
(Narathichat, Kummerlöwe, Vennemann, Sahakaro, & Nakason, 2012). 
 
In general, there are two ways in which the melt reaction can be performed. The former 
involves a thermal activation or degradation of one component followed by the reaction at 
interfacial region between the two components. Thermal induced reaction during melt was 
successfully performed by Lee et al., 2005 and Chan et al., 2004. Both investigators 
showed the in-depth kinetics of reaction in which P(3HB) and P(3HB-co-3HV) react with 
ENR-50. By utilizing the thermal degraded products of PHA formed at temperature above 
Tm, e.g. 180 °C – 234 °C, the carboxylic end groups of PHA react with ENR via ring 
opening polymerization (Chan et al., 2004; H. K. Lee et al., 2005). The thermal properties 
of melt-reacted P(3HB-co-3HV)/ENR blends reveal a single Tg over the entire range of 
blend compositions after the completion of melt reaction. The aforementioned two Tgs 
before melt reaction merge during melt reaction in the course of reaction time and they 
obey Fox equation to a good approximation. The rate of isothermal crystallization of 
P(3HB-co-3HV) after melt reaction decreases significantly. 
 
Narathichat and co-workers (2012) also investigated the melt mixing between different 
types of NR and nylon-12. They found that ENR/nylon-12 blend exhibit superior 
mechanical properties as compared to that of air-dried sheet NR/nylon-12 blend. This is 
attributed to a stronger chemical reaction between the epoxide group of ENR and polar 
group of nylon-12 in melt mixing (Narathichat et al., 2012). 
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The latter involves addition of compatibilizing agents or the use of electron accelerator. 
Addition of compatibilizing agent enhances the surface reaction between one polymer and 
its adjacent component. For instance, presence of dicumyl 
peroxide/trimethylpropanetriacrylate enhances the chemical reaction between P(3HB-co-
3HV) and poly(butylene succinate) (PBS) (Praphulla, 2012). There was an increase in the 
elongation at break of P(3HB-co-3HV)/PBS blend after the addition of dicumyl 
peroxide/trimethylpropanetriacrylate. When a non-polar polymer such as polypropylene is 
blended with ENR, a Brabender mixing chamber coupled with an electron accelerator can 
be used (Rooj et al., 2011). It was shown that the electron induced reactive processing in 
the presence of triallyl cyanurate yield a significant enhancement to the mechanical 
properties of final product (23% higher in tensile strength, 400% more elongation and 
10% higher in Young’s modulus as compared to that of ENR/PP blend without melt 
reaction). 
 
Introduction of second polymer into a binary polymer blend may change the physical 
properties (e.g. thermal, mechanical and/or morphological properties). Specific examples 
on P(3HB)/ENR and P(3HB-co-3HV)/ENR have been described above. This leads to the 
current study of PHA-related blend system such as P(3HB-co-3HHx). P(3HB-co-3HHx) 
is known to exhibit higher chain flexibility (elongation at break) due to one extra carbon 
atom [e.g. P(3HB-co-3HV)] on the side chain at the backbone of the polymer chain. The 
thermal properties of P(3HB-co-3HHx) as well as influence of ENR-50 to the isothermal 
crystallization as well as melt reaction with P(3HB-co-8mol% 3HHx) are to be studied in 
this research. 
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2.4 Background theories 
2.4.1 Glass transition 
Glass transition analyzed using DSC can be used to characterize the miscibility of binary 
polymer blends. Miscibility of a binary blend is characterized by single and compositional 
dependence Tg. In a miscible system, two Tgs can be seen and it depends on the 
composition of the blend or in some cases, single and compositional dependence Tg can be 
observed as well. In immiscible however, two Tgs do not change with blend compositions. 
A common model to characterize miscibility is Fox equation (Fox & Flory, 1950), which 
is given by 

g2
2

g1
1

g
1

T
w

T
w

T         (2.1) 

where, Tg is the glass transition of miscible system, w1 and w2 are the mass fraction of 
polymer 1 and polymer 2, respectively, Tg1 and Tg2 are the glass transition temperature of 
pure components (in Kelvin). 
 
2.4.2 Crystallinity 
To determine the crystallinity of PHA, melting enthalpy of a 100% crystalline PHA is 
often used as a reference value. The ratio of melting enthalpy corresponds to the 
crystalline lamellae, which is obtained from first or second heating process, and melting 
enthalpy of 100% crystalline material yields X* [Eq. (2.2)]. 

  %100
refc

ccm* 
 Hw

HHX       (2.2) 

where, X* refers to the crystallinity, ∆Hcc is the crystallization enthalpy during second 
heating (in J g−1) and wc is the weight fraction of crystallizable component. 
 
The crystallinity of PHA after isothermal crystallization (X) at preselected crystallization 
temperature for 5 half times of the crystallization time is calculated from Eq. (2.3) 
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%Hw
HX * 100

refc
miso 

       (2.3) 

where X*iso is the crystallinity after isothermal crystallization. 
 
Eq. (2.2) is used in heat-cool-heat experiment (c.f. refer to heat-cool-heat procedure in 
Section 3.5.6.2), while Eq. (2.3) is used in isothermal experiment (c.f. refer to isothermal 
procedure in Section 3.5.6.3). In the heat-cool-heat experiment, P(3HB-co-3HHx) was 
heated to melt (heating cycle 1) and cooled down below glass transition temperature 
(cooling cycle 1), followed by re-heating (heating cycle 2) to temperature above its 
melting point. Depending on applied cooling rate, P(3HB-co-3HHx) may undergo 
crystallization during heating cycle 2. If the cooling rate is fast enough, the polymer melt 
cannot undergo crystallization, and polymer crystals were not developed during cooling. 
Upon heating, the amorphous polymer reorganizes itself and cold crystallization peak 
appears. Thus, the term ∆Hcc shall be added into the equation in order to determine the 
crystallinity of the polymer. In Eq. (2.3) however, the polymer crystals were developed 
during isothermal crystallization thus there was theoretically no crystal growth during 
cooling and re-heating and ∆Hcc = 0 J g−1. By inserting ∆Hcc value (= 0 J g−1) into Eq. 
(2.2), Eq. (2.3) can be obtained.  
 
2.4.3 Equilibrium melting temperature (Tm0) 
The Tm0 of a semi-crystalline polymer is defined as the melting temperature of most stable 
or perfect crystal. It can be determined by a step-wise annealing procedure as proposed by 
Hoffman and Weeks in 1962 (Hoffman & Weeks, 1962). When a semi-crystalline 
polymer with long chain molecules such as PHA is crystallized near to its Tm0, the 
crystallization rate is so slow that it is not practical to study the kinetics of isothermal 
crystallization and the subsequent corresponding apparent melting temperature. Hence, 
the semi-crystalline polymer is crystallized at temperature far away from Tm0 and the 
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corresponding apparent Tm can be determined. Extrapolation of linear function of the 
results of Tm vs Tc to Tm = Tc yields Tm0. The data points of Tm vs Tc of PHA shall be 
sufficient (e.g. 7–8 points) in order to obtain reliable extrapolated Tm0s by means of Eq. 
(2.4) (Hoffman & Weeks, 1962). 

0
mcm

111 TTT 


         (2.4) 
where,  1/γ is related to entropy change in the amorphous phase caused by crystallization 
from the point of view of thermodynamics. 
 
In polymer blends, Tm0 can be used to evaluate the polymer-polymer interaction (χ) and 
miscibility between semi-crystalline and amorphous polymers (Nishi & Wang, 1975). As 
also pointed out by Mandelkern (2004), Tm0 depression is a colligative property and it is 
by necessity very small for polymers with high molecular mass. This depression of Tm0 is 
observed only if χ value is negative. This means that the magnitude of thermodynamic χ 
and amount of Tm0 depression is dependent on the strength of interaction between two 
polymers. The depression of Tm0 in binary blends comprising of one crystallizable 
component can be expressed as 

    


 


 



 H2

2
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u
0

mm
1111ln11 Gvvxxx

 v
V
V

H
R

TT    (2.5) 

where, ΔGH is a composition dependent terms that represents the hydrogen bonding 
mixing interaction, R is a gas constant, V1u and V1u is the molar volume of a repeating unit 
of the polymer species 1 (crystallizable) and 2 (non-crystallizable), respectively, x1 and x2 
is the number of segments, χ represents non-polar interaction. 
 
2.4.4 Kinetics of isothermal crystallization 
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The crystallization of polymer in bulk as well as in solution is initiated by nucleation 
followed by growing of spherulites (Mandelkern, 2002). A common fundamental 
approach to study isothermal crystallization kinetics is the heuristic Avrami phase 
transition theory (Avrami, 1939, 1940, 1941). 
 
The Avrami model was originally derived for the study of kinetics of crystallization and 
growth of a simple metal system, and further extended to the crystallization of polymer. 
Avrami assumes the nuclei develop upon cooling of polymer and the number of spherical 
crystals increases linearly with time at a constant growth rate in free volume. The Avrami 
equation is given as 

  nn ttKtX 0
/1exp1)(       (2.6) 

where, Χ(t) is relative crystallinity after Avrami at time t; t0 is an induction time; K1/n is an 
overall rate constant of isothermal crystallization (min−1); and n is Avrami exponent. 
Induction time is defined as the initial time in which the polymer crystals start to grow. 
Selection of induction time for Avrami fitting is important to achieve reasonable value of 
K1/n and n (Lorenzo, Arnal, Albuerne, & Müller, 2007). The Avrami exponent depends 
not only the structure of nuclei/crystal but also on the nature of the nucleation (Avrami, 
1940). 
 
Rearrangement of Eq. (2.6) arrives at Eq. (2.7), and the calculation of estimated half-time 
isothermal crystallization (t0.5) from Avrami plot is shown in Eq. (2.8). 
 

    0
/1 lglg1lnlg ttnKX n       (2.7) 

n
n

Kt 1/
/1

5.0
)2(ln        (2.8) 
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K1/n and n can be extracted from the intercept and the slope of Avrami plot, lg[–ln(1–X)] 
versus lg(t–t0), respectively. The prime requirement of Avrami model is the ability of 
spherulites of a polymer to grow in a free space. Besides, Avrami equation is usually only 
valid at low degree of conversion, where impingement of polymer spherulites is yet to 
take place. The rate of crystallization of polymer can also be characterized by reciprocal 
half-time of isothermal crystallization (t0.5)−1. The use of Avrami model permits the 
understanding on the kinetics of isothermal crystallization as well as non-isothermal 
crystallization. However, in this chapter the discussion of the kinetics of crystallization is 
limited to isothermal conditions. 
 
2.4.5 Temperature dependence of the isothermal crystallization 
The activation energy of rate of isothermal crystallization PHA is calculated using 
Hoffman-Arrhenius’ approach (Hoffman, 1982). The Hoffman’s Arrhenius-like model is 
described as 




 
cB

*

5.0
exp11

Tk
g

t         (2.9) 
and 

cm

0
m

2*
TH

ΤLg  


      (2.10) 
 
where, Δg* is the free energy barrier that must be overcome before a new stable PHA 
crystal can develop. ΔTc is the undercooling (Tm0−Tc). All the abbreviations of 
temperature independent quantities are given by B, and τ is a constant that does not 
depend on temperature. It is thus convenient to define the reciprocal half-time of 
isothermal crystallization (t0.5−1), as 







c5.0
exp11

T
B

t         (2.11) 
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When 0
m

c
T
T

is constant or approximately constant, the activation energy, B*, can be 
rewritten as 




 


0
m

c
*

1 T
T

BB
       (2.12) 

By multiplying the B* energy of activation with gas constant, R, one can obtain the 
activation energy in the unit of J mol−1 or kJ mol−1. 
 
2.4.6 Temperature dependence of the spherulitic growth rates for semi-crystalline 
polymer 
The temperature dependence of the radial spherulite growth rates (G) in semi-crystalline 
polymer can be analyzed using Lauritzen-Hoffman approach, which was developed in 
1973 and 1976 (Hoffman, Davis, & Lauritzen, 1976; Lauritzen & Hoffman, 1973). G is 
dependent on crystallization temperature, expressed as 








c
0 T

FexpGG *        (2.13) 

 
G0 is a pre-exponential constant assumed to be constant or proportional to Tc, ΔF* is the 
activation energy responsible for the transport of molecular chains across liquid-solid 
interface and the free energy of formation of a surface nucleus with critical size. The 
quantity G is influenced by the type, molecular weight, composition, etc. of the semi-
crystalline polymer. 
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2.4.7 Temperature dependence of the rate of thermal degradation 
The temperature dependence of rate of thermal decomposition after thermogravimetry 
analysis was described using Hoffman’s Arrhenius-like relationship. This can be 
calculated from the slope of natural logarithmic of absolute derivative weight (ln|deriv. 
weight|) versus reciprocal temperature (1/T). The rate constant during thermal 
decomposition is generally given by Arrhenius equation: 

RT
E

Aek          (2.14) 
where A and E are the material properties, R is a gas constant, T is the absolute 
temperature. A is a measure of probability the molecule having energy E will participate 
in a reaction while E is the activation energy (energy barrier against opposing the 

reaction). The fundamental rate equation can be described as )(fkT  d
d , where f(α) is a 

reaction model. Since we are comparing the reaction within the same PHA family having 
different type of monomers units, f(α) is assumed to be constant. Thus, Arrhenius equation 
can be rearranged to 

  TR
EAlnTln 1

d
d 


       (2.15) 

where, α is a fraction of decomposition (weight %), T is temperature, A is constant, E is 
activation energy during initial thermal decomposition and R is gas constant [8.314 J (mol 
K)−1]. 
 
2.4.8 Viscosity of dilute P(3HB-co-3HHx) solutions 
Viscosity is a fundamental property of polymer solutions. It is a measure of resistance 
against flow, and is a function of both temperature and pressure. The calculation of 
viscosity can be performed using Ubbelohde viscometer, which is based on Poiseuille’s 
equation. Consider an incompressible fluid that flows through a tube with radius R and 
length l, with pressure P1 at one end and a pressure at another P2 (Figure 2.10). 
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Figure 2.10 Measurement of viscosity when liquid flows through from a capillary tube 
with P1 pressure to P2 
 
We have from above Poiseuille’s equation: 

l
PaQ 


8

4         (2.16) 

where Q is flow rate (cm3 s−1), P is hydrostatic pressure (dyn cm−2), a is radius of 
capillary (cm), and l is the length of capillary. This equation is used in the calculation of 
viscosity by using capillary viscometer. It is expressed by measuring the time required for 
a defined liquid to flow through a capillary tube because of the hydrostatic pressure of the 
liquid column itself. The pressure difference in term of hydrostatic pressure is given by: 
 ghP          (2.17) 
where ∆P is pressure difference between two ends of the liquids with h, ρ is density of the 
liquid, g is acceleration of gravity, and h is the height of the liquid. 
 
Expression of the viscosity (η) can be obtained by combining Eq (2.16) and (2.17) 

tlV
gha  8

4         (2.18) 

where t is the efflux time to flow between two graduation marks in viscometer, V is 
volume of liquid dispensed during experiment. For particular viscometer, Eq (2.18) can be 
rewritten as 

tK          (2.19) 

l 

2R P1 P2 
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where K is a constant for a given viscometer. Eq. (2.19) can be used to obtain kinetic 

viscosity, which is given as Ktv   and v . 

 
The relative viscosity is the ratio of the increment in the solution viscosity (η) with respect 
to that of the pure solvent, η0. 

0
rel 

          (2.20) 

The specific viscosity of a polymer solution with C concentration is 

 1rel
0

0spec  
       (2.21) 

and the intrinsic viscosity is defined as 

  rel
1

0
spec

0 limlim  lnCC CC


        (2.22) 

 
Based on Eq. (2.22), the intrinsic viscosity can be obtained by determination of viscosities 
of polymer solutions in various concentrations. The viscosities are obtained by measuring 
the efflux time of the solutions to flow between two points in the Ubbelohde viscometer. 
Then, it is followed by extrapolation of ηspec/C to zero concentration. In a range of 
moderate concentration, the dependence is linear and can be written as the Huggins’ 
equation: 
     CkC/ 2

Hspec         (2.23) 
where kH is the (dimensionless) Huggins’ constant. Thus [η] can be obtained as the 
intercept in a linear least-squares fit. 
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CHAPTER III – MATERIALS AND METHODS 
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3.1 Materials 
Copolymers P(3HB-co-3HHx) containing 3 mol% of 3HHx content was synthesized in 
Ecobiomaterial Research Laboratory, School of Biological Sciences, Universiti Sains 
Malaysia, Penang, Malaysia. Other copolymers of P(3HB-co-3HHx) containing 8 mol% 
and 12 mol% of 3HHx were kindly provided by Kaneka Corporation, Osaka, Japan. ENR 
(50% epoxidation level) is commercial product from Malaysia Rubber Board, Sg. Buloh, 
Malaysia. Analytical reagents EMSURE® chloroform and methanol were obtained from 
Merck KGaA, Darmstadt, Germany. Characteristics of the polymers used in this study are 
given in Table 3.1. 
 
