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Abstract 

This thesis is focused on developing cost effective and environmentally friendly techniques to 

improve the properties and processability of biopolyesters through compounding and reactive 

modification. Specifically, elastomeric medium-chain-length poly(3-hydroxyalkanoates) (MCL 

PHA) have been evaluated as potential impact modifiers for poly(lactic acid)  (PLA) and poly-3-

hydroxybutyrate (PHB), using conventional melt compounding. The Mark-Houwink constants, 

absolute molecular weight distributions and the absolute molecular weight (MW) averages of 

MCL PHAs with predominantly 3-hydroxyoctanoate (PHO), 3-hydroxynonanoate (PHN) or 3-

hydroxydodecanoate (PHDD) content were determined and ranged between 18,200 for PHN to 

172,000 Da for PHO. Detailed thermal and rheological characterization revealed that PHO had 

the highest viscosity, and was thus the best candidate as impact modifier for PHB and PLA. Melt 

compounded PHB/PHO and PLA/PHO blends showed improved tensile strain at break and 

unnotched impact strength upon addition of up to 30 wt.% PHO in PHB and 15 wt.% PHO in 

PLA. This was counteracted by decreased Young’s modulus due to lower blend crystallinity.  The 

droplet-matrix morphology coarsened as PHO content increased beyond 5 wt.%, due to PHO 

coalescence attributed to viscosity mismatch between blend components. PHO was reacted 

using lauroyl peroxide to increase its viscosity through partial cross-linking, thus improving the 

morphology but the mechanical properties showed only moderate improvements, presumably 

due to high PHO gel content which compromised its elastomeric nature. Reactive compounding 

by radical mediated solvent-free grafting of triallyl trimesate (TAM) coagent was employed to 

improve blend properties. Reactively modified PLA had higher molar mass, melt viscosity and 

enhanced strain hardening.  Additionally it showed a distinct crystallization peak upon cooling 
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with disappearance of the cold crystallization peak, indicative of a nucleation effect. PLA 

modified using a multi-functional epoxide oligomeric chain extender yielded similar 

improvements in rheological properties, but no considerable change in crystallization. This 

coagent modification approach also increased the viscosity of PHO, and improved both 

extrudate appearance and handling. Coagent modified PLA/PHO blends demonstrated 

significant improvement in crystallization and rheological properties, similar to those seen in 

the coagent modified PLA alone, while the mechanical properties remained unaffected.   
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Chapter 1 Introduction 
 

The rapid progress in polymer science and technology in the latter half of the twentieth century 

has led to the use of synthetic polymers in almost every field, including household items, 

industrial applications, electrical appliances, electronic devices, automotive, construction, and 

the medical field. Polymer based compounds are found in every aspect of everyday life. The fast 

growth of the polymer industry is attributed to the unique properties of polymers including 

light-weight, corrosion resistance, design flexibility, and ease of manufacturing. Durability is one 

of the advantages of polymers, but it is also their shortcoming. Petroleum based polymers are 

generally not biodegradable. Their life span is longer than several hundred years. After the end 

of their use, the polymers end up either in landfills or littering the environment. Landfilling is 

becoming increasingly prohibitive, due to increasing costs, scarcity of land and other health and 

environmental considerations, such as ground water contamination.  

Furthermore, conventional plastics are made from petroleum products or natural gases, which 

are non-renewable resources. Serious concerns about greenhouse gas emissions [1] and high oil 

prices, which accompany the use of conventional polymers, are key driving forces to reduce 

their usage. Therefore there is a need for new materials from renewable resources to replace 

conventional polymers [2,3]. The quest for alternative materials has put biopolymers at the 

forefront [4]. Biopolymers are promising candidates to replace conventional polymers, because 

of their biodegradable nature and they can be made from renewable resources as raw material. 

They can be categorized as a) bioresourced, b) biodegradable and c) bioresourced and 

biodegradable.    
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Polylactic acid (PLA) is one of the major bioplastics available on a large commercial scale. It is an 

aliphatic polyester made from α hydroxy acids. It is biodegradable and biocompatible and it is 

used in many biomedical applications, such as sutures, stents, dialysis media, and drug delivery 

devices. PLA is also used in commodity applications ranging from clothing, packaging, bottles, 

and office stationary to food containers [5].   

Polyhydroxyalkanoate (PHA) is another polymer that has drawn considerable attention. It is 

produced by bacteria in a fermentation process, and is a water stable, biodegradable, 

biocompatible polymer. Past efforts to commercialize PHA have not been very successful, 

because they lack the engineering properties and processability needed to compete with 

conventional polymeric materials [6]. 

1.1 Thesis objectives 

Upgrading the properties of biopolymers is an active area of research in academia and industry, 

with scientists and technologists striving to match performance of biopolymers with petroleum 

based polymers to find new applications. The objective of this thesis is to develop commercially 

viable biopolymer formulations containing PHA and PLA. To achieve this goal, medium-chain-

length (MCL) PHA has been identified as a potential impact modifier. Following the detailed 

characterization and selection of suitable MCL PHA grades, challenges like the viscosity 

mismatch between the polymers and slow crystallization rates will be addressed with the 

ultimate goal of developing polymeric material with acceptable engineering properties and 

good processability in commercial polymer processing operations.  