Table 3.1 Characteristics of P(3HB-co-3HHx) and ENR samples 
Polymer P(3HB-co-3HHx) ENR 
 3 mol% 3HHx 8 mol% 3HHx 12 mol% 3HHx 50 mol% 

epoxidation 
Mw × 105 
(g mol−1)a 

7.4 5.9 7.6 10.1 

Mn × 105 
(g mol−1)a 

4.0 3.0 4.0 3.0 

Mw/Mn a 1.8 1.9 1.9 3.5 
a Molecular masses as estimated in this work by gel permeation chromatography (GPC) 
(detailed procedure is shown in Section 3.5.1) 
Mw = weight average molecular weight 
Mn = number average molecular weight 
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3.2 Biosynthesis of PHA 
Biosynthesis of P(3HB-co-3mol% 3HHx) was carried out using C. necator PHB¯4 
transformant harboring the PHA synthase enzyme of Aeromonas caviae (Fukui & Doi, 
1998) in shake-flask method. The bacterium was first grown for 5 h at 30 °C under 
aerobic conditions (agitation at 200 rpm) on a dual action shaker SK-71 in 250 mL 
conical flasks containing 50 mL of a nutrient-rich medium containing 1.0 g of meat 
extract, 1.0 g of peptone, and 0.2 g of yeast extract in distilled water. Once the optical 
density reaches 4.5 – 5 (analyzed using HITACHI U-1900 spectrophotometer at a 
wavelength of K270), 3% v/v of the grown cell was transferred to 250 mL mineral salt 
medium containing 2.8 g of KH2PO4, 3.32 g of Na2HPO4, 0.25 g of MgSO4·7H2O and 1 
mL of trace element solution per liter of distilled water. The micro-trace element solution 
contained the following (per liter of 0.5 N HCl): 20 g of FeCl3·6H2O, 10 g of CaCl2·H2O, 
0.03 g of CuSO4·5H2O, 0.05 g of MnCl2·4H2O, and 0.1 g of ZnSO4·7H2O. All the 
formulations aforementioned are according to Doi and co-workers (Doi et al., 1995). The 
initial pH of mineral salt medium was adjusted to 7 by adding sodium hydroxide and/or 
hydrochloric acid.  A certain amount of crude palm kernel oil (CPKO) ranging from 5.0 to 
17.5 g L−1 and 50 μg mL−1 of kanamycin was added into the mineral medium and was 
allowed to incubate for 72 h at 30 °C (agitation at 200 rpm) prior to harvesting. The 
cultivated cells after 72 h were harvested by centrifugation (Kubota 6500 refrigerated 
centrifuge, Japan) at check 8000 rpm, washed with distilled water and lyophilized (freeze-
drying). 
 
To determine the PHA content and monomer composition, lyophilized cells were 
subjected to methanolysis in the presence of 15% (v/v) sulphuric acid and 85% (v/v) 
methanol, before the analysis using chromatography (Braunegg, Sonnleitner, & Lafferty, 
1978). The heating was performed in a Techne Dr-block® DB-3A heater (Bibby Scientific 
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Limited, UK) for 140 min at 100 °C. The mixture was added with 1 mL deionized H2O 
upon cooling and homogenized by vortex mixing. Two layers were formed and the 
organic layer (0.5 mL) containing hydroxyacyl methyl ester PHA was separated into a 
new vial containing sodium sulfate prior to gas chromatography (GC) (Shimadzu GC-
2010). It was shown that the P(3HB-co-3mol% 3HHx) produced from the biosynthesis 
contained 3 mol% of 3HHx. 
 
3.3 Purification of polymers 
All polymers, P(3HB-co-3HHx) with different 3HHx contents and ENR, were purified 
prior to analyses and polymer blending. In the purification step, 4% (w/w) polymer was 
dissolved in chloroform for 24 h. The polymer solution was concentrated in an Eyela® N-
1110SW-D rotary evaporator (Japan) at 45 °C under vacuo, and further precipitated in ice-
cold methanol under constant agitation. White precipitate was separated and left to dry at 
room temperature before further drying in a convection oven at 50 °C for 24 h and 
vacuum oven at the same parameter. 
 
3.4 Film preparation 
3.4.1 Neat polymers 
Neat PHA thin films were prepared by solution casting technique. A mass of 1 g polymer 
[P(3HB-co-3mol% 3HHx), P(3HB-co-8mol% 3HHx), P(3HB-co-12mol% 3HHx), ENR] 
was dissolved in 10 mL chloroform and poured into Teflon dish. The polymer solution 
was mixed homogenously at 50 °C for 24 h – 48 h. After dissolution, the mixture was 
casted onto Teflon dish and was allowed to evaporate slowly through aluminum foil (with 
little pin-head sized holes). Once the film dried, it was kept in convection oven at 50 °C 
for 24 h and further dried in vacuo for another 24 h to ensure removal of residual solvent. 
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3.4.2 PHA/ENR blends 
P(3HB-co-8mol% 3HHx)/ENR blends [also called as P(3HB-co-8mol% 3HHx)-blend-
ENR] was prepared by solution casting technique. The composition of the blends ranged 
from (w/w) 100/0 to 0/100, with increment of 10 wt% step (Table 3.2). A total amount of 
1 g polymer was dissolved in 10 mL AR-grade chloroform and poured into Teflon dish. 
The Teflon dish containing mixture solution was covered with aluminum foil (with little 
pin-head sized holes), and was allowed to evaporate at room temperature. The process of 
drying blend films was as described in Section 3.4.1. 
 
Table 3.2 Compositions of P(3HB-co-8mol% 3HHx)/ENR blends 

P(3HB-co-8mol% 
3HHx)/ENR 

(w/w) 

Weight of P(3HB-co-8mol% 3HHx) 
(g) 

Weight of ENR 
(g) 

100/0 1.0 0.0 
90/10 0.9 0.1 
80/20 0.8 0.2 
70/30 0.7 0.3 
60/40 0.6 0.4 
50/50 0.5 0.5 
40/60 0.4 0.6 
30/70 0.3 0.7 
20/80 0.2 0.8 
10/90 0.1 0.9 
0/100 0 1.0 
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3.5 Analytical techniques 
3.5.1 GPC 
The Mw and Mn of neat P(3HB-co-3HHx) was estimated by GPC at 40 °C using an Agilent 
1200 GPC (USA) coupled with refractive index detector and Waters Styragel columns 
(HR 3 and HR 5E). Chloroform HPLC grade (Fisher Scientific, UK) was used as eluent at 
flow rate of 0.8 mL min−1 and solvent with sample concentration of 1.0 mg mL−1. 
Polystyrene standards (Sigma-Aldrich, USA) (Mw = 70,000 to 1,000,000 g mol−1) with 
narrow polydispersity (D) were used to prepare the calibration curve. 
 
3.5.2 Viscosity measurement of P(3HB-co-3HHx) in chloroform 
The temperature of Schott CT 52 thermostat bath (Mainz, Germany) was set at 25 °C. The 
system was allowed to equilibrate for 1 h. After that, a cleaned Ubbelohde Cannon 
viscometer (Capillary no: 0B) was inserted into the thermostat bath in upright position. 
15.0 mL of P(3HB-co-3HHx) solution was inserted into the filling tube of viscometer by 
using a Eppendorf micropipette (Hamburg, Germany) with the accuracy of ± 0.10 mL. 
Parts of Ubbelohde viscometer are shown in Figure 3.1. Temperature equilibration was 
achieved in 10 min (c.f. Figure 3.1). Then, the liquid level in the viscometer was brought 
above the upper graduation mark of bulb 9. The pipette filler was used to pull the desired 
liquid level up to bulb 9 through tube 3. At the same time, tube 2 was closed by using 
finger. The liquid was allowed to drain down the capillary by releasing the finger that 
covered tube 2. The efflux time started as the meniscus passed the upper graduation mark 
and stopped as the meniscus passed the lower mark by visual inspection. A digital timer 
was used to measure efflux time. The efflux time was determined for at least three times. 
Then, 0.8 mL (0.008 dL) of chloroform was added to bulb 6 through tube 1 in order to 
reduce the initial concentration of the polymer solution. The liquid level was pulled up 
and down by using a pipette filler alternately through tubes 1 and 3 in order to mix the 
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solution well. This process was done for about four to five times before the solution was 
let for three minutes in order to obtain the thermal equilibration at 25 °C. Then, the efflux 
time of the solution was taken. After that, another 0.8 mL of chloroform was added and 
the steps above were repeated until different concentrations of P(3HB-co-3HHx) were 
obtained. The viscometer was removed from the thermostat bath and cleaned as instructed 
in the cleaning method. Then, the viscometer was put in the oven at 100 °C for 45 
minutes. All the steps above were repeated to measure the viscosity of P(3HB-co-3HHx) 
with different 3HHx contents. 
 

 
Figure 3.1 Ubbelohde suspended viscometer for measuring viscosity of transparent liquid. 
The components of this viscometer are: (1) filling tube, (2) venting tube, (3) suction tube, 
(4) upper filling mark, (5) lower filling mark, (6) solution bulb, (7) suspended level bulb, 
(8) lower flow bulb, (9) upper flow bulb, (10) lower graduation mark, (11) upper 
graduation mark. 
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3.5.3 FTIR 
Infrared spectrum was recorded at room temperature by FTIR Perkin Elmer Spectrum One 
spectrometer (USA) equipped with attenuated total reflectance Germanium cell. Sample 
was placed on top of the crystal and spectra were recorded at a resolution of 2 cm−1 with 
16 scans. The spectral range was 4000 – 600 cm−1. 
 
3.5.4 Nuclear magnetic resonance (NMR) 
The 1H NMR analysis of samples was carried out on Bruker Avance 300 spectrometer 
(Bruker Corporation, USA). The 300-MHz 1H NMR spectra was recorded at 30 °C in a 
CDCl3 solution of polymer solution (1 wt%) with a 10.0-μs pulse width (45° pulse angle), 
18-s pulse repetition, and 2000-3000 scan numbers. Tetramethylsilane (TMS) was used as 
internal reference. The chemical shifts of 1H NMR were recorded in relative to TMS. 
 
3.5.5 Thermogravimetry analysis (TGA) 
The thermal decomposition of neat polymer and blends was investigated using TA 
Instruments Q500 (USA). Exact mass of 10-20 mg sample was heated from 30 °C to 500 
°C at a rate of 10 K min−1. 
 
For the observation of mass changes during reactive blend, it was observed using Netzsch 
thermogravimetric analyzer (TGA) 209 (Germany) equipped with chiller. An exact mass 
of 17.000 – 25.000 mg sample was heated up from 30 °C to 195 °C at 10 K min−1 in a 
constant N2 atmosphere (20 μL min−1) and held isothermally for 5 × t0.5,rb (described later 
in Section 3.5.6.4). After the isothermal reaction, sample was cooled to 30 °C at 50 K 
min−1. All thermograms were normalized against empty aluminum pans (Perkin Elmer, 
Japan). 
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After reactive blending, 13.000 – 17.000 mg of reacted product [P(3HB-co-3HHx)-graft-
ENR] was subjected to standard heating from 30 °C to 900 °C at 10 K min−1 in a constant 
N2 atmosphere using the same system. Note that the term “P(3HB-co-3HHx)-graft-ENR” 
means there is a chemical (melt) reaction between P(3HB-co-3HHx) and ENR. 
 
3.5.6 DSC 
Calorimeter measurements were performed in TA Instruments Q200 (USA) equipped with 
refrigerated cooling system 90-series under nitrogen atmosphere (purity: 99.9995%; flow 
rate: 50 mL min−1). High purity indium was used for Tzero calibrations (cell constant and 
heat capacity). 
 
3.5.6.1 Thermal stability 
An exact mass in a range of 3-5 mg purified sample was encapsulated in standard 
aluminum pan (Perkin Elmer, USA) before placing into DSC cell. The sample was heated 
from 30 °C to different holding temperatures (Th: 170, 175, 180, 185, and 190 °C) at a 
heating rate of 10 °C min−1, held for different holding times (th: 1, 3, 5, 7, 10, 15, 30 min), 
and cooled to 30 °C. The change of average molecular weight, crystallinity indicator and 
crystal lattice was investigated using GPC (Section 3.5.1), FTIR (Section 3.5.3), and XRD 
(Section 3.5.9), respectively. Analysis of molecular weight is according to procedure 
shown in Section 3.5.1. 
 
3.5.6.2 Heat-cool-heat 
Thermal profile of neat polymer and P(3HB-co-3HHx)-blend-ENR was investigated using 
DSC TA Instruments Q200 (USA). Sample (3.00-10.00 mg) was heated from 30 °C to 175 
°C at a rate of 10 K min−1, held for 3 min, followed cooling rapidly to −80 °C and 
reheated to 30 °C at a rate of 10 K min−1 (reheating cycle). 
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To understand the Tg behavior during reactive blends, an exact mass of 3.00 – 5.00 mg of 
P(3HB-co-3HHx)-blend-ENR was heated from 30 °C to 197 °C at a rate of 10 K min−1, 
hold isothermally at different half-time of melt reaction (for 50/50 blend composition, 
t0.5,rb = 13.3 min) and rapidly cooled to −80 °C and reheated to 160 °C at a rate of 10 K 
min−1. 
 
Tcc (cold crystallization temperature) and Tm values were obtained from the maximum 
peak after linear integration in Universal Analysis 2000. Since multiple endothermic 
peaks are common in P(3HB-co-3HHx) as a result of recrystallization, the area of all the 
endothermic peaks were used to determine ∆Hm values. 
 
3.5.6.3 Isothermal crystallization and melting behavior 
An exact mass of 3.00 - 7.00 mg P(3HB-co-3HHx) samples were encapsulated in standard 
DSC aluminum pans. The isothermal crystallization was performed by the following 
thermal procedures (a) samples were heated from 30 °C to 175 °C [160 °C for both 
P(3HB-co-8mol% 3HHx) and P(3HB-co-12mol% 3HHx)] at a rate of 10 °C min−1 for 3 
min and rapidly cooled to a predetermined Tc [121-127 °C for P(3HB-co-3mol% 3HHx), 
111-117 °C for P(3HB-co-8mol% 3HHx), and 109-115°C for P(3HB-co-12mol% 3HHx)], 
until complete crystallization where no significant change of heat flow was seen as a 
function of time. The t0.5 can be estimated using horizontal baseline integration. Once t0.5 
was obtained, the following step was employed to extract the kinetics information: (b) 
samples were heated from 30 °C to 175 °C [160 °C for both P(3HB-co-8mol% 3HHx) and 
P(3HB-co-12mol% 3HHx)] at a rate of 10 °C min−1 for 3 min and rapidly cooled to 
several Tcs and isothermal for five t0.5s (to ensure same extent of crystallization for all 
samples), then the samples were heated again to 175 °C [160 °C for both P(3HB-co-
8mol% 3HHx) and P(3HB-co-12mol% 3HHx)] at a rate of 10 °C min−1 to determine the 
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melting point of corresponding polymer crystals. For each experiment, a fresh sample was 
prepared to minimize the influence of molecular weight degradation on the crystallization 
behavior. As mentioned before, PHA is known to thermally degrade at and above its 
melting temperature (Kopinke, Remmler, & Mackenzie, 1996; Li, He, Yu, & Cheung, 
2003). Under identical conditions, a single DSC experiment at Tc = const. is used for each 
regression calculation. The errors were estimated using regression analysis based on 2-
tailed student t-test at 95% confidence level (refer to Appendix G). 
 
3.5.6.4 Reactive blends 
All blend compositions (2.00 - 7.00 mg) were heated from 30 °C to a reaction temperature 
(Trb) and held isothermally in TA Instruments Q200 (USA). The Trb ranged from 190 to 
197 °C. For isothermal reaction, half-time of isothermal melt reaction (t0.5,rb) was 
calculated. 
 
3.5.7 Polarizing optical microscopy (POM) 
Exact amount of 1 g samples from Section 3.4 were dissolved in 10 mL chloroform. Upon 
complete dissolution, the polymer solution was placed drop-wise on top of a glass cover 
slip and allowed to dry at room temperature. The cover slip was then placed in vacuum 
oven at 50 °C for 24 h. All samples were heated from 30 °C to 175 °C at a rate of 10 °C 
min−1, annealed for 3 min followed by cooling to Tcs (109 – 117 °C. Note: the choice of 
Tcs was similar as compared to that in the study of isothermal crystallization in DSC) and 
hold isothermally until complete crystallization. Micrographs of growing spherulites were 
captured before and after impingement of the spherulites. The time requires for P(3HB-
co-3HHx) samples to fully impinge is approximately 30-90 min. 
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The above heating process was performed using a hot stage system (Mettler Toledo 
FP82HT, Switzerland) mounted on an Olympus BX51 POM (Tokyo, Japan). The POM 
microscope was equipped with various magnification lenses from 5×, 10×, 20× to 50×. 
The diameter of developed spherulites was measured using a time-interval function in 
Olympus software (cellSens standard v1.8), and the final morphology after isothermal 
crystallization was captured using Olympus DP26 camera (Tokyo, Japan). 
 
3.5.8 Dynamic mechanical analysis (DMA) 
DMA film samples were prepared by dissolving 2 g polymers blend in 10 mL of 
chloroform, as described in Section 3.4.2. The dried film was placed on top of a graph 
paper, followed vertical cut using a piece of blade and hammer. DMA samples have 
dimension of (l × w × t) 30 × 5 × 0.2-0.3 mm3. Dynamic frequency sweep was carried out 
on neat and blends of P(3HB-co-8mol% 3HHx) and ENR using a Perkin Elmer DMA 
8000 (USA). All samples were tightened in a dual-cantilever clamp at a force of 1 N, and 
tension mode is applied. The sample was subjected to a frequency sweep from 0.01 Hz to 
300 Hz with 22 points per decade at 27 °C while undergoing a dynamic displacement of 
0.02 mm. The modulus (storage and loss modulus) and tan δ (loss modulus divided by 
storage modulus, and is often called damping) were calculated from the actual measured 
dynamic displacement amplitude. 
 