The approach followed in this thesis is outlined below.  
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1.1.1 Characterization of MCL PHA 

Even though the synthesis of MCL PHAs has been reviewed extensively, their physical 

properties have not been yet fully characterized. Full characterization of the MCL PHAs used in 

this study is necessary to further understand their physical properties and processability and to 

choose suitable MCL PHA grades for formulations of biopolymers containing these materials. 

The first objective of this work is to fully characterize the molecular weight, melt and solid state 

properties of various MCL PHA grades, with different chain structures. This will aid with the 

choice of materials that will be used in subsequent steps. 

1.1.2 Blends of MCL PHA with brittle biopolymers 

Biopolymers such as PLA and poly-3-hydroxybutyrate (PHB) are brittle materials and thus 

cannot be used in certain applications like packaging, where flexibility of the material is 

essential. The second objective is to assess the ability of MCL PHA to impart flexibility into PHB 

and PLA. A suitable MCL PHA candidate will be chosen based on properties like melt viscosity, 

melting temperature, thermal stability and molecular weight, as described in the first objective. 

Various amounts of MCL PHA will be blended with PHB and PLA and the morphology and 

mechanical properties of the blends will be evaluated. 

1.1.3 Enhancement of melt viscosity of MCL PHA for blending with PHB and PLA 

It is expected that the inherently low melt viscosity of MLC PHAs will pose a problem when 

trying to blend them with other polymers. The significant difference in the melt viscosity of the 

blend components tends to give phase separation, and coarse morphology, resulting in poor 

mechanical properties. Therefore, the third objective will be to increase the melt viscosity of 

MCL PHAs, using chain extension and cross-linking techniques.  
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1.1.4 Improved melt strength and crystallization of PLA and its blends with MCL 

PHA by reactive modification 

One of the main drawbacks that have hindered widespread implementation of biopolyesters, 

including PLA and PHAs, is their low crystallization rates, resulting in poor mechanical 

properties and processability. This makes them practically impossible to melt process in a cost-

effective way using conventional techniques like injection molding, compression molding and 

extrusion. Poor melt strength restricts PLA’s processability in operations involving high stretch 

rates, such as film blowing, thermoforming, and foaming. The last objective of this thesis is to 

improve crystallinity and melt strength of biopolymers through reactive processing without 

using any nucleating agents.  

 

1.2 Thesis organization 

This thesis contains seven chapters. Chapter 1 gives an introduction of biopolymers specifically 

PHAs and PLA, their attributes and limitations.  The chapter also defines the scope of the 

proposed research. Chapter 2 summarizes the literature describing the various approaches that 

have been followed to address the limitations of PLA and PHAs. Relevant work is examined 

critically. Chapter 3 discusses the characterization of a series of MCL PHAs including true 

molecular weight, melt viscosity, thermal stability, glass transition temperature (Tg), melting 

temperature and crystallinity. Chapter 4 describes impact modification of brittle PHB, using a 

MCL PHA (i.e. polyhydroxyoctanoate (PHO)).  Chapter 5 describes the preparation of branched 

PLA with improved strain hardening and crystallinity by reactive modification in the melt state, 

using a peroxide and a multi-functional coagent. The performance of coagent-modified PLA is 
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compared with PLA modified with a multi-functional epoxide styrene-acrylic oligomeric chain 

extender, containing glycidyl methacrylate (GMA) functions. Chapter 6 describes impact 

modification of PLA, and further utilizes the reactive modification approach described in 

chapter 5, to prepare reactively modified PHO and PLA/PHO blends to achieve a good balance 

of mechanical and melt-state properties. Chapter 7 summarizes the overall outcomes and 

achievements of the thesis with recommendations for future work.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Chapter 2 Literature Review 
 

2.1 Polyhydroxyalkanoates 

Polyhydroxyalkanoates (PHAs) are linear polyesters that were first discovered in late 1920s, by 

Lemoigne who produced them using the Bacillus megaterium bacteria [7]. The chemical 

structure of PHA is shown in scheme 2.1 [8]. 

 

 

Scheme 2.1 Chemical structure of polyhydroxyalkanoate [8] 

 

PHA can be divided into three categories based on number of carbons in side chain (the R group 

in Scheme 2.1): 1) Short-chain-length (SCL) PHA, 2) medium-chain-length (MCL) PHA and 3) 

hybrid (mix of SCL PHA and MCL PHA). SCL PHA contains 0-2 carbons whereas MCL PHA 

contains 3- 11 carbons in their backbone [9]. They can be found as homopolymers or co-

polymers. PHAs can have thermoplastic or elastomeric properties, depending upon their 

composition. SCL PHAs behave like typical brittle thermoplastics, while MCL PHAs are 

elastomeric. Melting points of PHAs lie between 40oC - 180oC. PHAs can be processed by 

conventional polymer processing techniques.  

Poly-3-hydroxybutyrate (PHB), a SCL PHA, is the most widely studied PHA. It is a brittle polymer 

and cannot be used without impact modification. The high crystallinity and low crystallization 

rate of PHB leads to embrittlement and an ageing effect of the polymer [10]. PHB is not 
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thermally stable [11], resulting in narrow processing windows [12]. The brittleness of PHB can 

be counteracted by adding impact modifiers or by using copolymers of the same polymer 

family, for example poly (3-hydroxybutyrate-co-3-hydroxyvalerate), P (3HB-co-3HV), which is 

more ductile and flexible than PHB. Increase in the 3-hydroxyvalerate (3HV) content improves 

flexibility with a decrease in melting temperature, tensile strength, modulus of elasticity and 

crystallinity. P (3HB-co-3HV) was commercialized in the 1980s by Imperial Chemical Industries 

Inc. (ICI) in the UK under the trade name Biopol®. 