3.5.9 X-ray diffraction (XRD) 
XRD experiment was performed using a PANalytical (Empyrean, USA) diffractometer 
with Cu-Kα radiation (λ = 1.5406 Å). The generator was operating at 40 kV and 40 mA. 
The thermally treated samples after Section 3.5.6.1 were scanned at diffraction angle 2θ 
from 5° to 60° at a step size of 0.026° at 25 °C. 
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3.5.10 Scanning electron microscope (SEM) 
For SEM investigation, P(3HB-co-3HHx) and its blend films obtained from solution 
casting (wENR = 0, 0.2 and 0.4) described in Section 3.4.2 were chemically etched in 
tetrahydrofuran in order to selectively remove ENR phase. Tiny piece of samples film 
(approximately 5 × 5 × 0.2 mm3) was dipped inside ACS grade tetrahydrofuran for 4 h at 
room temperature in a tight-capped glass bottle. The sample was carefully separated from 
glass bottle and allowed to dry at room temperature followed by further drying in 
convection and vacuum ovens at 50 °C for 24 h. The etched samples were analyzed with 
SEM (JEOL JSM6360LA, USA) coupled with in-lens secondary electron detectors 
operating at 5 kV, 5.7 mm working distance, and 2000× magnification. 
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CHAPTER IV – RESULTS AND DISCUSSION 
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4.1 P(3HB-co-3HHx) 
4.1.1 Biosynthesis of PHA 
We begin our discussion on the production of PHA. CPKO is a renewable carbon 
substrate for PHA production (Loo et al., 2005). In this study, different concentrations of 
CPKO were fed to the transformant C. necator PHB¯4 (pBBREE32d13) harboring PHA 
synthase of Aeromonas caviae. The effect of culture volume was also investigated. Table 
4.1 shows the obtained total PHA content and PHA composition with variation of CPKO 
concentrations. The total PHA (in g L−1) increases with increasing concentrations of 
CPKO of up to 12.5 g L−1, and gradually decreases beyond this limit. It is assumed that 
bacteria cells can only sustain a certain amount of oil concentration during PHA 
production before it becomes an inhibitor. This trend was also observed in previous 
research. For instance, Bhubalan and coworkers (2010) studied the synthesis of P(3HB-
co-3HHx) from CPKO fed to C. necator transformant harboring phaC of 
Chromobacterium sp. USM2. Their study showed that the yield of PHA increases with 
increasing CPKO concentration of up to 15 g/L and decreases beyond this limit 
(Bhubalan, Rathi, Abe, Iwata, & Sudesh, 2010). 
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Table 4.1 Biosynthesis of P(3HB-co-3HHx)a using different concentrations of CPKO 
(results presented in CDW, PHA composition and total PHA produced) 
CPKO concentration 
(g L−1) 

CDW 
(wt.%)b 

PHA composition (mol %) Total PHA 
(g L−1) 3HB 3HHx 

5 63.3 ± 5.1 96 4 3.3 

7.5 78.6 ± 6.3 96 4 6.5 

10 85.9 ± 1.4 96 4 7.5 

12.5 81.1 ± 8.5 97 3 9.2 

15 73.9 ± 4.1 97 3 5.8 

17.5 71.8 ± 1.4 96 4 6.0 
a Culture was incubated for 72 h at 30 °C with agitation speed of 200 rpm in mineral salt 
medium supplemented with 50 μg mL−1 of kanamycin. Initial pH medium was set at 7. 
b PHA content in freeze-dried cells were determined via GC 
CDW, cell dry weight 
 
Visual observation during the accumulation of PHA in C. necator PHB¯4 is shown in 
Figure 4.1. C. necator PHB¯4 has rod shape morphology. At 12 h of biosynthesis, there is 
no accumulation of PHA [c.f. Figure 4.1(a)]. As the biosynthesis progressively advances 
to 72 h, one observes accumulation of PHA as indicated by white reflective pattern in the 
bacteria cells [c.f. white arrow in Figure 4.1(b)]. Phase-contrast microscope provides a 
good visual technique to verify if there were any PHA accumulations during biosynthesis. 
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Figure 4.1 Phase-contrast micrographs of C. necator PHB¯4 at (a) 12 h and (b) 72 h 
(white arrows show bacteria strain containing luminescence PHA granules) 
 
Since the synthesis of PHA is primarily aim to produce as much amount as possible for 
later analyses, it is necessary to understand the effect of culture volume. Table 4.2 
summarizes the PHA content and compositions with a variation of culture volumes. It is 
shown that the total PHA decreases significantly, from 71.7 ± 0.3 wt% to 41.3 ± 3.1 wt%, 
when the culture volume increases from 200 mL to 400 mL culture volume in 1000 mL 
volumetric flasks. This result is reasonable considering that the ratio of optimum culture 
volume to available oxygen in the system is approximately 1:5 (Loo et al., 2005). 
 
Table 4.2 Effect of culture volume on the accumulation (CDW and 3HHx content) of 
P(3HB-co-3HHx)§ in C. necator PHB¯4 
Culture volume (mL) CDW (wt.%) 3HHx content (mol %) 

200 71.7 ± 0.3 3 

300 49.8 ± 3.6 3 

400 41.3 ± 3.1 5 
§Culture was cultivated in mineral salt medium containing 12.5 g L−1 CPKO for 72 h at 30 °C with agitation speed of 200 rpm and 
initial pH at 7.  

(a) (b) 

20 μm 20 μm 
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4.1.2 Structure elucidation (FTIR and NMR) 
The molecular structure of synthesized PHA is confirmed and carried out using NMR and 
FTIR. The observed 1H NMR spectra at 300 MHz of all P(3HB-co-3HHx) containing 
different 3HHx contents show that there are triplet resonance at 0.9 ppm and doublet 
resonance at 1.3 ppm, which can be assigned to methyl protons of 3HHx and 3HB unit, 
respectively. The methylene proton resonance at 2.5-2.7 ppm is associated to methine 
proton of 3HB and 3HHx units, while the multiplet resonance at 5.3 ppm is assigned to 
methine proton of both 3HB and 3HHx units. The chemical shift assignment for each 
proton resonance is accordance to Doi and co-workers (1995) (Doi et al., 1995) and two 
examples e.g. P(3HB-co-3mol% 3HHx) and P(3HB-co-12mol% 3HHx) are shown in 
Appendix A. 
 
Besides peaks assignment, NMR is also a useful tool to determine monomer content of a 
copolymer. In the case of P(3HB-co-3HHx), the mole fraction of 3HHx can be determined 
from the intensity ratio of the doublet CH3-proton resonance at 1.3 ppm to the triplet CH3-
proton resonance at 0.9 ppm (Doi, Kunioka, Nakamura, & Soga, 1986). An example of 
NMR spectrum of P(3HB-co-12mol% 3HHx) revealed that the monomer content of 3HHx 
is 10 mol% (Appendix A). This value is very close to that of P(3HB-co-12mol% 3HHx) 
given by KANEKA Corporation. The other two copolymers containing 3mol% and 
8mol% of 3HHx were not determined. 
 
FTIR spectroscopy is a versatile tool that provides a wealth of information about 
molecular structure of PHA. The absorption bands explain availability of functional 
groups and its deformations. The characteristic vibrational frequencies of P(3HB-co-
3HHx) containing different mol% of 3HHx are summarized in Table 4.3. In general, the 
spectra of all P(3HB-co-3HHx) having different mol% of 3HHx do not show clear 
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distinction. The main functional group that characterizes P(3HB-co-3HHx) is located at 
1719 cm−1, which represents the absorption spectra of anti-symmetric stretching of 
carbonyl group (C=O). Other important absorptions band are –C–O–C– , which is located 
at 1130 and 1350 cm−1, –O–H stretching at 3400 cm−1, –C–H stretching at 2850 – 3000 
cm−1 and –C–H deformation at (rocking) 1055 cm−1 and (bending) 825 – 980 cm−1. The 
absorption band at 1380 cm−1 (δsCH3) is insensitive to crystalline phase of P(3HB-co-
3HHx) (Xu et al., 2002). For more detailed visual observation of P(3HB-co-3HHx) 
spectra, please refer Appendix B.  
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Table 4.3 Assignment FTIR peaks of P(3HB-co-3HHx) 
Absorption bands (cm−1) Assignment peaks 

3 mol% 
3HHx 

8 mol% 
3HHx 

12 mol% 
3HHx 

 

3400 3400 3400 O–H stretching 
2976 2976 2976 sp3 C-H stretching 
2933 2935 2934 sp3 C-H stretching 
1719 1720 1719 sp2 C=O stretching (C) 
1452 1457 1452 sp3 C-H bend (alkanes) (C) 
1379 1380 1379 sp3 C-H bend (alkanes), which is 

insensitive to the degree of crystallinity 
1261 1262 1262 sp3 stretching vibration of acyl C-O 

(ester) (A) 
1227 1228 1227 sp3 stretching vibration of acyl C-O 

(ester) (C) 
1180 1181 1180 νasC─O─C (A) 
1130 1131 1130 sp3 stretching vibration of alkoxy C-O 

(ester) 
1100 1100 1100 sp3 stretching vibration of alkoxy C-O 

(ester) 
1054 / 1044 1055 / 1045 1054 / 1044 rocking of C─CH3 

979 979 979 sp2 CH bend of monosubstituted alkene 
(C) 

(C) crystalline sensitive band 
(A) amorphous sensitive band   
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4.1.3 Intrinsic viscosity and viscosity constant 
The viscosity data of dilute solution containing P(3HB-co-3HHx) was studied with 
Ubbelohde viscosimeter at 25 ± 0.2 °C. The viscosimeter of water and chloroform was 
performed and the results were summarized in Appendix C. All other viscosity data for 
P(3HB-co-3HHx) were also summarized in the same section. The correlation between the 
intrinsic viscosity (η), Huggins’ constant (KH) and co-monomer content of P(3HB-co-
3HHx) is shown in Figure 4.2 and Figure 4.3, respectively. The viscometry analysis of 
P(3HB-co-3HHx) solution reveals that the slope of ηspec/C versus C curve (c.f. Appendix 
C), Huggins’ constant, and the intrinsic viscosity are all dependant on the co-monomer 
content of P(3HB-co-3HHx). From Figure 4.2, there is a dramatic decrease of intrinsic 
viscosity showing that chloroform turns from good solvent for P(3HB) to increasingly 
poor solvent with addition of 3-hydroxyhexanoate. The intrinsic viscosity [η] decreases 
from 2.95 dL g−1 in P(3HB) (Chee, Kummerlöwe, Lechner, & Kammer, 2004) to 2.07 ± 
0.04 dL g−1, 1.49 ± 0.04 dL g−1, 1.53 ± 0.03 dL g−1 and 1.03 ± 0.03 dL g−1 in co-polymers 
containing 3 mol%, 8 mol%, 12 mol% 3HHx and 35 mol% 3HHx, respectively) (c.f. 
Figure 4.2). Looking at the viscosity, we have swollen chains of P(3HB) in a good solvent 
thus the viscosity is high. With increasing 3HHx contents, the solvent is not anymore a 
good solvent and the coils shrink. The coils do not like anymore surrounding liquid. 
Qualitatively, the same we got to know from KH values in Figure 4.2. In general 
observation, the KH values range from 0.3 < KH < 0.4 for good solvent. Thus, behavior of 
[η] and KH are consistent. 
 
Figure 4.3 illustrates the relationship between intrinsic viscosity and coil size, and is given 
as [η]NHB  R3. The coil size reduces when 3HHx content increases. Apparently, this 
agrees well to the result discussed in Figure 4.2. The calculation of NHB is shown in Figure 
4.3. 
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Figure 4.2 Plot of [η] and KH versus 3HHx fraction (xHHx) in the copolymer of P(3HB-co-
3HHx) 

 
Figure 4.3 Coil size against co-monomer content of P(3HB-co-3HHx) 
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4.1.4 Thermal decomposition 
4.1.4.1 TGA 
Thermogravimetric curve of P(3HB-co-3HHx) containing different mol% of 3HHx is 
shown in Figure 4.4. The decomposition temperatures of P(3HB-co-3HHx) start from 
~260 °C (onset temperature) and end around 290 °C (endset temperature). All 1st 
derivatives of weight % curves exhibit similar shape with one step decomposition. This 
implies that the mechanism or kinetic of thermal decomposition obeys the same pathway 
in P(3HB-co-3HHx) of different contents of 3HHx. The observed thermal decomposition 
range is similar to that of other reported results in literatures. For instance, Li and 
coworkers (2003) investigated the thermal degradation products of P(3HB) and P(3HB-
co-3HV) by means of TGA/FTIR and pyrolysis GC coupled with mass spectrometer (Li et 
al., 2003; Li, Yu, & Cheung, 2001). They showed that P(3HB) and P(3HB-co-3HV) 
decomposes at 260–290 °C and 280–320 °C, respectively. Although there was no precise 
information on the molecular masses of both P(3HB) and P(3HB-co-3HV), the derivative 
thermograms also exhibited similar shape. The degradation of PHA is initiated from the 
random chain scission of ester linkage, and the products of decomposition are mainly 
propene, 2-butenoic acid, propenyl-2-butenoate and butyric-2-butenoate (due to 3HB 
component), propenyl-2-pentenoate and pentanoic-2-pentenoate (due to 3HV component), 
and CO2. Further analysis of degraded products during thermal decomposition was not 
performed. The rate of thermal decomposition is of the interest. 
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Figure 4.4 (a) TGA and (b) derivative curves of P(3HB-co-3HHx) of different mol% of 
3HHx with respect to P(3HB) as a reference 
 
 

Univ
ers

ity
 of

 M
ala

ya



59 
 

Ariffin and coworkers (2008) reported two mixed mechanisms for decomposition of 
P(3HB), which are: 1) random thermal degradation with auto-accelerated 
transesterification and 2) kinetically favored chain reaction from crotonate chain ends. 
These mechanisms are dependent on time and/or temperature (Ariffin, Nishida, Shirai, & 
Hassan, 2008), as shown in Figure 4.5.  

 
Figure 4.5 Expected thermal degradation pathways of P(3HB) (Ariffin et al., 2008) 
 
When comparing different P(3HB-co-3HHx) thermograms, we suggest that the amount of 
second monomer (in mol%) present in a polymer chain does not have significant influence 
on thermal decomposition. Instead, the molecular masses play a prominent role towards 
the degree of decomposition. For example, P(3HB-co-3mol% 3HHx) and P(3HB-co-
12mol% 3HHx) have higher molecular masses than P(3HB-co-8mol% 3HHx) therefore 
they have higher thermal decomposition temperature. A direct study on the effect of 
molecular mass of PHA towards thermal decomposition is not available as yet. 
Nevertheless within the same macromolecule system (in general, high molecular mass 
polymer), Calahorra and co-workers (1989) had shown that the thermal stability of 
cellulose increases with increasing molecular mass (Calahorra, Cortazar, Eguiazabal, & 
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Guzman, 1989). It should also be noted that the side chains of PHA with a finite number 
of carbon do not have significant variation in terms of thermal decomposition behavior. 
For instance, Lee and co-workers (2001) showed in their study that PHAs with different 
side chain lengths, such as P(3HB), P(3HB-co-3HV) and P(3HB-co-4HB), exhibit a 
single transition degradation process with almost similar maximum decomposition 
temperatures (M. Y. Lee, Lee, & Park, 2001). 
 
Figure 4.6 shows the plot of ln|deriv. weight loss| against 1/T for neat P(3HB-co-3HHx). 
The activation energy was calculated from the initial decomposition (linear region as 
indicated by arrow in Figure 4.6). More detailed calculations related to the calculation of 
activation energy during thermal decomposition of P(3HB-co-3HHx) having different 
3HHx contents were summarized in Appendix I. The corresponding activation energies 
(E) during initial thermal decomposition of the co-polymer are 378 kJ (3 mol% 3HHx), 
302 kJ (8 mol% 3HHx), and 347 kJ (12 mol% 3HHx). The activation energy during initial 
decomposition of P(3HB) is 291 kJ. Higher values in the co-polymer containing 3 and 12 
mol% of 3HHx as compared to P(3HB) and P(3HB-co-8mol% 3HHx) could possibly 
come from higher molecular masses. These values are in agreement to earlier observation, 
that there is a decline of energy barrier and decomposition temperature when the 
molecular masses of P(3HB-co-3HHx) are lower. 
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Figure 4.6 Plot of ln|deriv. weight| against 1/T for neat P(3HB-co-3HHx) [dashed line in 
P(3HB) sample is for visual aid] 
 
4.1.4.2 Isothermal heat treatment 
Isothermal degradation of P(3HB-co-3HHx) having different mol% of 3HHx was carried 
out in N2 atmosphere at 170, 175, 180, 185, and 190 °C, respectively. According to 
numerous published sources, PHA undergoes random chain scission at temperature above 
its melting temperature (Aoyagi, Yamashita, & Doi, 2002; Ariffin et al., 2008; Kopinke et 
al., 1996; Li et al., 2003). When the chain scission of PHA is random, the rate constant of 
degradation (kd) can be predicted using Eq. (4.1) (Jellinek, 1955): 

n,0
hd

n,

11
h PtkP t

        (4.1) 

where, Pn,0 and hn,tP  are the number-average degrees of polymerization at time 0 and th, 
respectively. To simplify the equation and adopt to our system, we replace Pn,0 and Pn,t 
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with Mw,0 and hw,tM , where Mw,0 and hw,tM  are the weight-average molecular weight of 
P(3HB-co-3HHx) at a given time 0 and th, respectively. This arrives to Eq. (4.2): 

w,0
hd

w,

11
h MtkM t

        (4.2) 

The values of Mw,0 for P(3HB-co-3HHx) containing different mol% of 3HHx were 
obtained before any heat treatment, while the values of hw,tM  were the values obtained 
after isothermal treatment at time th. After isothermal treatment, samples were also 
subjected to GPC, FTIR and WAXD analyses. For simplicity purpose, hw,tM is referred as 
Mw in the discussion below. It is also important to note that P(3HB) underwent the same 
isothermal treatment as P(3HB-co-3HHx), but the P(3HB) sample after isothermal 
treatment had an issue of dissolution in chloroform at 50 °C after extended storage period. 
A comparison of the rate constant of isothermal degradation using P(3HB) as a reference 
polymer was made using a published result (Hablot, Bordes, Pollet, & Averous, 2007) 
(refer Table 4.4). 
 