Medium-chain-length (MCL) PHA 

SCL PHAs can be produced using a wide variety of bacteria under nutrient deprivation as an 

intracellular energy reserve [13]. On the other hand, very few microorganisms can be used to 

produce MCL PHA [14]. Accumulation of MCL PHA is restricted to Pseudomonas rRNA homology 

group I, like Pseudomonas aeruginosa, P. chlororaphis, P. putida, P. syringae and some P. 

fluorescens [14,15]. P. putida strains (formerly P. oleovorans GPo1) are used widely to produce 

MCL PHA. They have the ability to use alkanes, such as octane for synthesis of MCL PHA due to 

their octane (OCT) plasmid [13]. Alkanoates such as octanoate are a common carbon source to 

make MCL PHAs [16].  

The properties of MCL PHAs depend on the polymer composition. The melting point of 

polyhydroxyoctanoate (PHO), a MCL PHA, is 61 °C with crystallinity of 30 % [17]. The glass 

transition temperature (Tg) is -35 °C. It is elastomeric in nature, having an extension at break 

value between 300-450 % and tensile strength between 6 and 10 MPa. The density of PHO is 1 

g.cm-3 [17]. Based on its properties listed above, MCL PHA is a potential bio-sourced, 

biodegradable impact modifier for brittle biopolymers.  
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Additives and chemical modification techniques that are commonly used to enhance the 

performance of PHAs and broaden its processing window are outlined below. 

2.1.1 Impact modification of PHB 

Blending brittle polymers with a ductile polymer, which forms a secondary phase, is the easiest 

way to impart flexibility in polymers. Polymer blends can either be miscible or immiscible. 

Immiscible blends that are compatible yield properties better than the parent polymers 

(synergistic effect) [18]. In the case of incompatible blends, compatibilizers can be used to 

enhance the blend properties.  Some of the PHA-based blends that have been investigated are 

summarized below.  

Parulekar et al. [19] used natural rubber to improve the ductility of PHB. They found that PHB-

natural rubber blends were not compatible and there was a substantial viscosity mismatch 

between the two polymers. They used maleated polybutadiene with high graft content and low 

molecular weight to compatibilize the system. They concluded that epoxidized (25% 

epoxidation) natural rubber yielded better ductility compared to the non-functionalized natural 

rubber. A maleated polybutadiene- PHB – natural rubber (10:60:30) system showed 440% 

improvement in impact strength of PHB.  

Block copolymers of polycaprolactone (PCL) and PHB have been used to compatibilize 

immiscible PCL/PHB blends. Optimization of the composition of the main blend components 

and compatibilizers is crucial to get substantial improvements in properties. 25 wt.% PCL and 5 

wt.% of PCL-PHB block copolymers had only an elongation of 29 %, which increased 

dramatically to 855 % when there was 45 wt.% of PCL and 10 wt.% of PCL-PHB block copolymer 

[21]. Furthermore a 50:50 blend of PHB with a block copolymer of atactic poly ((R, S) -3- 
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hydroxybutyrate) and poly (ethylene glycol) resulted in increased elongation at break from 5 % 

to 90% with decrease in modulus and tensile strength [22]. An immiscible blend of PHB and 

acrylonitrile-g-(ethylene-co-propylene-co-diene)-g-styrene has also been studied and is 

composed of four phases of poly (ethylene-co-propylene-co-diene), poly (styrene-co-

acrylonitrile), amorphous PHB and crystalline PHB. The blend exhibits 190% improvement in 

impact resistance of pristine PHB [23]. 

2.1.2 Plasticization 

The ductility of PHB can be improved by adding low molecular weight plasticizers. Generally 

plasticizers decrease the intermolecular forces between polymer chains, thus increasing chain 

mobility.  Plasticizers for PHB include 1) high boiling esters of polybasic acids such as phthalates, 

isophthalates, citrates, fumarates, glutamate, phosphates or phosphites 2) high boiling esters 

and part esters of polyhydric alcohols mainly glycols, polyglycols and glycerol 3) aromatic 

sulphonamides [24] and 4) a few high molecular weight polymers.   

Ceccorulli et al. studied the effect of plasticization on the Tg of PHB [25]. They used a 

biodegradable plasticizer, di n-butyl phthalate (DBP) to improve the ductility of the PHB. 30 

wt.% of DBP was sufficient to lower the Tg of PHB from 6 °C to -40 °C. The data is in agreement 

with Riande et al. [26] giving evidence of the existence of two concomitant phenomena, Tg 

depression of the polymer due to the plasticizing effect with up to 40 wt.% of plasticizer, and a 

small increase of the Tg of the plasticizer, due to hindrance in its mobility due to the dissolved 

polymer molecule, above 40 wt.% of the plasticizer. Plasticization did not affect the ability of 

PHB to crystallize. Increase in the plasticizer content decreases the crystallization temperature 
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as a result of reduced Tg that provides enough mobility to macromolecules for rearrangement 

and crystallization.  

Other plasticizers include glycerol triacetate (GTA), glycerol tributyrate (GTB), and glycerol 

monostearate (GMS) [27]. Some high molecular weight polymers can also act as plasticizers. For 

example, addition of PEO, which has a Tg of -59 oC lowers the Tg and crystallization temperature 

of PHB [20]. 