Figure 4.7(a) shows an example of reciprocal changes of the Mw of P(3HB-co-3mol% 
3HHx) at various Ths, and Figure 4.7(b) shows Mw changes for different molar 
compositions of P(3HB-co-3HHx) at same Th. There is a linear relationship in accordance 
to random chain scission phenomena in all studied P(3HB-co-3HHx). According to 
Aoyagi and coworkers (2002), if the plots of 1/Mw versus th were convex, the thermal 
degradation does not proceed via simple random scission of the polymer chain (Aoyagi et 
al., 2002). Figure 4.7(a) and 4.7(b) show that in all cases, linear regression are followed 
for the reciprocal of Mw vs th. This implies simple random scission of polymer chains 
takes place above the melting temperature of P(3HB-co-3HHx). In our case, the weight of 
P(3HB-co-3mol% 3HHx) decreases linearly with increasing isothermal temperature and 
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time. Similar trend is observed for isothermal degradation of P(3HB-co-8mol% 3HHx) 
and P(3HB-co-12mol% 3HHx) at 170-190 °C. At the same isothermal degradation 
temperature, the weight loss of P(3HB-co-3HHx) containing higher 3HHx is more 
prominent. Complete changes in the Mw and Mn are tabulated in Appendix D. 
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Figure 4.7 Reciprocal Mw against th for (a) P(3HB-co-3mol% 3HHx) at various Ths, and 
(b) different molar compositions in P(3HB-co-3HHx) at Th=180 °C 

(a) 

(b) 
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Figure 4.8 shows the rate constant of isothermal molecular degradation of P(3HB-co-
3HHx) containing 3, 8, and 12 mol% of 3HHx. At Th = 170 °C, the kd values of the co-
polymers that contain 0 [P(3HB) as a reference], 3, 8, and 12 mol% of 3HHx, 
respectively, are 0.03×10−7 s−1, 380×10−7 s−1, 1000 ×10−7 s−1, and 3100×10−7 s−1. It seems 
that the longer carbon backbone in the polymer results in the increase of rate of isothermal 
degradation. This could be closely related to the lowering of melting temperatures with 
increasing 3HHx contents. For instance, P(3HB) has a melting temperature of 
approximately 180 °C while P(3HB-co-12mol% 3HHx) has a melting temperature of 
approximately 140 °C. As the choice of temperatures used in isothermal treatment was 
170-190 °C and PHA in general is known to degrade at and above its melting temperature, 
it is logical that the co-polymer e.g. P(3HB-co-12mol% 3HHx) with lower melting 
temperature experiences higher thermal degradation thus results in higher loss of 
molecular masses. In the same copolymer, the rate constant of isothermal molecular 
degradation increases with isothermal temperature. The molecular weight of copolymer 
decreases in a rapid manner with increasing temperature. The time-dependent profiles of 
weight loss shown in this study are in accordance to the results of homo-polymer P(3HB) 
obtained by Aoyagi and co-workers (2002) (Aoyagi et al., 2002). A summary of rate 
constant of isothermal degradation at various Ths for P(3HB-co-3HHx) are shown in Table 
4.4. 
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Figure 4.8 Rate constant of isothermal degradation of P(3HB-co-3HHx) at various Ths (□: 
3 mol% 3HHx, ●: 8 mol% 3HHx, ∆: 12 mol% 3HHx)  
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Table 4.4 Summary of rate constant of isothermal degradation for P(3HB-co-3HHx)s 
treated at various Ths 
P(3HB-co-xmol% 3HHx) Th (°C) kd × 10-7 (s−1) r2 
x = 0 [data adopted from Table 6 in (Hablot et 
al., 2007)] 

170 0.03 0.935 

x = 3 170 380 0.866 
175 1400 0.957 
180 1200 0.970 
185 3000 0.983 
190 4200 0.997 

x = 8 170 1000 0.949 
175 1100 0.997 
180 2000 0.996 
185 2700 0.997 
190 5100 0.998 

x = 12 170 3100 0.961 
175 7200 0.964 
180 12000 0.964 
185 13000 0.976 
190 - - 
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The changes of molecular structure of P(3HB-co-3HHx) after isothermal degradation 
were investigated by mean of FTIR and XRD analyses. Figure 4.9 shows an example of 
FTIR spectra of P(3HB-co-8mol% 3HHx) before and after isothermal degradation. The 
experiment of FTIR after isothermal treatment was limited only to P(3HB-co-3HHx) 
containing 3 mol% and 8 mol% of 3HHx, while the XRD analysis was limited only to 
P(3HB-co-8mol% 3HHx) sample. 
 
In IR analysis, all absorption bands retain their wavenumbers after isothermal 
degradation. It can be appreciated that there is no obvious change to the molecular 
structure of P(3HB-co-3HHx) despite having lower molecular mass. The intensity of 
many absorption bands decreases. For example, the asymmetrical C=O stretching 
vibration at 1720 cm−1, which represents highly ordered P(3HB-co-3HHx) chain, 
decreases after thermal treatment at 170 °C for 30 mins. Other intensities of the important 
absorption bands at 1131, 1181, 1228, 1262, and 1276 cm−1 also decrease after thermal 
treatment. To further investigate the influence of isothermal treatment to molecular 
structure of P(3HB-co-3HHx), we calculate the crystallinity indicator (c.i.) as proposed by 
Galego et al (2000). 
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Figure 4.9 FTIR spectra of neat P(3HB-co-8mol% 3HHx) and P(3HB-co-8mol% 3HHx) 
after isothermal heat treatment at Th = 170 °C, th = 30 min (dashed line is for visual aid) 
 
The term c.i. can be calculated from a ratio between the area of absorption band at 1380 
cm−1 [sp3 C-H bend (alkanes) as a reference peak] and 1182 cm−1 (vas C-O-C, amorphous 
peak), according to the following formula, Eq (4.2): 

1182
1380.. A

Aic         (4.2) 

The c.i. does not represent the absolute amount of crystallites in a semi-crystalline 
polymer (Galego et al., 2000). The application of this formula allows one to compare 
relative value related to the crystallinity after isothermal treatment. Our results show that 
the c.i. of P(3HB-co-3HHx) do not vary with isothermal heat treatment at a particular 
mol% of 3HHx. The c.i. of P(3HB-co-3mol% 3HHx) and P(3HB-co-8mol% 3HHx) is 
around 0.36 – 0.45 and 0.25 – 0.31, respectively (c.f. Table 4.5). One could see that the 

1131 
1181 
1228 
1262 
1276 1720 

0.05 
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crystallinity is not influenced by the thermal degradation. The average c.i. of P(3HB-co-
3mol% 3HHx) (average c.i. = 0.40) is higher to that (c.i. = 0.28) of P(3HB-co-8mol% 
3HHx). Very minor reduction (almost negligible) of c.i. with the increase of second 
monomer was also observed by other researchers. For instance, Galego and co-workers 
(2000) used the intensity peak without any peak fitting and found that the c.i. for P(3HB) 
at 0.95 reduced to 0.93 when 8 mol% of 3HV is present. This value decreased further to 
0.87 with increasing 3HV content (Galego et al., 2000). Following Galego study, Simon-
Colin et al (2008) showed that mcl-PHA has a crystallinity indicator of 0.32 and 0.37 for 
mcl-PHA with Tg of −41 and −50 °C. 
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Table 4.5 Crystallinity indicator of P(3HB-co-3HHx) for different thermal treatments 
T (°C) t (min) c.i. 

P(3HB-co-3mol% 3HHx) P(3HB-co-8mol% 3HHx) 
170 1 0.39 0.28 

3 0.40 0.29 
5 0.40 0.25 
7 0.40 0.27 
10 0.45 0.29 
15 0.40 0.28 
30 0.40 0.31 

180 1 0.37 0.27 
3 0.38 0.27 
5 0.38 0.26 
7 0.36 0.25 
10 0.41 0.27 
15 0.36 0.27 
30 0.37 0.31 

Average c.i. for individual 
column 

0.40 0.28 

 
 
To confirm preceding IR analysis [that the crystallinity indicator of P(3HB-co-3HHx) is 
somewhat not influenced after isothermal treatment], we performed WAXD analysis on 
selected P(3HB-co-8 mol% 3HHx) sample.  Figure 4.10 shows the X-ray diffractograms 
of P(3HB-co-8mol% 3HHx) before and after isothermal treatment recorded at room 
temperature. The P(3HB-co-8mol% 3HHx) before isothermal treatment exhibits primarily 
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two diffraction patterns at 2θ equals to 14° [(hkl) = (020) crystal plane] and 18° (110 
crystal plane). The d-spacing calculated using Bragg’s equation (n λ = 2d sin θ, where λ = 
0.154 nm, n = 1) at 2θ = 14° is 6.2 nm. Before calculating the d-spacing, the 
diffractograms shown in Figure 4.10 have to be subtracted against a baseline. An example 
of baseline subtraction is shown in Figure 4.11. This subtraction process was performed in 
HighScore Plus software v3.0.4 (MenuBar>Treatment>Determine Background> 
Subtract). 
 

 
Figure 4.10 X-ray diffractograms of P(3HB-co-8mol% 3HHx) before and after isothermal 
degradation (from top to bottom: control or P(3HB-co-8mol% 3HHx), and the same 
polymer after isothermal treatment at 3 min, 10 min, and 30 min). (a) Full spectrum of 2θ 
from 10° to 40°, and (b) magnified 2θ region from 12° to 19°. 
 

14° 18° 
14° 

18° 

(°) (°) 
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Figure 4.11 An example of baseline subtraction
diffractogram that had been 
 
These diffraction patterns are similar to that reported by Doi 
(H. Sato et al., 2004). After thermal treatment, the 2θ and
3HHx) do not change. For instance, after 3, 10 and 30 min of isothermal treatment, the 
spacing at 2θ = 14° is 6.
heat treatment has little impact on
3HHx). From FTIR and XRD results, it can be deduced that the isothermal treatment do
not have significant effect on the 
3HHx)s even though their molecular masses reduce as a func
time, and isothermal treatment temperature.
 
 
 

▌
▌
▌14° 

(8 mol% 3HHx

 
An example of baseline subtraction of P(3HB-co

had been isothermally treated at 170 °C for 3 min 

These diffraction patterns are similar to that reported by Doi (Doi et al., 1995
After thermal treatment, the 2θ and d-spacings of P(3HB

do not change. For instance, after 3, 10 and 30 min of isothermal treatment, the 
14° is 6.2, 6.2 and 6.3 nm, respectively. This could mean

has little impact on the crystal structure (or lattices) of P(3HB
From FTIR and XRD results, it can be deduced that the isothermal treatment do

not have significant effect on the crystal structure and molecular structure
Hx)s even though their molecular masses reduce as a function of isothermal holding 

time, and isothermal treatment temperature. 

▌ original diffractogram 
▌ baseline 
▌subtracted diffractogram 

8 mol% 3HHx) 
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co-8mol% 3HHx) 

Doi et al., 1995) and Sato 
of P(3HB-co-8mol% 

do not change. For instance, after 3, 10 and 30 min of isothermal treatment, the d-
could mean that isothermal 

crystal structure (or lattices) of P(3HB-co-8mol% 
From FTIR and XRD results, it can be deduced that the isothermal treatment does 
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4.1.5 Thermal profile using DSC 
4.1.5.1 Heat-cool-heat 
From heat-cool-heat experiment, one observes related thermal events of P(3HB-co-3HHx) 
as illustrated in Figure 4.12 for the reheating cycle. Figure 4.12 shows an example of three 
thermal events during the reheating of P(3HB-co-8mol% 3HHx) such as Tg, Tcc and Tm. 
The Tg of P(3HB-co-8mol% 3HHx) is located at 0 °C, and the ΔCp value is 0.48 J (g 
°C)−1. Quantity Tg is defined as the midpoint of half-extrapolated tangent between the two 
transitions. The melting of spherulites formed during cold crystallization (Tcc = 60 °C) is 
located at 117 °C and 136 °C. In accordance, the melting peak of P(3HB-co-3mol% 
3HHx) is higher than that of P(3HB-co-8mol% 3HHx) while the melting temperature of 
P(3HB-co-12mol% 3HHx) is similar to that of P(3HB-co-8mol% 3HHx). All P(3HB-co-
3HHx) containing different mol% of 3HHx have multiple melting peaks. The existence of 
multiple melting peaks is discussed later. The observable melting peaks of P(3HB-co-
3HHx) is much lower than that of homo-polymer P(3HB). It is well known that the 
melting temperature of P(3HB-co-3HHx) reduces with increasing 3HHx content. The 
melting temperatures of P(3HB) are in the range of 180-190 °C (Ariffin et al., 2008; 
Gunaratne, Shanks, & Amarasinghe, 2004; Xu et al., 2002). The lowering of melting 
peaks in P(3HB-co-3HHx) as compared to P(3HB) is attributed to longer backbone that 
disrupts the orientation of main polymer chain. Higher content of 3HHx in the copolymer 
also reduces the melting temperature. 
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Figure 4.12 DSC curve of P(3HB-co-8mol% 3HHx) during second heating 
 
4.1.5.2 Apparent melting temperatures and equilibrium melting temperatures after 
isothermal crystallization temperature 
The melting temperatures of different P(3HB-co-3HHx)s were investigated after 
isothermal crystallization mentioned in Section 3.5.6.3. Figure 4.13 illustrates an example 
of the melting peaks of P(3HB-co-3mol% 3HHx) after isothermal crystallization at 
various Tcs (121-127 °C). Here, one clearly observes two Tms at 156 °C and 163 °C in 
P(3HB-co-3mol% 3HHx) isothermally crystallized at 121 °C. First melting peak gradually 
increase with increasing isothermal temperatures. However, the second melting peak 
gradually disappears with increasing isothermal temperatures. Multiple melting peaks in 
P(3HB-co-3HHx) could be due to compositional heterogeneity, different crystalline phase 
formed during isothermal crystallization, or re-crystallization during heating. With the 
disappearance of second melting peak, it can be appreciated that the lower melting peak in 
P(3HB-co-3mol% 3HHx) is due to the primary crystallites that are formed during 
isothermal crystallization, while the higher melting peak is due the melting of recrystallize 

Univ
ers

ity
 of

 M
ala

ya



76 

crystals. At lower isothermal crystallization temperature, the formation of spherulites is 
faster thereafter it may not allow formation of more perfect crystals as compared to that at 
higher isothermal crystallization temperature. Hence, during the heating cycle, the 
formation of more perfect crystal during recrystallization may take place and we may 
observe additional higher melting peak. The formation of spherulites and growth rate 
analysis is discussed later. 
 

 
Figure 4.13 Melting temperature of P(3HB-co-3mol% 3HHx) after isothermal 
crystallization for 5 × t0.5 at preselected Tc 
 
There is also occurrence of multiple melting peaks in P(3HB-co-3HHx) containing 8 
mol% and 12 mol% 3HHx, but with more obvious shoulder peaks detectable at lower 
temperatures (c.f. Appendix E). For example, a shoulder melting peak is located at 119 °C 
for P(3HB-co-8mol% 3HHx) isothermally crystallized at 111 °C. All melting peaks 

163 °C 156 °C At Tc = 121 °C 
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increase with increasing isothermal crystallization temperatures. There is no significant 
variation to the values of ΔHm as a function of isothermal Tc. 
 
Our observation on multiple melting peaks agrees well to that reported in the literatures. 
These were observed in homopolymer P(3HB) according to Lee (2008). The first melting 
peak is due to the melting of crystallites formed during sample preparation (e.g. 
isothermal crystallization) while the higher peak is due to the melting of crystals formed 
from recrystallization during heating. Chen and co-workers (2005) reported the 
occurrence of multiple melting peaks after isothermal crystallization for P(3HB-co-
15mol% 3HHx) (Chen, Cheung, & Yu, 2005). However, the second melting peak remains 
almost constant with increasing isothermal crystallization temperature. This could be due 
to the difference choice of isothermal crystallization temperature. In Chen et al (2005), the 
isothermal crystallization temperature (Tc = 48-60 °C or ∆Tc = 62-74 °C) is far below 
melting temperature. In our study, the isothermal crystallization temperature [Tc = 110-
116 °C (∆Tc = 44-50 °C) for P(3HB-co-8mol% 3HHx] is near to melting temperature. All 
other copolymers containing 3 mol% and 12 mol% of 3HHx in this study used similar 
range of ∆Tc, which is in the range of 55-61 °C and 43-49 °C, respectively. The choice of 
supercooling temperature (ΔTc = Tm0-Tc) play important role. It is generally recognized 
that the smaller the undercooling, the lower is the thermodynamic driving force for 
nucleation and growth. If ΔTc were high, there is a restriction of molecular mobility near 
to Tg. Thus, one has to take into account this contribution. More detailed analysis on the 
melting behavior of P(3HB-co-3HHx) is given in Ding and co-workers (2011) (Ding, 
Cheng, & Wu, 2011) and Hu and co-workers (2007) (Hu, Zhang, Sato, Noda, & Ozaki, 
2007). 
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Quantity Tm0 are estimated after Hoffman-Weeks method where the melting peaks are 
plotted against their corresponding isothermal crystallization temperatures. In this study, 
one sees that P(3HB-co-3HHx)s have primarily two obvious melting peaks. The first 
melting peak corresponds to primary crystallites that are formed during isothermal 
crystallization. The second melting peak gradually diminishes with increasing isothermal 
crystallization temperature, which indicates that it is the result of reorganization during 
recrystallization of less perfect crystal. For this reason, Hoffmann-Weeks (HW) plot 
(kindly refer Section 2.4.4 for detailed HW approach) utilizes only the first melting peak 
was adopted in order to obtain reliable Tm0 values. Detailed calculation for the values of 
Tm0 for P(3HB-co-3HHx) with different 3HHx contents is shown in Appendix G. The 
extrapolation of linear experimental Tms to plot Tm = Tc yields Tm0 (Section 2.4.4). An 
example of HW plot for P(3HB-co-8mol% 3HHx) is given as follow (Figure 4.14): 
 

 
Figure 4.14 An example of HW plot for P(3HB-co-3HHx) [P(3HB) as a reference (H. K. 
Lee, 2008)] 
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Quantity Tm0 for different mol% of 3HHx in the copolymer is summarized in Table 4.6. 
The Tm0 for P(3HB-co-3HHx) containing 3, 8, and 12 mol% of 3HHx is 183 ± 7, 160 ± 8, 
158 ± 3 °C, respectively. According to literature, P(3HB) has a Tm0 of 190 ± 15 °C 
(Barham et al., 1984; H. K. Lee, 2008). It is shown that increasing the mol% of 3HHx in 
the copolymer decreases the hypothetical melting of perfect crystals. These values are 
higher to that reported by Chen et al (2005), with P(3HB-co-15mol% 3HHx) having a Tm0 
of 122 °C. Quantity 1/γ of P(3HB) is lower than that of P(3HB-co-3HHx). The constancy 
of 1/γ in P(3HB-co-3HHx) suggests the entropy change in the amorphous phase of 
P(3HB-co-3HHx) caused by crystallization is not influenced by the commoner content of 
3HHx. 
 
Table 4.6 Equilibrium melting point of P(3HB-co-3HHx) with different molar fractions of 
3HHx 

Molar fraction of 3HHx (mol%) Tc (°C) Tm0 (°C) 1/γ 
0a 106-134 190 ± 15 0.17 
3 121-127 183 ± 7 0.44 
8 110-116 160 ± 8 0.50 
12 109-115 158 ± 3 0.47 
15b 48-60 122 - 
18c 85-100 161 ± 3.6 - 

a(H. K. Lee, 2008) 
b(Chen et al., 2005) 
c(Cai & Qiu, 2009)  
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4.1.5.3 Crystallinity after isothermal crystallization 
The crystallinity (X*iso) of P(3HB-co-3HHx) can be determined by extracting the melting 
enthalpies (∆Hms were obtained by integrating all area of all melting peaks) after five t0.5s 
using a linear integration. Quantity X*iso can be estimated according to Eq. 2.3. Figure 
4.15a shows the crystallinity values of P(3HB-co-3HHx) as a function of isothermal 
crystallization temperature. At a glance, the X*iso of PHA decreases with increasing 3HHx 
contents. The crystallinities of P(3HB), P(3HB-co-3mol% 3HHx), P(3HB-co-8mol% 
3HHx) and P(3HB-co-12mol% 3HHx) were calculated as the average of 62.7 % 42.5 %, 
21.0 % and 20.0 %, respectively, with reference to 100% crystalline material of P(3HB). 
The incorporation of 3 mol% of 3HHx reduces the crystallinity by approximately 10-20% 
as compared to that of P(3HB), and further decreases the crystallinity when more 3HHx is 
present in the system (Figure 4.15b). 
 

 
Figure 4.15 Crystallinity of polyhydroxyalkanoates as a function of (a) isothermal 
crystallization temperature and (b) 3HHx contents [Note: X*iso in (b) is the average values 
from (a)]. 
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4.1.6 Kinetics of isothermal crystallization 
Evaluation of isothermal crystallization of PHAs begins from the extraction of area 
integral of exothermic crystallization peaks as a function of time, as illustrated in Figure 
4.16. This figure shows an example of exothermic crystallization curve of P(3HB-co-
8mol% 3HHx), which was isothermally crystallized at 111 °C. Extrapolation from the end 
point of crystallization curve (also called as horizontal baseline integration) (J. N. Hay & 
Mills, 1982) was employed to estimate the half-time of isothermal crystallization. This 
way of extrapolation was preferred over straight line integration, with higher accuracy of 
approximately 6% (Salim, Chan, Sudesh, & Gan, 2014). 
 

 
Figure 4.16 Exothermic crystallization curve of P(3HB-co-8mol% 3HHx) for isothermal 
crystallization at Tc = 111 °C analyzed using horizontal baseline integration 
 
Figure 4.17 illustrates the plots of X(t) versus crystallization time (t-t0), for P(3HB-co-
8mol% 3HHx) isothermally crystallized at 110-116 °C. The curves exhibit ‘sigmoid-
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shape’ of isotherms, and shift to longer time with increasing isothermal crystallization 
temperature. In general, all PHAs containing different mol% of 3HHx show similar 
pattern of crystallization transformation curves. 
 

 
Figure 4.17 Fraction of crystallizable component as a function of isothermal 
crystallization time for P(3HB-co-8mol% 3HHx) [Tc = 110 °C (black) to 116 °C (light 
grey)] 
 
The fraction of crystallizable component, X(t), is also plotted against reduced time,  




 
50

0
.t
tt , to see if the mechanism or feature of isothermal crystallization are of any 

difference. The curves for neat P(3HB-co-3HHx) crystallized at different Tcs, followed by 
P(3HB-co-3HHx) having different mol% of 3HHx coincide reasonable well forming a 
master curve as shown in Appendix F. This means that the feature of crystallization, e.g. 
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nucleation and growth, do not change with crystallization temperatures and 3HHx 
contents. 
 
One of the important parameters used to describe the crystallization kinetics is t0.5. The 
full spectrum of calculated t0.5 for different mol% of 3HHx is shown in Figure 4.18. This 
quantity is obtained from 50% area integration of crystallization peak shown in Figure 
4.16. The t0.5 increases exponentially with increasing isothermal crystallization 
temperature. This trend is commonly observed in most semi-crystalline polymers that are 
isothermally crystallized at low undercooling temperature. The same trend is observed in 
all P(3HB-co-3HHx) having different mol% of 3HHx. At the same isothermal 
crystallization temperature, it takes longer time for e.g. P(3HB-co-12mol% 3HHx) to 
crystallize as compared to that of P(3HB-co-3mol% 3HHx). 
 
Aside from experimental value from 50% area integration, the value of t0.5 can also be 
estimated using Avrami equation (Eq. 2.4) by inserting the value of relative crystallinity at 
times t equals to 0.5. In this way, the equation becomes t0.5 = (ln 2/K)1/n. One can 
immediately evaluate if the experimental and calculate values are corresponding well or 
vice versa. Result shows that the calculated and experimental values of t0.5 agree to a good 
approximation (see Table 4.7). 
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Figure 4.18 Half-time of isothermal crystallization as a function of isothermal 
crystallization temperature (dashed curves represent exponential peak fitting obtained 
from OriginPro 8.1) 
 
It is interesting at this point to examine the influence of different types or content of the 
co-monomer on K1/n values during isothermal crystallization. An example of Avrami plot 
for P(3HB-co-8mol% 3HHx) is shown in Figure 4.19. Although the linearity is not 
observed over the entire transformation range in P(3HB-co-8mol% 3HHx), a very good 
agreement (r2 = 0.9986 – 0.9999) to Avrami is found to a certain range of time with up to 
50% degree of conversion. This was due to the secondary crystallization that takes place 
after impingement of spherulites. 
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Figure 4.19 Avrami plots of P(3HB-co-8mol% 3HHx) at isothermal crystallization 
temperatures (solid curve represents linear peak fitting obtained from OriginPro 8.1) 
 
A summary of K1/n values for P(3HB-co-3HHx) with different mol% of 3HHx is given in 
Figure 4.20. Generally, it is shown that the rate constant of isothermal crystallization 
reduces exponentially for P(3HB-co-3HHx) with increasing crystallization temperatures. 
Rate constants of isothermal crystallization reduce with the increment of co-monomer 
content in PHAs, illustrated by the vertical dash curve in Figure 4.20. The choice of 
crystallization temperature in our study is located at low undercooling temperature (∆Tc = 
43-61 °C). It is shown that the rate constants reduce at high undercooling for P(3HB-co-
12mol% 3HV) (∆Tc = 83 °C) (Chan, Kammer, Sim, & Winie, 2011). 
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Figure 4.20 Plot of rate constant of isothermal crystallization versus crystallization 
temperature for P(3HB-co-3HHx) (dashed curves represent exponential peak fitting 
obtained from OriginPro 8.1) 
 
Table 4.7 summarizes the Avrami parameters for the kinetics of crystallization in P(3HB-
co-3HHx) containing different mol% of 3HHx. P(3HB-co-3mol% 3HHx) has average n 
values of 2.8. At higher mol% of 3HHx such as 8 mol% and 12 mol% of 3HHx, n values 
appear to be lower at 2.0 and 2.2, respectively. The higher the isothermal crystallization 
temperatures, the higher the n values. This result correlates well to other published result. 
For example, within the same molecular weight of P(3HB-co-4HB), the average n values 
decrease with increasing mol% of 4HB (Lu et al., 2011). Mandelkern (2004) dictates that 
n value plays a key role in the analysis of overall crystallization kinetics (Mandelkern, 
2004). Although in a few cases, the n value is affected by the crystallization temperature, 
the revelation of the crystallization mechanism based on only DSC result remains a 
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challenge. All the n values reported in P(3HB-co-3HHx) have non-integral values, 
indicating nature of non-instantaneous nucleation. 
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Table 4.7 Avrami parameters for the kinetics of crystallization in P(3HB-co-3HHx) containing different molar fractions of 3HHx 
Molar 

percentage of 
3HHx (mol%) 

Tc (°C) t0 (min) t0.5 (min) t*0.5 (min) Tm (°C) ΔHm (J g−1) ΔHc (J g−1) n K1/n × 10-1 (min−1) r2 

3 121 1.0 3.47 3.51 156.1 62.2 59.6 2.46 ± 0.04 2.453 ± 0.011 0.9994 
122 1.3 4.06 4.10 156.3 63.7 56.7 2.53 ± 0.06 2.111 ± 0.021 0.9986 
123 1.4 5.18 5.18 156.7 61.1 57.4 2.56 ± 0.12 1.712 ± 0.001 0.9998 
124 2.0 5.63 5.67 157.1 62.2 53.8 2.79 ± 0.05 1.547 ± 0.013 0.9995 
125 1.4 7.64 7.68 157.5 61.3 58.0 3.10 ± 0.05 1.157 ± 0.004 0.9997 
126 1.5 9.67 9.72 158.2 61.0 55.6 3.28 ± 0.04 0.920 ± 0.004 0.9997 
127 2.2 11.60 11.69 158.6 63.2 51.6 3.14 ± 0.04 0.761 ± 0.003 0.9997 

8 110 1.0 6.38 6.41 134.9 31.0 25.6 1.99 ± 0.02 1.298 ± 0.002 0.9997 
111 1.0 6.91 6.90 135.3 33.4 30.5 1.78 ± 0.03 1.179 ± 0.006 0.9993 
112 1.8 7.41 7.41 135.9 30.3 22.8 1.67 ± 0.01 1.084 ± 0.001 0.9999 
113 1.7 9.02 9.01 136.5 30.7 16.0 2.27 ± 0.03 0.944 ± 0.005 0.9999 
114 1.3 9.29 9.31 137.2 28.9 18.6 1.59 ± 0.04 0.854 ± 0.010 0.9993 
115 1.8 12.55 12.57 137.4 30.4 16.6 2.34 ± 0.03 0.680 ± 0.001 0.9998 
116 3.3 13.08 12.98 137.7 29.7 17.6 2.21 ± 0.04 0.653 ± 0.008 0.9997 

12 109 1.0 6.32 6.37 134.8 32.0 27.5 2.09 ± 0.03 1.316 ± 0.004 0.9996 
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Molar 
percentage of 
3HHx (mol%) 

Tc (°C) t0 (min) t0.5 (min) t*0.5 (min) Tm (°C) ΔHm (J g−1) ΔHc (J g−1) n K1/n × 10-1 (min−1) r2 

110 0.5 6.69 6.76 135.4 34.0 27.0 1.99 ± 0.08 1.230 ± 0.006 0.9986 
111 0.4 8.29 8.27 136.0 32.0 27.2 2.18 ± 0.03 1.023 ± 0.003 0.9997 
112 1.0 9.02 8.99 136.4 28.9 19.4 1.75 ± 0.03 0.903 ± 0.004 0.9996 
113 1.6 10.88 10.94 136.8 28.7 19.9 2.29 ± 0.03 0.779 ± 0.003 0.9998 
114 2.1 12.22 12.17 137.3 26.8 16.6 2.59 ± 0.01 0.713 ± 0.002 0.9999 
115 1.6 15.51 15.29 137.7 26.8 13.3 2.56 ± 0.05 0.567 ± 0.006 0.9995 

t*0.5 is calculated value using 
n*

. Kt
1

50
2ln 


  

r2 = correlation coefficient

Table 4.7 continued 
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4.1.7 Spherulitic growth rate 
The rate of growing spherulites was investigated using polarized optical microscope. 
Growing images were taken and measurement was performed on a single spherulite 
before the impingement of the spherulites as shown in Figure 4.21. An example of radius 
of spherulite against time during isothermal crystallization at Tc = 110 °C for P(3HB-co-
8mol% 3HHx) is shown in Figure 4.22. Based on this figure, one sees easily a linear 
correlation between the diameters of spherulites as a function of time. The slope of this 
curve represents radial growth rate (in μm s−1). All other copolymer containing different 
mol% of 3HHx behaves in similar pattern but with different values of slope. Detailed radii 
measurement was summarized in Appendix H. 
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Figure 4.21 Micrographs captured after 5 min growing of P(3HB-co-8mol% 3HHx) 
spherulites at Tc = 110 °C at 60 s time interval every micrograph. Magnification 50× 
 

40 μm 
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Figure 4.22 Radii of growing spherulites of P(3HB-co-8mol% 3HHx) isothermally 
crystallized at Tc 110°C (dotted curve represents linear growth rate fitted using OriginPro 
8.1) 
 
For each isothermal crystallization temperature, one slope is obtained [i.e. the radial 
growth rate of P(3HB-co-3HHx) spherulites]. Figure 4.23 illustrates the changes of G as a 
function of isothermal Tc for P(3HB-co-8mol% 3HHx). Obviously with increasing 
isothermal crystallization temperature, the growth rate decreases exponentially. For 
example, at Tc = 110 °C, the spherulite grows at a rate of 5.1 μm min−1 for P(3HB-co-
8mol% 3HHx). While at Tc = 120 °C, the spherulite grows at a rate of 1.1 μm min−1 for 
the same co-polymer. Spherulitic growth rate behaves similarly to that of the constant rate 
of isothermal crystallization (c.f. Figure 4.20). As outlined in earlier text, when the 
crystallization temperature is close to its melting temperature, it takes longer time to 
crystallize. 
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Figure 4.23 Plot of G as a function of isothermal Tc for P(3HB-co-3HHx) with different 
3HHx contents (dotted curves represent decreased exponential growth rate fitted using 
OriginPro 8.1). P(3HB) as a reference polymer (H. K. Lee, 2008). 
 
Table 4.8 summarizes the quantity G for P(3HB-co-3HHx) with different mol% of 3HHx. 
At the same Tc, e.g. 116 °C, G decreases with increasing mol% of 3HHx. For example, the 
quantity G for P(3HB-co-3mol% 3HHx) is 15.7 µm min−1. By increasing the mol% of 
3HHx to 8 mol%, G decreases approximately one order of magnitude to 1.7 µm min−1, 
and subsequently to 0.3 µm min−1 when 12 mol% of 3HHx presents. 
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Table 4.8 Quantity G for P(3HB-co-3HHx) with different mol% of 3HHx 
0 mol% of 3HHx* 3 mol% of 3HHx 8 mol% of 3HHx 12 mol% of 3HHx 

Tc (°C) G (µm min−1) Tc (°C) G (µm min−1) Tc (°C) G (µm min−1) Tc (°C) G (µm min−1) 
108 132 115 16.7 ± 0.4 110 5.12 ± 0.48 100 - 
110 108 116 15.7 ± 0.3 112 2.87 ± 0.29 102 14.14 ± 0.65 
116 72 121 7.88 ± 0.43 114 2.31 ± 0.26 104 12.40 ± 0.89 
120 36 122 7.91 ± 1.03 116 1.65 ± 0.21 108 0.95 ± 0.08 
124 30 123 5.91 ± 0.20 118 1.41 ± 0.17 112 0.65 ± 0.10 
130 18 124 5.04 ± 0.15 120 1.11 ± 0.11 116 0.26 ± 0.08 

*(H. K. Lee, 2008) 
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4.1.8 Temperature dependence of rate of isothermal crystallization 
The Arrhenius activation energy of isothermal crystallization associated to the overall 
process of crystallization of P(3HB-co-3HHx) can be expressed in terms of Arrhenius-
like relationship (Eq. 2.11) using DSC. Quantity lg(t0.5−1) is plotted against the 
reciprocal undercooling temperature (ΔTc−1) for P(3HB-co-3HHx) with different 3HHx 
contents, as illustrated in Figure 4.24. From our data, it is shown that the average of 
ΔTc/Tm0 is almost constant, therefore the activation energy for P(3HB-co-3HHx) 
containing 3, 8 and 12 mol% 3HHx is calculated to be 3.9, 1.7, and 1.9 kJ mol−1, 
respectively. By employing the data from Kai and co-workers (2005) (Kai, He, & 
Inoue, 2005), followed by Chen and co-workers (2005) (Chen et al., 2005) to Arrhenius 
approach, the calculated activation energy of P(3HB) and P(3HB-co-15mol% 3HHx) 
are found to be 4.2 and 0.5 kJ mol−1, respectively. Further data analysis obtained by Cai 
and Qiu (2009) (Cai & Qiu, 2009) suggests that the activation energy of P(3HB-co-
7mol% 3HHx), P(3HB-co-10mol% 3HHx) and P(3HB-co-18mol% 3HHx) is 1.3 kJ 
mol−1, 1.1 kJ mol−1, and 0.6 kJ mol−1, respectively. The increase of content of the 
flexible side chains along the backbone in the PHA reduces the activation energy, which 
is responsible for the energy required to crystallize. All the activation energies of 
isothermal crystallization are summarized in Table 4.9. 
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Figure 4.24 Plot of lg(t0.5−1) versus ΔTc−1 of P(3HB-co-8mol% 3HHx) 
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Table 4.9 Summary of activation energy during isothermal crystallization of P(3HB-co-
x-mol% 3HHx) 

x Arrhenius’ 
activation energy 

B*R (kJ mol−1) 

Comment 

0 4.2 (Kai et al., 2005). Tm0 = 200 °C 
according to Barham and co-workers 
1984 (Barham et al., 1984). 