2.1.3 Nucleation 

One of the main drawbacks that have hindered widespread implementation of biopolyesters, 

including PHAs, is their low crystallization rates, which result in poor and inconsistent 

mechanical properties and processability. The time that these materials take to crystallize from 

the melt can be a few hours, which is too long compared to most conventional polymers. This 

makes them practically impossible to melt process in a cost-effective way using conventional 

processing techniques. Improvements in the crystallization behavior are necessary to obtain 

biopolymer-based formulations with good processability in polymer processing operations, 

such as extrusion, injection molding, and film processing.  

Nucleating agents are commonly used to overcome slow crystallization rates and to increase 

the overall crystallinity, while maintaining small crystal sizes to achieve improved mechanical 

properties. Some of the common nucleating agents used in industry include talc, mica, calcium 

carbonate, chalk, and boron nitride. Environmentally friendly nucleating agents include 

saccharin, and phthalimide but they are not as effective as the conventional nucleating agents, 

such as boron nitride. They are both soluble in the melt and crystallize when solubility exceeds 

the relevant threshold [28]. 
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High molecular weight polymers like poly vinyl alcohol (PVA) can also be used to nucleate PHB. 

PVA is a biodegradable, biocompatible and water soluble polymer with high crystallinity. A lot 

of research has been done on blends of PHB and PVA, which form a miscible blend with lower 

crystallinity. Alata et al. [29] showed that PVA particles can act as nucleating agents for PHB, 

and enhance the rate of crystallization of PHB. PVA has a melting point of ~ 225 °C, so blends 

processed at 190 °C ensure melting of PHB while PVA particles are still in the solid state. The 

nucleating performance of PVA is equivalent to that of talc and provides a complete bio and 

environment friendly material. Nano clays have also been used as nucleating agents for PHB. 

Addition of montmorillonite (MMT) clay increased the crystallization temperature by 29 °C [30].  

In search of bio-sourced alternatives, which are considered more sustainable, cellulose, which is 

a naturally available crystalline material derived from wood (wood contains 40-50% cellulose 

[31]), has been suggested as a potential candidate. Cellulose has been proven to act as a 

nucleating agent for polymers like polypropylene. It reduces the size of the spherulites, while 

increasing the overall crystallinity and inducing trans-crystallinity [32,33]. Most of the work 

reported in this area has been done on microcrystalline cellulose. With recent advances in 

nanotechnology, it has been shown that high-aspect ratio nano-sized fillers are advantageous 

compared to their micron sized counterparts. Desired property improvements can be obtained 

at a fraction of the loading, while loss of ductility is minimized. Nano-crystalline cellulose (NCC) 

is a completely bioderived and biodegradable material, derived from cellulose through acid 

hydrolysis. NCC has been the subject of many recent research initiatives, including partnerships 

with the Canadian government [34]. In addition to being a promising candidate as a nucleating 

agent for PHAs, it can also offer substantial reinforcement given its high strength [35].  
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2.1.4 Chain extension 

Chain extension is used widely to increase the molecular weight of polyesters. Diisocyanate 

forms urethane and amide linkages through a reaction with hydroxyl and carboxyl functional 

group, resulting in significant increase in molecular weight. Hexamethylene diisocyanate (HDI) 

has been used as a chain extender for PHO [4]. Scheme 2.2 illustrates the reaction of hydroxyl 

and carboxyl functional groups of polyester with isocyanate forming urethane, amide and 

allophanate linkages. This reaction increased the weight average molecular weight of PHO by 

275 % and its number average molecular weight by 314 % [4].  

 

Scheme 2.2 Reaction of isocyanate with hydroxyl and carboxyl functional groups, adapted from 

Lee et al. 2009 [4] 

 

2.2 Polylactic acid (PLA) 

Poly (lactic acid) (PLA) (scheme 2.3) is an aliphatic polyester derived from renewable resources. 
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Scheme 2.3 Chemical structure of polylactic acid [36] 

 

The properties of PLA depend significantly upon its molecular weight and the stereochemical 

makeup of the backbone, which is controlled by polymerization with D-lactide, L-lactide, or D,L-

lactide, to form random or block stereocopolymers [37]. Some of the general properties of PLA 

are summarized in Table 2.1 

 

Table 2.1 Properties of PLA [37] 

 PLA 

Density (Kg/m3) 1.26 

Tensile strength (MPa) 59 

Elastic modulus (GPa) 3.8 

Elongation at break (%) 4-7 

Notched izod (J/m) 26 

Heat deflection temperature (°C) 55 

 

 Some of the limitations of PLA are quite similar to PHB, for example brittleness and low 

crystallization rate. PLA has a very narrow processing window, because of the lack of melt 

strength and its slow crystallization rates. Its poor engineering properties, including impact 

strength and heat resistance have mainly confined its applications to food packaging [38], as 
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well as biomedical applications, such as drug delivery, where biocompatibility and 

biodegradability are desired. Extensive research has been done on PLA to address these 

problems. Various approaches to address the challenges of PLA are discussed below.  

2.2.1 Impact modification 

Blending with ductile polymers or elastomers is commonly used to counteract the brittleness of 

PLA. Thermoplastic polyester elastomer (TPEE) has been used as an impact modifier for PLA. 

Forming an immiscible blend with two phase morphology 4, 4-Methylenebis(phenylisocyanate) 

acts as a compatibilizer increasing the interfacial adhesion between PLA and TPEE to give 340 % 

increase in elongation at break while also maintaining modulus and tensile strength [39].  

MCL PHA has been tested as an impact modifier for PLA. Immiscible blends of MCL PHA and 

PLA, produced by solution mixing, exhibited substantial improvement in impact strength and 

decreased tensile strength compared to the neat PLA [9]. Epoxy functionalized MCL PHA gave 

further improvement in mechanical properties. The epoxy groups react with the hydroxyl group 

of PLA, thus increasing the interfacial interaction and improving the blend morphology. Chain 

extension reduced the viscosity mismatch between PLA and PHO, so that eventually the melt 

viscosity of PHO and PLA blends was higher than that of blends without chain extension [4].  

2.2.2 Plasticization  

Polyethylene glycol (PEG) is often used to plasticize PLA. The system has improved elongation at 

break with limited impact strength. The PEG based polyester, poly (polyethylene glycol-co-citric 

acid) (PEGCA) forms a partially miscible blend with PLA. Addition of PEGCA diminishes the Tg of 

PLA. At 15 wt.% it gives 242 % elongation at break with impact strength as high as 103 J/m [40]. 
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Adipates like (bis (2-ethylhexyl) adipate and glyceryl triacetate) and polymeric adipates exhibit 

excellent plasticization of PLA composites. They decrease Tg of PLA by 20 °C. 10 wt. % of 

plasticizer gives four times higher impact properties for PLA composite containing 40 wt. % of 

stable β -anhydrite. Adipates also help improve the dispersion of fillers and results in better 

tensile strength of composites [41]. 

2.2.3 Nucleation 

Nucleating agents are used to address the slow crystallization rate of PLA. They increase 

nucleating density and thus increase crystallization rate. Talc exhibits effective nucleation in 

PLA, whereas other nucleating agents like calcium lactate and sodium stearate had little or no 

nucleating effect on PLA [42]. Talc contents of 1 wt.% significantly accelerate the crystallization 

process of the PLA matrix. The maximum crystallization rate was observed at an annealing 

temperature of 100 °C [43]. NCC has also been assessed in PLA. It has been shown that silylated 

cellulose nanocrystals (SNCC) exhibits enhanced nucleating efficiency. Addition of 1 wt.% SNCC 

resulted in substantial increase in crystallization rate. Increased crystallinity resulted in 

improvements of tensile strength and modulus [44].  

2.2.4 Conditioning  

Annealing is another approach to toughen PLA. The annealing temperature and annealing time 

have a significant effect on crystallization. As annealing time and temperature increase, the 

impact strength increases due to smaller spherulite size and a larger amount of the metastable 

phase. Quenching and subsequently annealing at an appropriate temperature (~90 °C) is crucial 

for PLA toughening [44]. 
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2.2.5 Chain extension 

 As most polyesters, PLA has poor melt strength which restricts its use in processes involving 

extensional flow, such as film processing, thermoforming, and foaming. The processing window 

of PLA can be broadened by chain extension. Chain extenders such as isocyanate, glycidol, 

peroxides, and epoxy based styrene-acrylic oligomers have been used to increase the molecular 

weight of PLA, to improve its thermal stability and to increase its melt strength by introducing 

strain hardening [45], as explained in detail below. 

2.2.6 Epoxy based chain extension 

2.2.6.1 Glycidol 

Deenadayalan et al. [46] achieved chain extension of PLA by reactive extrusion in the presence 

of glycidol. Chain extension was initiated by reaction of the carboxyl and the hydroxyl of PLA 

end groups with glycidol. The carboxylic end group of Poly(L-Lactic Acid) (PLLA) reacts with the 

primary hydroxyl end groups of glycidol and forms end-capped linear PLLA (scheme 2.4). 

 

Scheme 2.4 Reaction between PLLA and glycidol adapted from Deenadayalan et al. 2009 [46] 
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A hydroxyl end group from another PLLA reacts with glycidol and initiates chain extension with 

formation of a pendant hydroxyl group that can react further with another end-capped PLLA to 

form a branch structure. Using this reaction, the resulting increase in molecular weight was 

more pronounced when low molecular weight as compared to high molecular weight PLA was 

used; this was attributed to the higher concentration of end groups in low molecular weight 

PLA, resulting in improved chain extension. The modified PLA showed higher Tg and melt 

temperature. 

2.2.6.2 Multi-functional epoxy based chain extenders 

Joncryl®, a multi-functional epoxide styrene-acrylic oligomeric chain extender, containing 

glycidyl methacrylate (GMA) functions (scheme 2.5) has been used successfully as a chain 

extender for polyesters, such as PLA [47]. It has following physical characteristics: Tg – 55 °C, 

epoxy equivalent weight – 285 g/mol.  

 

Scheme 2.5 General structure of Joncryl® styrene – acrylic multi-functional oligomeric chain 

extender, where R1 – R5 are H, CH3, a higher alkyl group, or combinations of them, R6 is an 

alkyl group, and X, Y and Z are each between 1 and 20, adapted from Villalobos et al.2004 [48] 
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GMA contains epoxy groups, which participate in reactions with hydroxyl and carboxyl groups 

[49]. In polyesters, glycidyl esterification of carboxylic acid leads to hydroxyl end group 

etherification. Reaction of hydroxyl end group etherification competes with etherification of 

secondary hydroxyl group and main chain trans-esterification. The epoxy ring opening reaction 

results in covalent bonds via hydroxyl side group formation [50].  The reaction mechanism 

proposed by Al-Itry is depicted in scheme 2.6 [51]. 