3 3.9 This study 
7 1.3 Cai and Qiu (2009) 
8 1.7 This study 

10 1.1 Cai and Qiu (2009) 
12 1.9 This study 
15 0.5 Chen et al. (2005) 
18 0.6 Cai and Qiu (2009) 

 
 
4.1.9 Morphology 
The morphology of P(3HB-co-3HHx) as prepared sample and after isothermal 
crystallization are shown in Figure 4.25. The sub-Figure ‘1’, ‘2’ and ‘3’ represents 
micrographs for P(3HB-co-3mol% 3HHx), P(3HB-co-8mol% 3HHx), and P(3HB-co-
12mol% 3HHx); while ‘a’ and ‘b’ illustrates as-prepared and fully-impinged spherulites 
after isothermal crystallization at Tc = 115, 118 and 102 °C in P(3HB-co-3mol% 
3HHx), P(3HB-co-8mol% 3HHx), and P(3HB-co-12mol% 3HHx) respectively, for 5 × 
t0.5. In all cases of P(3HB-co-3HHx) before isothermal crystallization (as-prepared 
sample), there are some de-wetting of polymer on the glass surface. It can be seen from 
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the ‘bubble’ mark in sub-figure ‘a’. Fully-impinged crystals of P(3HB-co-3mol% 
3HHx) show relatively large crystals (see magnification in Figure 4.25) with Maltese-
cross shape. In co-polymers containing 8 mol% and 12 mol% of 3HHx, there is more 
nucleation sites that results in more spherulites. The morphologies of these two co-
polymers are different to that of P(3HB-co-3mol% 3HHx). In P(3HB-co-8mol% 
3HHx), one sees Maltese-cross but with a more disturbed orientation. In P(3HB-co-
12mol% 3HHx), it forms spherulites with a concentric extinction ring (or bands). It 
should be noted that the morphologies of each co-polymer do no vary with variation of 
isothermal Tc. 
 
The spherulites of P(3HB-co-3mol% 3HHx) is similar to that of reported by Barham 
and co-workers (1984) when P(3HB) is isothermally crystallized at Tc = 100 °C 
(Barham et al., 1984). Since the co-polymer contains only 3 mol% of 3HHx, it behaves 
similarly to P(3HB). The morphology of P(3HB-co-3HHx) containing higher 3HHx 
content is also similar to the reported literature. For instance, Xu and co-workers (2004) 
demonstrated through a real-time atomic force microscope that the banded spherulites 
in P(3HB-co-17mol% 3HHx) exhibit complicated growth behaviors such as twisting, 
bending, backward growth, and branching. The twisting and bending however reduces 
when isothermal Tc increases. The origin of banding in spherulites was under debate 
(Xu et al., 2004). 
 
The understanding of spherulitic morphology is important to understand its influence on 
final mechanical properties. In many cases, one adds nucleating agents such as uracil 
(Pan, Liang, Nakamura, Miyagawa, & Inoue, 2009), cyanuric acid (Weng & Qiu, 2014), 
cyclodextrin-complex (Dong, Mori, Aoyama, & Inoue, 2010) to obtain many nucleation 
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sites with small spherulites. Bigger spherulites tend to derive brittleness in semi-
crystalline polymer.  
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Figure 4.25 (a) as prepared and (b) volume-filled spherulites of P(3HB-co-3HHx) [(1): 
3 mol% 3HHx at Tc = 115 °C, (2): 8 mol% 3HHx at Tc = 118 °C, and (3): 12 mol% 
3HHx at Tc = 102 °C]. The micrographs were taken after 120 – 150 min of isothermal 
crystallization. 
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The thermal properties of P(3HB-co-3HHx) containing different mol% of 3HHx was 
discussed in previous sections. In the next section, we adopted only P(3HB-co-3HHx) 
containing 8 mol% of 3HHx to be blended with ENR-50. The choice of P(3HB-co-
8mol% 3HHx) over two other co-polymers containing 3 mol% and 12 mol% of 3HHx 
was made to justify the effect of ENR-50 to thermal properties of P(3HB-co-3HHx) in 
the presence of low 3HHx content. On another hand, ENR-50 was chosen over ENR-25 
because it provides more epoxide groups. These groups act as active sites for the melt 
reaction between P(3HB-co-8mol% 3HHx) and ENR. 
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4.2 P(3HB-co-8mol% 3HHx)/ENR blends 
In this section, P(3HB-co-8mol% 3HHx)/ENR blend is sometimes referred as P(3HB-
co-3HHx)-blend-ENR. For each composition, for instance 90:10 (wt%) blend ratio of 
P(3HB-co-3HHx) and ENR, it is referred as wENR = 0.1 (wENR = weight fraction of 
ENR). The blend films were prepared by solution casting, dried and used as it is. All 
samples are cut vertically to the films prior to analysis. The study of blends was limited 
only to P(3HB-co-3HHx) containing 8 mol% 3HHx. The choice was made based on 
two considerations: (1) the physical properties of P(3HB-co-3HHx) containing 3 mol% 
3HHx closely resembles that of P(3HB), and (2) P(3HB-co-3HHx) containing 12 mol% 
3HHx has lower crystallization rate. 
 
4.2.1 Miscibility 
4.2.1.1 Tg 
Figure 4.26 shows the Tg of P(3HB-co-3HHx)-blend-ENR investigated by mean of DSC 
analysis. Similarly to previous analysis, the Tg is defined as the midpoint of half 
extrapolated tangents between onset and end (½ × ∆Cp). P(3HB-co-8mol% 3HHx) has a 
Tg located at 0 °C. When ENR is introduced, the Tg of P(3HB-co-8mol% 3HHx) 
remains almost constant, and vice versa. There are two Tgs correspond to each 
component, which strongly indicates immiscibility between P(3HB-co-8mol% 3HHx) 
and ENR. 
 
A close observation reveals that the Tg of P(3HB-co-3HHx) reduces to a small extent 
with addition of ENR. This could be initiated by a small migration of ENR chain into 
the intra-spherulitic region of P(3HB-co-3HHx). Likewise, the Tg of ENR increases 
slightly with increasing P(3HB-co-3HHx) content. Based on these observations, one 
could see easily that the molecular chain of P(3HB-co-3HHx) is influenced when ENR 
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is present, and vice versa. It was reported by Wondraczek and co-workers (2004) that Tg 
has a good correlation to its activation energy during thermal decomposition 
(Wondraczek, Adams, & Fuhrmann, 2004). This point will be discussed in later 
analysis. 
 

 
Figure 4.26 Glass transition temperature of P(3HB-co-3HHx)-blend-ENR 
 
The ΔCp are also evaluated after addition of ENR into P(3HB-co-8mol% 3HHx) (c.f. 
Figure 4.27). Quantity ΔCp of P(3HB-co-8mol% 3HHx) decreases monotonously with 
increasing wENR, and vice versa. It can be appreciated that P(3HB-co-8mol% 3HHx) and 
ENR blends are immiscible. The ΔCp of neat P(3HB-co-8mol% 3HHx) is 0.47 J (g 
°C)−1 and neat ENR is 0.54 J (g °C)−1. 
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Figure 4.27 Changes in heat capacity of P(3HB-co-3HHx)-blend-ENR [solid line refers 
to P(3HB-co-8mol% 3HHx) and dashed line refers to ENR] 
 
4.2.1.2 Melting temperature 
Figure 4.28 shows the melting profiles of heat-cool-heat P(3HB-co-3HHx)-blend-ENR 
as a function of wENR. Pure P(3HB-co-3HHx) has two Tms located at (I) 120 °C and (II) 
138 °C. As pointed out earlier, bacterial copolymers are known to exhibit multiple 
melting temperatures (Ding et al., 2011; Hu et al., 2007; Ye et al., 2010). When ENR is 
added, there is an appearance crystallization peak right after the first melting at 125 °C 
(as indicated by letter ‘c’ in Figure 4.28), and these crystallites melt after the second 
melting peak (as indicated by letter ‘m’ in Figure 4.28) at Tm = 142 °C. The origin of 
new crystallization and melting peak is suggested to be a result nucleating effect of 
ENR in liquid P(3HB-co-3HHx) phase. This means that in the beginning, the molten 
process of P(3HB-co-3HHx) starts at the boundary of spherulites and part of the 
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crystalline phase are now in free motion. The free movable P(3HB-co-3HHx) chains 
crystallize immediately when ENR chain comes close to them. This new crystalline 
phase may or may not have different form as compared to that of the crystalline phase 
of pure P(3HB-co-3HHx). 
 

 
Figure 4.28 Endothermic melting peak of P(3HB-co-3HHx) in P(3HB-co-3HHx)-blend-
ENR. From bottom to top: neat P(3HB-co-8mol% 3HHx), blends from 10 wt%-90wt%, 
and ENR. 
 
Melting profile of P(3HB-co-3HHx)-blend-ENR after isothermal crystallization is 
shown in Figure 4.29. P(3HB-co-3HHx) exhibits four melting peaks (I, a, II, and III) 
after isothermal crystallization. The melting peak I at 120 °C does not shift with 
addition of ENR. This peak (also called as annealing peak) was reported as the melting 
of secondary lamellae (Xu et al., 2004). The Tm (a) shifts to lower temperature with 

heating rate: 10 °C min−1 
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increasing ENR content and conversely, Tm (II) and Tm (III) shift to higher temperature 
with increasing ENR. Note that Tm (II) is the primary lamellae formed during isothermal 
crystallization, and Tm (III) is the melting of lamellae formed through re-crystallization 
at ~140 °C. The magnitude of Tm (III) is larger when the re-crystallization is obvious. It 
is interesting to point out that when wENR increases, there is more re-crystallization in 
P(3HB-co-8mol% 3HHx). From the area integration of melting endotherms shown in 
Figure 4.29, the influence of ENR to the crystallinity of P(3HB-co-8mol% 3HHx) after 
isothermal crystallization (X*iso) can be determined. Two examples of area integration 
by horizontal baseline are shown in the same figure, e.g. wENR = 0 and 0.5. Two 
methods of baseline integration (flat and horizontal) have been discussed by Salim and 
co-workers (2014) (Salim et al., 2014). The horizontal baseline integration seems to be 
more accurate in reducing the error of integration by 6%. The choice of area integration 
includes melting peak (III) because this peak is responsible for the melting of lamella 
formed through re-crystallization (indicated by arrow). It should be noted that during 
area of integration, the recrystallization peak was deducted from the total area of 
melting. 
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Figure 4.29 Melting profile of P(3HB-co-3HHx) in P(3HB-co-3HHx)-blend-ENR after 
isothermal crystallization (dashed curve is for visual aid) at Tc = 111 °C 
 
Since Tm (II) corresponds to the melting of primary crystallites formed during 
isothermal crystallization, it is then used to determine Tm0 (H-W approach). Table 4.10 
summarizes the Tm0 obtained with variation of wENR. The melting temperature of 
hypothetical perfect crystal for P(3HB-co-3HHx) in the blend do not change with 
addition of ENR. Similarly to its neat copolymer of P(3HB-co-3HHx), parameter 1/γ is 
almost constant with respect to wENR. This suggests that the entropy change in the 
amorphous phase of P(3HB-co-3HHx) caused by the crystallization is also not 
influenced by the ENR content. 
 
Table 4.10 Equilibrium melting temperature of P(3HB-co-3HHx)-blend-ENR 
wENR 0 0.1 0.2 0.3 0.4 0.5 
Tm0 (°C) 160 ± 44 160 ± 12 161 ± 15 159 ± 11 157 ± 12 157 ± 11 
1/γ 0.50 ± 0.08 0.49 ± 0.04 0.49 ± 0.05 0.48 ± 0.04 0.46 ± 0.04 0.45 ± 0.04 

a 
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4.2.2 Thermal stability 
Figure 4.30 shows the TGA thermal decomposition profile of P(3HB-co-8mol% 
3HHx)/ENR blends from 100 °C to 500 °C. Both neat polymers, P(3HB-co-8mol% 
3HHx) and ENR, show one step decomposition process, with onset temperature at 240 
°C and 360 °C and 100% weight loss at 500 °C, respectively. The decomposition of 
blends proceeds in two steps, which corresponds to each component. The thermal 
decomposition temperatures reported in this study are similar to that of other literatures 
(Asrar et al., 2002; Nakason, Tobprakhon, & Kaesaman, 2005). 
 

 
Figure 4.30 TGA profile of P(3HB-co-8mol% 3HHx)/ENR blends (from top to bottom: 
wENR = 0, 0.2, 0.4, 0.6, 0.8, and 1) 
 
When the experimental weight loss of one component, e.g. ENR, is plotted against its 
nominal value, one could easily evaluate the blends distribution (c.f. Figure 4.31). Here, 
it shows the precision of blends distribution. That means if the nominal value of wENR is 
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equal to 0.2, the experimental value of wENR during analyses is also 0.2. The activation 
energy of TGA blends will be discussed later during the discussion of melt reaction. 
 

 
Figure 4.31 Plot of experimental weight loss fraction of ENR in the blend against 
nominal weight fraction of ENR 
 
4.2.3 Crystallinity 
The effect of ENR to crystallization and melting behavior of P(3HB-co-3HHx) was also 
investigated. Information related to crystallization and melting quantities are 
summarized in Table 4.11. The normalized crystallinity (X*) was calculated from the 
Eq. 2.2. From heat-cool-heat experiment, results show that pure P(3HB-co-8mol% 
3HHx) has a crystallinity of 7%. In the blends, the X* of P(3HB-co-3HHx) is constant 
below 80wt% of ENR. At and above 80wt% of ENR, the blend was almost amorphous 
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(X* ≈ 2%). This is due to the crystallization inhibition of ENR towards P(3HB-co-
3HHx). 
 
Table 4.11 Summary of crystallization and melting quantities of P(3HB-co-3HHx) in 
P(3HB-co-3HHx)-blend-ENR after heat-cool-heat; and Tg and ∆Cp of the blends 
wENR Tg1 (ΔCp) 

°C [J (g °C)−1] 
Tg2 (ΔCp) 

°C [J (g °C)−1] 
Sum of ΔCp3 
[J (g °C)−1] 

ΔHm4 

(J g−1) 
ΔHc 

(J g−1) 
X* 

(%) 
0 - 0 (0.47) 0.5 49.9 39.3 7 
0.2 −18 (0.11) −1 (0.45) 0.6 37.9 31.2 6 
0.4 −18 (0.22) −2 (0.37) 0.6 25.4 21.8 6 
0.6 −18 (0.36) −2 (0.27) 0.6 17.2 13.3 7 
0.8 −19 (0.49) −3 (0.10) 0.6 1.2 0.7 2 
1 −19 (0.58) - 0.6 - - - 
1 ENR 
2 P(3HB-co-3HHx) 
3 Sum = ΔCp, Tg1 + ΔCp, Tg2 4 This quantity was extracted from area of integration from the melting peaks shown in Figure 4.28  
 
The average values of X*iso of P(3HB-co-3HHx) under influence of ENR was also 
calculated (c.f. Figure 4.32) after isothermal crystallization at Tc = 110 – 117 °C 
according to Eq. (2.3). The melting enthalpies were obtained by integrating the melting 
endotherms shown and discussed in Figure 4.29. It is shown that the quantity X*iso 
decreases slightly to a small approximation when ENR weigh ratio increases up to 0.8 
in the blend. This simply means that P(3HB-co-8mol% 3HHx) and ENR are 
immiscible, and the crystallinity of P(3HB-co-8mol% 3HHx) is somehow unaffected by 
the ENR content when P(3HB-co-3HHx) is in excess. 
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Figure 4.32 Average values of crystallinity of P(3HB-co-3HHx) in P(3HB-co-3HHx)-
blend-ENR after isothermal crystallization at Tc = 110 – 117 °C 
 
4.2.4 Kinetics of isothermal crystallization and spherulitic growth rate 
The kinetics of isothermal crystallization of P(3HB-co-3HHx) after addition of ENR is 
investigated by means of DSC analysis. Similarly to the discussion mentioned in 
Section 4.1.6, t0.5 can be calculated from the half area of exothermic peak integration. 
Figure 4.33 depicts the t0.5 obtained during isothermal crystallization of P(3HB-co-
3HHx)-blend-ENR. It can be seen that the time it takes to crystallize P(3HB-co-3HHx) 
becomes shorter when ENR is added. With more ENR, the reduction is more 
pronounced (c.f. exponential fit showed by black and blue dashed curve in Figure 4.33). 
Based on our previous hypothesis [that ENR chain migrates into P(3HB-co-3HHx) 
chain and causes some disturbance to its molecular mobility as shown in Tg analysis], 
the ENR chain could act as a nucleating site and may promote the crystallization of 
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P(3HB-co-3HHx). If so, the crystallization rate and spherulitic growth rate of P(3HB-
co-3HHx) may be faster, and is shown later. 

 
Figure 4.33 Plot of t0.5 as a function of isothermal Tc for different compositions of 
P(3HB-co-3HHx) in P(3HB-co-3HHx)-blend-ENR (dashed curves represent 
exponential peak fitting obtained from OriginPro 8.1) 
 
The rate constant and Avrami exponent of isothermal crystallization were calculated by 
means of using Avrami approach. The rate constant of isothermal crystallization as a 
function of Tc and wENR is shown in Figure 4.34. In parallel to our observation in t0.5 
analysis, the rate constant of isothermal crystallization shows an increase in the trend 
after addition of ENR [Figure 4.34(b)]. The rate constant of isothermal crystallization 
decreases when Tc is approaching Tm [Figure 4.34(a)]. 
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Figure 4.34 Plot of K1/n as a function of (a) isothermal Tc for different compositions of 
P(3HB-co-3HHx)-blend-ENR [dashed curves in (a) represent exponential peak fitting 
obtained from OriginPro 8.1], and (b) ENR weight percent [dashed curves in (b) 
represent linear peak fitting obtained from OriginPro 8.1] 
 
4.2.5 Spherulitic growth rate 
Figure 4.35 shows the G values of P(3HB-co-3HHx)-blend-ENR isothermally 
crystallized at 116 °C using POM. When ENR is added, the growth rate of P(3HB-co-
3HHx) spherulites becomes faster. This observation agrees well to that observed in 
DSC analysis; the constant rate of isothermal crystallization increases with addition of 
ENR. The measurement of growth rate above 0.6 of wENR is challenging due to large 
void within P(3HB-co-3HHx) spherulites (c.f. Figure 4.37). 