 

Scheme 2.6 Mechanism of PLA reaction with GMA, adapted from Al-Itry et al. 2012 [51] 

2.2.7 Peroxide-mediated cross-linking 

Peroxide curing is one of the oldest technologies to introduce branching and/or cross-linking in 

polymers. It is used widely in elastomers and polyolefin technology. A general scheme of 

peroxide cross-linking is shown in section 2.2.8. The peroxide undergoes hemolytic 

decomposition upon heating to generate free radicals. Free radicals abstract hydrogen from the 

polymer chain creating polymer radicals and decomposition products. The polymer radicals can 

Degradation

GMA

GMA

Acid End Group
Vinylic terminated ester

PLA
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react with each other to form a C-C crosslinks. A competitive degradation reaction can also take 

place through β-chain session. 

In PLA, peroxide-mediated chain extension has been achieved by reactive extrusion using 

lauroyl peroxide [52] dicumyl peroxide [53] and di-tertiary alkyl peroxide [54] with limited 

success. The choice of peroxide typically depends on the peroxide half-life time and the 

polymer processing temperature. 

2.2.8 Multifunctional coagents 

Multifunctional coagents are used widely to form branched polyolefins [55,56]. Parent et al. 

[57] studied triallyl trimesate (TAM), trimethylolpropane triacrylate (TMPTA) and triallyl 

phosphate (TAP) coagents (Scheme 2.7) in polypropylene. Depending on the type of coagent, 

different molecular weight and branching distributions may be obtained. 

 

Scheme 2.7 Chemical structure of coagents, adapted from Parent et al. 2008 [56] 

 

A typical peroxide assisted coagent modification scheme is illustrated below. 
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Initiation   

ROOR    2 RO•  

RO• + P-H   ROH – P• 

Propagation   

P• + M. 
  
→  P-M•    

P-M• + P-H    
   
→  P-MH + P• 

Chain transfer  

P• + P-H  P-H + P• 

Fragmentation - 

P•   P= + P• 

Termination  

P• + P• 
  
→  P-P or P-H + P=

 

More specifically, the TAM activation reaction is discussed by Parent et al. [56].  
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Chapter 3 Determination of Mark-Houwink parameters and absolute 

molecular weight of medium-chain-length poly(3- 

hydroxyalkanoates)* 
 

3.1 Introduction 

Current global production of commodity plastics consumes up to 270 million tons of petroleum 

annually [58]. Despite recycling efforts, as much as 50% of the 100 million tons of plastic 

produced annually may end up in landfill sites. To address environmental and resource issues, 

"bio-based plastics” that are both biodegradable and made from renewable resources are being 

developed for a variety of applications. New applications and innovations are anticipated in the 

automotive, electrical/electronic, medical and packaging industries. Bioplastics include bio-

polyethylene, polylactic acids (PLAs), polyhydroxyalkanoates (PHAs), and starch-based 

materials. Forecast analysts including Technavio and Helmut Kaiser Consultancy predict that the 

bioplastics market will experience significant growth (33.9-41% compound annual growth rate 

(CAGR)) from 2010 to 2015 [59].   

As mentioned in section 2.1, the physical properties and solubilities of PHA are greatly affected 

by the length of the side group R (Scheme 2.1). Poly(3-hydroxybutyrate) (PHB), the most 

common short-chain-length (SCL) PHA, is stiff and brittle, whereas medium-chain-length (MCL) 

PHAs are more elastic and flexible. MCL PHAs are biodegradable materials with low crystallinity, 

low glass transition temperature (Tg), high elongation, and low tensile strength [60], making 

them good candidates for applications where elastomeric properties are needed, such as for   

 

*A version of this chapter has been published. Nerkar, M., Ramsay, J.A., Ramsay, B.A., 
Kontopoulou, M., Hutchinson, R.A. Journal of Polymers and the Environment 2013 (21): 24-29 
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impact modification of brittle biopolymers [47,61]. MCL PHAs are the only thermoplastics 

elastomers that have 100 % renewable content and are biodegradable. 

Given the influence on many engineering properties such as strength, stiffness, toughness, 

elasticity, viscosity and thermal transitions, it is important to have access to reliable molecular 

weight data for PHAs, to assess the effect of synthesis conditions on their properties and 

evaluate the potential of these biopolymers in engineering applications. 

Of the various PHA materials, PHB is by far the most investigated and characterized polymer. As 

PHB is not soluble in tetrahydrofuran (THF), molecular weight (MW) characterization is done in 

more aggressive solvents such as chloroform, 2,2,2-trifluoroethanol, and ethylene dichloride. 

Akita et al. [62] and Marchessault et al. [63] employed light scattering and osmometry to obtain 

absolute molecular weight (MW) data and to determine the Mark-Houwink (MH) calibration 

constants required to estimate PHB molecular weight distributions (MWD) from size exclusion 

chromatography (SEC) analysis coupled with a single detector calibrated using polystyrene (PS) 

standards. Ubbelohde type capillary viscometry and rotational viscometry have also been used 

to determine intrinsic viscosity data [62]. Miyaki et al. [64] and Cornibert et al.[65] covered a 

broader molecular weight range using osmometry. These efforts allow the estimation of 

absolute MW values from single-detector SEC analysis: a value of 1.0105 Da as measured by PS 

calibration is transformed to 0.6105 Da for PHB in chloroform using the MH constants 

published by Akita et al., a shift of 35%. PHB molecular weight is typically in the order of 1106 

Da in native granules but may decrease if exposed to depolymerases, base, oxidizing agents 

such as hypochlorite [66] or chlorinated solvents [67]. 
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However, only limited MW data is available in the literature for MCL PHAs [60] and MCL SCL 

PHA materials [68], as measured by SEC analysis in THF eluent, and MW values are typically 

reported relative to PS calibrations.  Absolute values of molecular weight for MCL PHAs are not 

reported in the literature to date, as the necessary SEC calibrations had not been performed. 

This information is required to better relate polymer structure to the processing properties and 

the degradation kinetics of these emerging biomaterials, such as those reported by Daly et 

al.[69] for poly (3-hydroxybutyrate-co- 3-hydroxyhexanoate).  

In this chapter, absolute MW averages have been determined for four different MCL PHA 

copolymers from MWDs measured using multi-detector SEC, and MH parameters were 

estimated for the first time for these kinds of polymers in THF. Furthermore the melt viscosity is 

reported as a function of molecular weight. 

 

3.2 Experimental  

3.2.1 Materials 

The four samples were copolymers with (3-hydroxyoctanoate) (PHO), (3-hydroxynonanoate) 

(PHN) and (3-hydroxydodecanoate) (PHDD) moieties produced from renewable starting 

materials including sugar and vegetable oil. PHO contained 98 mol % 3-hydroxyoctanoate and 2 

mol % 3-hydroxyhexanoate. PHN 90 and PHN 70 contained 3-hydroxynonanoate and 3-

hydroxyheptanoate at mole ratios of 90/10 and 70/30, respectively. PHDD contained 40 mol % 

3-hydroxydodecanoate 39 mol % 3-hydroxydecanoate, 19 mol % 3-hydroxyoctanoate and 2 mol 

% 3-hydroxyhexanoate. 
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PHN 90 and PHO were produced in chemostat culture with addition of acrylic acid to inhibit β-

oxidation [70]. PHN 70 and PHDD were produced in fed-batch culture [71]. The polymer 

samples were extracted from washed lyophilized biomass by Soxhlet extraction in acetone 

followed by precipitation in cold methanol [72], except for PHDD which was extracted in 

chloroform [67]. Cellular PHA content and composition were determined by gas 

chromatography as described by Sun et al. [71].  

3.2.2 Methods 

Samples were prepared for SEC analysis by dissolving 10 mg of polymer in 1 mL of distilled THF 

overnight to ensure complete dissolution, then passed through a 0.2 µm nylon filter. Polymer 

molecular weight distributions were measured using two different instruments to check 

consistency and reliability of the data. The first, a Viscotek 270max separation module with 

triple detection by differential refractive index (DRI), viscosity (IV) and light scattering (low 

angle LALS and right angle RALS), was maintained at 40 °C and contained two porous 

PolyAnalytik columns in series with an exclusion molecular weight limit of 20106 Da. Distilled 

THF was used as the eluent at a flow rate of 1 mL/min. The MWDs were calculated using two 

methodologies.   First,  the  results  from  the  triple detector train and Viscotek Omnisec 

software were used to determine polymer MWDs and MW averages using the values of the 

refractive index (dn/dc) determined offline, using a Wyatt Optilab DSP refractometer as 

described below. The triple detection mode also yielded estimates for the polymer Mark-

Houwink (MH) parameters, determined directly from the curve generated by the output from 

the IV and LS detectors. These MH parameters provided the means for a second analysis of the 

output data using the principle of universal calibration and the output from the DRI detector, 
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with a calibration curve constructed with narrow molecular weight polystyrene standards 

ranging from 6910 to 3.3106 Da. 

Samples were also characterized on a second SEC instrument consisting of a Waters 2960 

separation module coupled with a Waters 410 differential refractometer (DRI) and a Wyatt 

Instruments Dawn EOS 690 nm laser photometer multiangle light scattering (LS) detector. THF 

was used as eluent at a flow rate of 1 mL/min through the four Styragel columns (HR 0.5, 1, 3, 

4), maintained at 35 °C. The DRI detector was calibrated by 10 narrow polydispersity 

polystyrene standards in a broad MW range (870-3.55105 Da), and the LS detector was 

calibrated by toluene, as recommended by the manufacturer. MWDs from this instrument were 

again calculated using two methods, using the output from the DRI detector and the MH 

parameters determined with the Viscotek setup, and by processing the data from the LS 

detector using the Wyatt Astra software and the refractive index (dn/dc) of the polymer in THF, 

according to standard procedures. The refractive index values were measured by a Wyatt 

Optilab DSP refractometer at 35 °C and 690 nm calibrated with sodium chloride. Five samples of 

3–18 mgmL–1 were prepared in THF for each polymer and injected sequentially to construct a 

curve with slope dn/dc [73]. The values for PHN 90 and PHO were 0.06010.0002 mL/g and 

0.06030.0003 mL/g, respectively. 

DSC experiments were performed using a Q100 DSC from TA Instruments, under dry nitrogen. 