(a) (b) 
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Figure 4.35 Spherulitic growth rate of P(3HB-co-3HHx)-blend-ENR isothermally 
crystallized at 116 °C (dashed line is the exponential fitting of the data) 
 
4.2.6 Activation energy of isothermal crystallization 
The activation energy of isothermal crystallization of P(3HB-co-3HHx) in the blend 
was calculated in the same way according to Arrhenius-like relationship shown in 
Section 4.1.8. The calculated activation energies in the corresponding isothermal 
crystallization temperature of P(3HB-co-3HHx)-blend-ENR are shown in Figure 4.36. 
In general, the activation energy required to crystallize P(3HB-co-3HHx) gradually 
decreases from 1.7 kJ mol−1 to 1.3 kJ mol−1 when ENR is added up to 0.5 in weight 
fraction. The activation energy can then be correlated to the crystallization rate of 
P(3HB-co-3HHx) in the blends. Higher constant rate of isothermal crystallization yields 
lower activation energy. 
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Figure 4.36 Activation energy during crystallization of P(3HB-co-3HHx) in ENR 
blends (dashed line is for visual aid) 
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4.2.7 Blend morphologies 
Figure 4.37 shows the volume-filled P(3HB-co-3HHx) spherulites isothermally 
crystallized at 116 °C. The blend morphologies of P(3HB-co-3HHx) do not differ much 
with addition of 0.1 and 0.2 weight fraction of ENR. They exhibits maltese cross shape. 
However, when 0.3 weight fraction of ENR is present, one sees less appearance of 
crystalline band. By increasing the ENR content to 40wt% (wENR = 0.4), there is a huge 
dark region possibly due to the existence of ENR in inter-spherulitic region of P(3HB-
co-3HHx). One sees immediately a drastic change in the spherulites of P(3HB-co-
3HHx) when wENR is equal to 0.6. 
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Figure 4.37 Optical micrographs of fully
P(3HB-co-8mol% 3HHx)
60/40 and (f) 40/60, isothermally crystalli
×). Micrographs were taken in between 120 and 150 minutes after isothermal 
crystallization. 
 

Optical micrographs of fully-impinged (a) P(3HB-co-8mol%
3HHx)-blend-ENR, with ratio of (b) 90/10, (c) 80/20, (d) 70/30, (e) 
0, isothermally crystallized at Tc = 116 °C for t0.5 (magni

. Micrographs were taken in between 120 and 150 minutes after isothermal 

  

(a) 

(c) 

(e) 
40 μm 

40 μm 

40 μm 
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 8mol% 3HHx) and 
ENR, with ratio of (b) 90/10, (c) 80/20, (d) 70/30, (e) 

(magnification 50 
. Micrographs were taken in between 120 and 150 minutes after isothermal 

(b) 

(d) 

(f) 
40 μm 

40 μm 

40 μm 
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The SEM surface morphologies of etched 
blend-ENR film samples are shown in Figure
removed by dissolution in tetrahydrofuran while P(3HB
tetrahydrofuran. 
 

Figure 4.38 SEM image of neat P(3HB
 
Figure 4.39 shows the SEM image of P(3HB
= 0.2. Compared to previous image, 
result of dispersed ENR phase
Tg and Tm0 analyses, it is reasonable that 
P(3HB-co-3HHx) domain
part of voids in which ENR is seen to 
3HHx) (c.f. white arrows in dashed circle)

morphologies of etched and as-prepared bulk P(3HB
ENR film samples are shown in Figures 4.38, 4.39, and 4.40. The ENR p

removed by dissolution in tetrahydrofuran while P(3HB-co-3HHx) is not dissolvable in 

SEM image of neat P(3HB-co-3HHx) (or wENR = 0) 

shows the SEM image of P(3HB-co-3HHx)-blend-ENR that contains 
ompared to previous image, one sees in this image many empty voids

result of dispersed ENR phase. Since P(3HB-co-3HHx) and ENR are immiscible from 
it is reasonable that ENR is located mainly outside the perimeter of 

3HHx) domain (c.f. solid yellow circle in Figure 4.39). Even so, there are a 
part of voids in which ENR is seen to exist in the inter-spherulitic phase of P(3HB
3HHx) (c.f. white arrows in dashed circle). 
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. The ENR phase was 

3HHx) is not dissolvable in 

 

ENR that contains wENR 
many empty voids as the 

3HHx) and ENR are immiscible from 
is located mainly outside the perimeter of 

). Even so, there are a 
spherulitic phase of P(3HB-co-
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Figure 4.39 SEM image of P(
[Yellow circle indicates large voids in which ENR is rich. White circle could be P(3HB
co-3HHx) spherulites. White arrow indicates ENR in inter
co-3HHx)] 
 
Next SEM image shows the 
0.4 (Figure 4.40). In this micrograph, one sees easily a co
represents co-continuous phase of ENR in P(3HB
co-3HHx) phase, the surface is rough and sma
noted that SEM images for blends containing 
successfully performed because 

SEM image of P(3HB-co-3HHx)-blend-ENR containing wENR

[Yellow circle indicates large voids in which ENR is rich. White circle could be P(3HB
3HHx) spherulites. White arrow indicates ENR in inter-spherulitic region of P(3HB

Next SEM image shows the surface of P(3HB-co-3HHx)-blend-ENR containing 
). In this micrograph, one sees easily a co-continuous void that 

continuous phase of ENR in P(3HB-co-3HHx). At the border of P(3HB
3HHx) phase, the surface is rough and small voids (ENR) are detected. It should be 

noted that SEM images for blends containing wENR = 0.6 and above were not 
because P(3HB-co-3HHx) is a dispersed phase. 
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ENR = 0.2 

[Yellow circle indicates large voids in which ENR is rich. White circle could be P(3HB-
spherulitic region of P(3HB-

ENR containing wENR = 
continuous void that 

3HHx). At the border of P(3HB-
ll voids (ENR) are detected. It should be 

= 0.6 and above were not 
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Figure 4.40 SEM image of P(3HB
 
Figure 4.41 shows the surface morphology of P(3HB
using optical microscope. 
3HHx)-blend-ENR without any etching. 
droplets randomly distributed in the blend system. When more ENR is 
surface area of droplets increases.
 

SEM image of P(3HB-co-3HHx)-blend-ENR containing wENR

shows the surface morphology of P(3HB-co-3HHx)-blend
using optical microscope. The micrographs were taken on as-prepared bulk P(3HB

ENR without any etching. When 0.2 wt% of ENR is added, ENR exists in 
domly distributed in the blend system. When more ENR is 

ets increases. 
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ENR = 0.4 

blend-ENR observed 
prepared bulk P(3HB-co-

When 0.2 wt% of ENR is added, ENR exists in 
domly distributed in the blend system. When more ENR is added, the 
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Figure 4.41 Surface morphology of
temperature using POM 
 

wENR = 0.9 

wENR = 0.6 

wENR = 0.4 

wENR = 0 

Surface morphology of as-prepared P(3HB-co-3HHx)-blend
using POM (magnification 2.5×) 

  

wENR = 1 

wENR = 0.8 

wENR = 0.5 

ENR

PHBHHx ENR 

wENR = 0.2 

500 μm 

500 μm 

500 μm 

500 μm 
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blend-ENR at room 

ENR 

500 μm 

500 μm 

500 μm 

500 μm 
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4.2.8 Mechanical properties 
Storage modulus (E′) and loss modulus (E″) for P(3HB-co-3HHx) and its blends are 
presented in Figure 4.42. At sufficiently high frequency, which is above 300 Hz, 
P(3HB-co-3HHx) and ENR sample undergo a condition where both polymers and 
DMA instrument begin to resonate. This makes desired information (quantities E′ and 
E″) above 300 Hz ambiguous. Quantity E′ is around an order of magnitude larger than 
E″ in P(3HB-co-3HHx), and is almost plateau with slight increase as a function of 
frequency. As the content of ENR increases, the gap between E′ and E″ reduces, 
however E′ is still larger than E″. Quantity E′ of P(3HB-co-3HHx) (1.38 × 109 ω0.02 Pa) 
is in general three order of magnitudes larger than that of ENR (1.13 × 106 ω0.23 Pa). 
The term ω is the angular frequency and is defined as 2πf, where f is a frequency 
measured in Hertz. This indicates that the elastic energy storage is larger than the 
energy dissipation caused by the viscosity, in other terms it shows solid-like behavior. 
These observations are reasonable since ENR has very high elasticity thus less rigidity 
as compared to P(3HB-co-3HHx). Unlike the behavior of semi-crystalline in molten 
state, P(3HB-co-3HHx) and its blends do not undergo reduction of molecular weight 
caused by thermal degradation (Padermshoke et al., 2004; H. Sato et al., 2006). There is 
no irreversible breakage of polymer chains when frequency sweep is applied at 30 °C. 
When the content of ENR-50 increases in the blends, the gap between E′ and E″ 
reduces, and the quantity E′ increases as a function of frequency signifying elastic 
material and a flow-like behavior, respectively. 
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From the slope and intercept of double log E’ and E” vs f, frequency dependencies of E 
and E’ in the low-frequency range (0.01 – 1 Hz) is given as: 
 After E vs f After E’ vs f 
ENR-50 = 0 E (Pa) = 1.38·109 ω0.02 E’ (Pa) = 1.38·109 ω0.02 

ENR-50 = 10 E (Pa) = 4.27·108 ω0.04 E’ (Pa) = 4.25·108 ω0.04 
ENR-50 = 20 E (Pa) = 6.76·107 ω0.13 E’ (Pa) = 6.66·107 ω0.15 
ENR-50 = 30 E (Pa) = 7.33·107 ω0.13 E’ (Pa) = 7.04·107 ω0.14 
ENR-50 = 40 E (Pa) = 7.83·107 ω0.14 E’ (Pa) = 7.54·107 ω0.15 
ENR-50 = 50 E (Pa) = 2.75·107 ω0.15 E’ (Pa) = 2.70·107 ω0.16 
ENR-50 = 60 E (Pa) = 1.39·107 ω0.12 E’ (Pa) = 1.38·107 ω0.13 
ENR-50 = 70 E (Pa) = 5.27·106 ω0.15 E’ (Pa) = 5.20·106 ω0.16 
ENR-50 = 80 E (Pa) = 1.67·106 ω0.21 E’ (Pa) = 1.64·106 ω0.24 
ENR-50 = 90 E (Pa) = 1.54·106 ω0.23 E’ (Pa) = 1.52·106 ω0.25 
ENR-50 = 100 E (Pa) = 1.14·106 ω0.20 E’ (Pa) = 1.13·106 ω0.23 
 
Results show that E’ agrees almost with complex modulus (E) as a function of 
frequency. The relaxation exponent, n, is quite small and is in agreement to E’()   
n. Quantity n increases with increasing ENR-50 content while the exponent before  
decreases with increasing ENR-50. 
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Figure 4.42 Double log plot of (a) elastic and (b) loss moduli of P(3HB-co-3HHx)-
blend-ENR as a function of frequency. ■ - wENR=0; ○ - wENR=0.3; ● - wENR=0.5; ▲- 
wENR=0.7;  - wENR=1  
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4.3 Melt reaction between P(3HB-co-8mol% 3HHx) and ENR 
4.3.1 Glass transition temperature 
Figure 4.43(a) shows Tg curves of 50:50 by weight P(3HB-co-3HHx)-blend-ENR as a 
function of reaction time. The Tg value is characterized by the maximum peak of 
derivative heat flow as depicted in Figure 4.43(b). The reaction time is given by half-
time of isothermal melt reaction (t0.5,rb). This quantity is obtained from the half 
integration area of exothermic peak at isothermal reaction temperature (Trb) of 195 °C 
(example shown in Figure 4.40). In the beginning (0 × t0.5,rb), there are two Tgs at −17 
°C [∆Cp = 0.29 J (g °C)−1] and −1 °C [∆Cp = 0.23 J (g °C)−1], which characterizes the 
vitreous-rubbery transition of ENR and P(3HB-co-3HHx), respectively. The fact that 
two Tgs were observed means that P(3HB-co-3HHx)-blend-ENR is immiscible before 
melt reaction. These values become closer to each another and progressively become 
one at 1 × t0.5,rb [Tg = −9 °C; ∆Cp = 0.52 J (g °C)−1], implying a chemical interaction at 
the interface between P(3HB-co-3HHx) and ENR during melt reaction. For example, 
the Tg of ENR and P(3HB-co-3HHx) shifts to −14 °C and −4 °C respectively in 0.25 × 
t0.5,rb, followed by −12 °C and −7 °C respectively in 0.5 × t0.5,rb. There is also a small 
relaxation peak during the transition in P(3HB-co-3HHx). There is no change in the 
sum values of ∆Cp [0.52 J (g °C)−1] between P(3HB-co-3HHx)/ENR blend and melt 
reacted P(3HB-co-3HHx)/ENR. The Tg behavior of other compositions was not 
investigated. 
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Figure 4.43 (a) Glass transition temperature and (b) its derivative in 50:50 (by weight) 
P(3HB-co-8mol% 3HHx)-blend-ENR at different t0.5,rbs 
 
4.3.2 Melt reaction heat 
Figure 4.44 shows typical DSC traces of melt reaction between P(3HB-co-3HHx) and 
ENR. One observes exothermic reaction heat that depends on blend compositions. 
Exothermic peak for neat polymers, such as P(3HB-co-3HHx) and ENR, is not 
observed. The exothermic reaction heat is also dependant on temperature of reaction. 
 
 

(a) (b) 
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Figure 4.44 DSC traces when the samples were exposed to Trb = 197 °C until complete 
melt reaction 
 
Selected examples of reaction heat during melt reaction are presented in Figure 4.45. In 
this figure, the heat of reaction decreases with reaction temperature in blend containing 
50 wt% of ENR. The heat of reaction for blend containing wENR = 0.7 however 
increases to 193 °C and progressively level off. For blend containing wENR = 0.3, the 
heat of reaction decreases with increasing reaction temperature to 193 °C and 
progressively increases. 
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Figure 4.45 Specific heat of melt reaction as a function of reaction temperature for three 
blend compositions, wENR = 0.3, 0.5 and 0.7 

 
Figure 4.46 Specific heat of melt reaction versus blend composition at different Trb; ■, 
191 °C; ○, 195 °C (dashed curve are for visual aid) 
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4.3.3 Dynamics of reaction 
The dynamics of reaction can be characterized by reciprocal t0.5,rb of the reaction. Figure 
4.47 shows the plot of t0.5,rb−1 versus blend composition at Trb = 191, 194 and 197 °C. 
The rate decreases with increasing P(3HB-co-3HHx) content to a linear approximation 
at wENR = 0 to 0.5. This range obeys power law approximation, where: 
 
At Trb = 191 °C, (t0.5,rb)−1 = const (wENR)0.67 
At Trb = 194 °C, (t0.5,rb)−1 = const (wENR)0.67     (4.3) 
At Trb = 197 °C, (t0.5,rb)−1 = const (wENR)0.66 
 
The constants are 0.052, 0.057 and 0.078 min−1, respectively. According to Chan et al. 
(2004), under perfect condition i.e. formation of monodisperse spheres, the t0.5,rb 
follows: (t0.5,rb)−1 = const (wPHBV)−0.33. The quantity t0.5,rb must decrease with increasing 
size of the dispersed phase owing to increasing diffusion time of the species to the 
interfacial area region or the site or reaction. We note that our finding follows similar 
trend at certain blend compositions (wENR = 0.2 – 0.5). 
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Figure 4.47 Reciprocal half time of melt reaction (t0.5,rb−1) as a function of weight 
fraction of ENR for different Trb; ■, 191 °C; □, 194 °C; ●, 197 °C 
 
According to Chan et al. (2004) and Lee et al. (2005), the dynamics of reaction by a 
serial reaction scheme can be shown by a decay of P(3HB-co-3HHx) (X) under the 
influence of heat into some reactive product (Y), which is then consumed by the epoxy-
reaction to form the final product (Z): 

X → Y → Z        (4.4) 
The occurrence of final product Z is monitored by DSC traces shown in Figure 4.40. 
We symbolize the (normalized) concentration of X, Y, and Z by x, y, and z and 
approximate the three stages of Eq. (4.4) as follows: 
I) xknttx n 1d/d   with x = 1 at t = 0. 

Rate constant k and exponent n are parameters. 
II) ''d/d xykty   with y = 0 at t = 0. 
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Quantity k′ is the rate constant for generation of reactive product Y. The first 
term represents the consumption of Y by the epoxy-reaction (rate constant k′) 
where as the second term ( txx d/d' ) gives the production of Y by step I). 

III) ''d/d yktz   with z = 0 at t = 0. 
One easily sees that the solution of III) is x + y + z = 1. Hence, we arrive 
eventually at 

)d'1ln(')1ln(
0

'  t
kttk ntektkz       (4.5) 

The integral can be replace by the following average 

)exp()1(d' '
0

' ntk
t

kttk ktetek n    

 )exp(1)1()( ' ntk ktetz         (4.6) 
For determination of parameters n, k and k′, we introduce the approximation 
k′ = k1/n         (4.7) 
Eq. (4.7) turns out to be an acceptable approximation in the range of small and medium 
conversions (for z < 0.5). 
 
In the limit of small conversions or in the limit t→0, the second factor of Eq. (4.6) reads 

approximately )1/()exp(1  nktkt nn . It follows for Eq. (4.6) 
1

1
'  ntn

kkz  (t→0)        (4.8) 

Eqs. (4.7) and (4.8) allow determination of the parameters occurring in Eq. (4.6). Figure 
4.48 represents experimental results and theoretical curve after Eq. (4.8). It can be seen 
that Eq. (4.8) is in agreement with experimental results over a wide range of 
conversions. Marked deviations occur above z ≈ 0.5. 
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Figure 4.48 Normalized concentration z versus time for P(3HB-co-3HHx)/ENR 50/50 
blends at Trb = 191 °C. The dashed curve is calculated after Eq. (4.8) 
 
Selected results for parameters k′ and n are listed in Table 4.12. One recognizes that 
parameters k′ shows qualitatively the same composition dependence as 1

rb,5.0
t  in Figure 

4.47. The quantity k′ increases with increasing ENR content at same reaction 
temperature. 
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Table 4.12 Parameters k′ and n for selected temperatures and blend compositions: k′ (n) 
Trb (°C) wENR 

0.3 0.5 0.7 
190 0.0184 (0.13) 0.0362 (0.29) 0.0529 (0.83*) 
191 0.0222 (0.12) 0.0384 (0.26) 0.0410 (0.43) 
192 0.0234 (0.21) 0.0390 (0.24) 0.0459 (0.44) 
193 0.0246 (0.24) 0.0462 (0.35) 0.0474 (0.42) 
194 0.0266 (0.17) 0.0463 (0.29) 0.0498 (0.38) 
195 0.0268 (0.14) 0.0519 (0.31) 0.0552 (0.44) 
196 0.0285 (0.11) 0.0520 (0.29) 0.0609 (0.46) 

Parameter k′ is given in min−1. *not included in graph fitting in Figure 4.49. 
 
The temperature dependence of k′ follows Arrhenius equation to a good approximation. 
An example of three blend compositions is shown in Figure 4.49. The corresponding 
activation energies are 89 ± 2 kJ mol−1 (wENR = 0.3), 111 ± 2 kJ mol−1 (wENR = 0.5), and 
134 ± 2 kJ mol−1 (wENR = 0.7). Similarly to P(3HB-co-3HV) system reported by Chan 
and co-workers (2004), the activation energy of P(3HB-co-3HHx) is also not 
symmetrical (c.f. Figure 4.49) with respect to blend compositions. It was reported that 
the activation energies for P(3HB-co-3HV) melt reaction are 49 kJ mol−1 (wENR = 0.3), 
81 kJ mol−1 (wENR = 0.5), and 112 kJ mol−1 (wENR = 0.7). By comparison, the activation 
energies of P(3HB-co-3HHx) during melt reaction are approximately higher than that of 
P(3HB-co-3HV). Univ
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Figure 4.49 Temperature dependence of parameter k′ for P(3HB-co-3HHx)-blend-ENR 
of different compositions. wENR (○) 0.3, (Δ) 0.5, (▲) 0.7 
 
4.3.4 Heat-cool-heat 
Crystallization-melting behavior of P(3HB-co-3HHx) during the course of melt reaction 
was investigated. Figure 4.50 shows the DSC curves of 50:50 by weight P(3HB-co-
3HHx)-blend-ENR for different t0.5,rb at Trb = 195 °C. Before melt reaction, P(3HB-co-
3HHx) can crystallize and melt. The cold crystallization of P(3HB-co-3HHx) in the 
blend occurs at 83 °C (ΔHcc = 6 J g−1) and this crystalline phase melts at 137 °C (ΔHm = 
10 J g−1). There are two melting peaks corresponding to melt-recrystallization-melt 
phenomenon. After melt reaction, the cold crystallization and melting temperatures shift 
to lower values with the evolution of melt reaction and gradually diminishes. This 
shows that there is a structural change attributed to melt reaction and that the 
crystallization of P(3HB-co-3HHx) is inhibited after melt reaction. Quantity X* 
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Figure 4.50 Crystallization and melting temperatures in 50:50 (by weight) P(3HB
8mol% 3HHx)-blend-ENR at different 
 
 

decreases from 5% in 0 × t0.5,rb to 2% in 1 × t0.5,rb. Thus, it can be deduced that the blend 
of 50:50 is almost entirely amorphous after melt reaction. The crystallizability of 

3HHx) after melt reaction is shown later. Table 4.13 summariz
quantities of thermal event in P(3HB-co-3HHx) and ENR after melt reaction.
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Table 4.13 Physical quantities of thermal event in P(3HB-co-3HHx) and ENR during 
melt reaction at Trb = 195 °C 
Reaction 
time 
(min) 

Tg1 
(°C) 

Tg2 
(°C) 

ΔTg 
(°C) 

Tcc 
(°C) 

ΔHcc 
(J g−1) 

Tm1 
(°C) 

Tm2 
(°C) 

ΔHm 
(J g−1) 

X* 
(%)a 

0 −17 −1 44 83 6 119 137 10 5 
¼ −14 −4 42 78 5 111 131 8 4 
½ −12 −7 40 74 4 106 129 7 4 
1*  −9 41 78 0.4 104 121 2 2 
* t0.5,rb = 13.3 min based on half integration peak area in DSC during reaction 
acalculated after Eq. (2.2) 
 
4.3.5 Isothermal crystallization and spherulitic growth rate 
Isothermal crystallization of melt reacted product was attempted. After melt reaction at 
197 °C for 2 × t0.5,rb, the sample was cooled to preselected isothermal crystallization 
temperature ranging from 30 to 110 °C. However, there was no sight of exothermic 
peaks in DSC after 1 h for all studied temperatures. At this point, the growing 
spherulites could be too slow that it is practically not possible to study of isothermal 
crystallization kinetics after melt reaction. 
 
4.3.6 Thermal decomposition 
Figure 4.51 shows the weight loss profile during melt reaction of P(3HB-co-3HHx)-
blend-ENR at Trb=195 °C. There are two variations in terms of reaction time, t0.5,rb and 5 
× t0.5,rb. During melt reaction of P(3HB-co-3HHx)-blend-ENR, one observes mass loss. 
At one half-time of melt reaction, there is a slight variation of weight loss as a function 
of ENR mass fraction. Even so, these changes are negligible (≤ 2%). It should be noted 
that there is a mass loss of less than 1% in neat P(3HB-co-3HHx) and ENR during 
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isothermal temperature at 195 °C (data not shown), which is within the instrumental 
error (2%). By comparing the weight loss profile of P(3HB-co-3HHx)-blend-ENR to 
that of neat P(3HB-co-3HHx) and ENR, it is certain that there is a formation of 
secondary volatile product(s) aside from the main reaction between carboxyl end group 
of P(3HB-co-3HHx) and epoxide group of ENR (Figure 4.52). According to reaction 
mechanism proposed by Lee et al (2005) and Chan et al (2004), water as secondary 
product is most likely to form during melt reaction. However at this point, there is no 
experimental evidence on the analysis of volatile product(s) formed during melt 
reaction. We then investigated the mass loss of P(3HB-co-3HHx)-blend-ENR at 
prolong reaction time such as 5 × t0.5,rb. At a glance, the mass loss that takes place 
during melt reaction increases from ~8% in wENR=0.1 to ~16% in wENR=0.3, and 
gradually decreases to ~4% in wENR=0.9. Here, there are two behaviors of 
decomposition. The former is attributed to P(3HB-co-3HHx)-rich phase (wENR=0.1-0.3) 
having wider distribution of mass losses, and the latter is attributed to ENR-rich phase 
(wENR=0.7-0.9) having lower distribution of mass losses (c.f dashed lines in Figure 
4.51). The kinetic of weight loss in blend containing 10% P(3HB-co-3HHx) as a 
dispersed phase is different to that when 10% ENR is present as the dispersed phase. 
Although one may argue that the mass loss of blend containing wENR=0.4 is lower than 
that of blend containing wENR=0.3 and 0.5, the origin of lower mass loss in this 
particular blend is unknown as yet. It could be due to a wide data distributions in 
P(3HB-co-3HHx)-rich phase or could be due to morphological differences. At 
wENR=0.4, a co-continuous percolation network is formed. 
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Figure 4.51 (a) Weight loss as a function of time during the melt reaction of P(3HB-co-
8mol% 3HHx)-blend-ENR containing 10 wt% of ENR at Trb = 195 °C. (b) Changes of 
mass as a function of ENR weight fraction for different reaction times at Trb = 195 °C. 
Each marker in (b) represents one experimental run (dashed lines are drawn for visual 
aid). 
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Figure 4.52 Melt reaction between P(3HB-co-3HHx) and ENR (x = 92 mol%, y = 8 
mol%, a = 50 mol%, b = 50 mol%) 
 
Further investigation of the thermal stability of melt reacted P(3HB-co-3HHx)-blend-
ENR was carried by means of conventional heating run in TGA at 10 K min−1. Figure 

(b) 

5 t0.5,rb 
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4.53(a) shows the TGA profile of P(3HB-co-3HHx)-blend-ENR after melt reaction. The 
decomposition of P(3HB-co-3HHx)-graft-ENR exhibits two-step decompositions 
corresponding to P(3HB-co-3HHx) at lower temperature and ENR at higher 
temperature. Although similar data extraction of Tg (based on maximum derivative 
peak) was intended to extract the decomposition temperature values, it is difficult to 
obtain reliable values due to complicated nature of melt reaction. The effect of 
complicated nature of melt reaction followed by possible ‘aging’ of ENR [c.f. small 
figure in Figure 4.53(a)] can be observed at the final mass at 500 °C. There is a 
remaining of 10% mass or less in almost all blend compositions after melt reaction. 
Thus, a kinetic approach is an ideal way to probe the influence of melt reaction to 
thermal decomposition of P(3HB-co-3HHx)-graft-ENR. By considering the fact that it 
is a complicated system, we use the simplest method to study the kinetic of 
decomposition. The activation energy during decomposition is calculated using Eq. 
(2.15). Figure 4.53(b) shows the plot of ln|deriv. weight loss| against 1/T for P(3HB-co-
3HHx)-blend-ENR after melt reaction. In the beginning and at the end of decomposition 
shown in Figure 4.53(b), there are large data dispersions. It is tricky to make an exact 
evaluation of the activation energy, thus was not used for calculation. The domain of 
analysis for the activation energy of some blend compositions is shown in Appendix I 
by the red portion. These figures are inter-connected to the linear dashed line in Figure 
4.53(b). On the basis of validation, the corresponding decomposition before and after 
was constructed in a way that the activation energy falls in the same domain of analysis. 
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Figure 4.53 (a) TGA and (b) its derivative profile of P(3HB-co-8mol% 3HHx)-blend-
ENR after melt reaction (dashed lines are for visual aid) 
 
The activation energy of P(3HB-co-3HHx)-graft-ENR is shown in Figure 4.54. The 
present values (after melt reaction) were used as a comparison to the activation energy 
before melt reaction. On analyzing this curve, it can be appreciated that the activation 
energy for P(3HB-co-3HHx) before melt reaction is almost constant at 17 kJ with slight 
shift to lower activation energy at 19 kJ in between wENR = 0.4-0.6 [c.f. Figure 4.54(a)]. 
The activation energy of ENR in the blend is also constant in the beginning (wENR = 0.8-
1) at ~19 kJ. With increasing 3HHx content in the blend, the activation energy of ENR 
decreases by approximately 5 kJ [c.f. Figure 4.54(b)]. The lowest activation energy of 
ENR (15 kJ) occurs at wENR=0.1. In both cases even though P(3HB-co-3HHx) and ENR 
are immiscible, there is a diffusion of ENR in P(3HB-co-3HHx) domain and vice versa. 
As the result, there is less stabilization effect and the activation energy decreases. The 
same trend of activation energy is also observed in P(3HB-co-3HHx)-blend-ENR after 
melt reaction. However, these activation energies are far lower (50-80% depending on 
the blend compositions) than that before melt reaction. 
 

(a) (b) 
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Figure 4.54 Activation energy of P(3HB-co-8mol% 3HHx)-graft-ENR [(a) P(3HB-co-
3HHx) and (b) ENR] (straight and dashed lines are for visual aid) 
 
4.3.7 FTIR investigation 
Changes in the molecular structure of P(3HB-co-3HHx)-blend-ENR was investigated 
during reactive blends. Figure 4.55 shows the FTIR spectra of P(3HB-co-3HHx)-blend-
ENR after different t0.5,rbs. A summary of all absorption bands is summarized in 
Appendix J. In general, all absorption bands of P(3HB-co-3HHx) and ENR are similar 
to that reported in the known literature (Hallensleben, Schmidt, & Schuster, 1995; 
Padermshoke et al., 2004; H. Sato et al., 2006; Van Zyl, Graef, Sanderson, 
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Klumperman, & Pasch, 2003). During melt reaction, all crystalline sensitive bands of 
P(3HB-co-3HHx) decreases with increasing reaction time. The most prominent changes 
can be clearly seen at wave number 1722 cm−1 which corresponds to the stretching 
vibration of unsaturated carbonyl group. This wave numbers which is crystalline 
sensitive band decreases from t0.5,rb to 5 × t0.5,rb, leaving more visibility for its shoulder 
peak. The absorption band at 1734 cm−1 corresponds to the absorption band of 
amorphous phase in P(3HB-co-3HHx). All other crystalline sensitive bands [1275 and 
1227 cm−1 (sp3 stretching vibration of acyl C-O), 978 and 923 cm−1 (sp2 CH bend of 
monosubstituted alkene)] are also significantly influenced during the melt reaction. 
Conversely, it can be observed that the sp3 stretching vibration of acyl C-O that is not 
crystalline sensitive at wavenumber 1182 cm−1 do not change during the course of melt 
reaction. The IR analysis agrees well to the result of DSC aforementioned, that the 
product of melt reaction is almost entirely amorphous. Meanwhile, the main absorption 
band that characterizes the melt reaction is located at 876 cm−1, which corresponds to 
the oxirane group of ENR. This absorption band diminishes after 5 × t0.5,rb. This 
behavior strongly suggests that the melt reaction takes place by ring opening at the 
tricyclic group with high constrain energy, and not at the unsaturated bond of NR at 835 
cm−1. It is however interesting to note that the sp2 CH bends of germinal disubstituted 
alkene (possibly of 3HB monomeric unit) and trisubstituted alkene (possibly of 3HHx 
monomeric unit) decrease during melt reaction and finally disappear. It is proposed that 
there could be a reaction between the end group of sp2 carbon of P(3HB-co-3HHx) as 
the chain-scission product and ENR. According to a mechanism proposed by Lee et al 
(2005), there is only one reaction between the carbonyl end group of short chain poly(3-
hydroxybutyrate) with the oxirane group of ENR. However at this point, there is no 
experimental evidence to support this proposal. Further experiment is required for a 
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complete understanding of the molecular structure of P(3HB-co-3HHx) and ENR 
during melt reaction. 
 

 
Figure 4.55 FTIR spectra of P(3HB-co-8mol% 3HHx)-blend-ENR at different t0.5,rb 
(top: unnormalized spectra; bottom: normalized spectra) 
 
Figure 4.56 describes quantitatively changes in the intensity of absorption bands from 
600 to 1500 cm−1. This value was obtained after normalization against baseline and 
reference (unchanging) absorption band at 1180 cm−1 (indicated by star in Figure 4.55). 
Normalization was performed by selecting the lowest points of the each absorption 
spectra. The band at 1180 cm−1 is the adsorption band of C-O-C (amorphous) in P(3HB-
co-3HHx) (c.f. Table 4.3 for FTIR peaks assignment). From DSC study after melt 
reaction (Table 4.12), it was shown that the crystallizability of P(3HB-co-3HHx) in the 
blend after melt reaction is inhibited. Thus, it is reasonable that the wavenumbers at 
1180 cm−1 do not change during the course of melt reaction. Since the spectrum 
between ½ t0.5,rb and t0.5,rb are equivalent, we compare only t0.5,rb and 5 t0.5,rb. In general, 
all intensities related to absorption bands of crystalline phase decrease (indicated by 
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arrow in Figure 4.55). This confirms quantitatively the aforementioned analysis. Major 
changes in intensities (ΔI ≥ 0.5 was set to be significantly difference from one to 
another) are found at wavenumbers 978, 1055, 1130, 1263, and 1275 cm−1. 
 

 
Figure 4.56 Normalized intensity peak of P(3HB-co-3HHx)-blend-ENR as a function of 
t0.5,rb 
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CHAPTER V – CONCLUSIONS & RECOMMENDATIONS 
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Investigation on the thermal properties (isothermal crystallization and melt 
reaction), morphology and mechanical properties of P(3HB-co-3HHx) and its blend 
with ENR is reported in this study. Some of our research highlights are: 

 From isothermal heat treatment, the molar mass of P(3HB-co-3HHx) 
reduces to a great extent (exponential decrease) with increasing temperature 
(temperature above its melting point). This is particularly useful for reaction 
with ENR. 

 The constant rate of isothermal crystallization is slower in P(3HB-co-3HHx) 
containing higher 3HHx content. There are multiple melting peaks after 
isothermal crystallization of P(3HB-co-3HHx), which are due to the melting 
of primary crystallites formed during isothermal crystallization, followed by 
recrystallization and re-melting of the crystallites formed. This is confirmed 
by DSC (Avrami and Arrhenius-like relationship) and POM (spherulitic 
growth rate) analyses. 

 Based on Tg and Tm0 analyses, the blends of P(3HB-co-3HHx) and ENR are 
immiscible. 

 With ENR present in the blends, the constant rate of isothermal 
crystallization increases. This means that ENR could act as a nucleating 
agent that promotes the crystallization of P(3HB-co-3HHx) during 
isothermal crystallization. 

 For the study of melt reaction between P(3HB-co-3HHx) and ENR, the 
enthalpy of melt reaction exhibits a bell shape curve as a function of ENR 
mass fraction. The kinetics of melt reaction is similar to that of reported by 
other systems such as P(3HB)/ENR and P(3HB-co-3HV)/ENR. 

 There is a formation of volatile compound(s) during melt reaction between 
P(3HB-co-3HHx) and ENR. 
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 Single Tg is detected after melt reaction, and the crystallization of P(3HB-co-
3HHx) is inhibited. 

 
Future research can be made possible on the study of viscoelastic properties before and 
after melt reaction. The morphology at the interface between P(3HB-co-3HHx) and 
ENR during melt reaction shall provide an interesting piece of information that aids our 
findings.  
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