Since MCL PHAs crystallize slowly, the samples were preconditioned to eliminate their thermal 

history as follows: the polymer was heated at 100 °C for 10 min in a convection oven, and then 

kept at room temperature for two weeks before characterization. Samples weighing 10-12 mg 

were sealed in aluminum hermetic pans, equilibrated at -70 °C and kept isothermally for 5 min. 
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Afterwards they were heated to 100 °C at a rate of 5 °C/min and held isothermally for 3 min 

before cooling to -70 °C at a rate of 5 °C/min. As MCL PHAs did not crystallize during second 

heating cycle data from first heating cycle was used for differentiation. The samples were finally 

reheated to 100 °C at a rate of 5 °C/min. The % crystallinity of the polymers, Xc, was estimated 

using equation (3.1).  

100
H

H
X

100

m
c 




      (3.1) 

where, ΔHm is the enthalpy of fusion and ΔH100 is the theoretical fusion enthalpy of a 100% 

crystalline polymer, which is 146 J/g [74].  

Rheological characterization was carried out in the constant rate mode under nitrogen blanket 

using a ViscoTech rheometer by Reologica, equipped with a cone and plate fixture having 25 

mm diameter at 120 °C. All MCL PHAs had Newtonian behavior. 

 

3.3 Results and Discussion 

3.3.1 Molecular weight determination 

Two different instruments, a triple detector Viscotec 270 max and a dual detector 

Waters/Wyatt, were used to characterize the polymer samples, as detailed in the Experimental 

Section. MWDs and molecular weight averages were calculated from each instrument using 

both multidetector and single detector (DRI) with universal calibration) output.  

Log-log plots of polymer intrinsic viscosity ([] in dL/g) vs. MW were constructed using the 

triple detector output from the Viscotec SEC; experimental results for the three PHO replicates 

are shown in Figure 3.1a. These curves were calculated using the dn/dc value of 0.0602 mLg–1 
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determined to be independent of the MCL PHA composition in THF at 35 °C. Linear regression 

was used to estimate the MH calibration parameters and for all four samples, as summarized in 

Table 3.1. Averages and standard deviations of three measurements are reported. The four sets 

of calibration parameters represent a very similar [] vs MW behavior for the copolymer 

samples (Figure 3.1b). Thus, the values were averaged to provide an estimate of a “universal” 

set of MH parameters that may be applied to all MCL PHAs, independent of composition. The 

last column in Table 3.1 reports MW values calculated for a PS equivalent MW of 105 Da using 

the four individual pairs of MH parameters as well as that calculated according to the 

“universal” MH parameters. The difference between the various estimates is less than 15%, 

which is the typical error reported for MW measurements by SEC. Moreover, the calculated 

values are within 10% of 105 Da, the PS equivalent MW. 

All of the copolymers were characterized at least three times on three different days to check 

reproducibility of the data. The MWD data of PHO (three replicates run on two instruments 

analyzed using multidetector and universal calibration) are shown in Figure 3.2. The peak 

positions of the three replicates are tightly grouped at 105 Da, independent of the SEC setup or 

analysis method chosen. This agreement, also observed for the other samples, demonstrates 

the validity of the polymer refractive index (dn/dc) and MH calibration parameters determined 

in this work for MCL PHA materials. 

Before drawing generalized conclusions, it is useful to examine the number-average (Mn) and 

weight-average (Mw) molecular weight values as well as the dispersity index (PDI= Mw/Mn) for 

the four MCL PHA samples. Only the output from the Viscotek instrument was used, as the 

column set used in the Waters/Wyatt instrument is designed for analysis of lower MW samples 
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and the calibration for the DRI detector only extends to 3.5105 Da. Thus, the polymer MWDs 

are cut off at higher molecular weights, most clearly seen in Figure 3.2a with the DRI detector. 

  

 

 

Figure 3.1 a) Experimental Mark-Houwink data for PHO (three replicates), b) best fit Mark-

Houwink relationships for all copolymer samples. 

 

(The Wyatt ASTRA software used for processing of the LS detector provides an estimate of the 

complete MWD; however, separation of the higher MW polymer will be incomplete due to the 

column set used.) MW averages and standard deviations are reported in Table 3.2 as estimated 

a) 

b) 
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by the full Viscotek triple detector (TD) analysis, as well as using only the output from the DRI 

detector coupled with universal calibration (DRI/UC). The universal calibration procedure is 

done using the sample-specific MH parameters reported in Table 3.1, as well as the averaged 

“universal” MH sample-specific MH parameters reported in Table 3.1, as well as the averaged 

“universal” MH parameters. Furthermore, the MW averages are also reported according to DRI 

analysis with PS calibration. 

  

Table 3.1 Mark Houwink calibration constants from best fit to triple detector analysis of MCL 

PHA samples in THF ([Ƞ]=K(MW)a). 

 

 

 

 

 

 

 

 

a Calculated for PS equivalent MW of 105 Da  

 

As summarized in Table 3.2, the MWDs of the four samples have similar PDI values of 1.8-2.3. 

(The values obtained by TD-SEC are lower, as is often observed in MWDs measured by light-

scattering techniques). However, as also seen in the MWDs plotted as Figure 3.3, the absolute 

 a Log(K/(dL·g-1)) MW (kDa)a 

PS [75] 0.716 -3.943 100.0 

PHO 0.701 (0.013) -3.77 (0.07) 88.1 

PHN 90 0.663 (0.020) -3.62 (0.11) 92.7 

PHN 70 0.701 (0.031) -3.86 (0.16) 99.8 

PHDD 0.691 (0.013) -3.86 (0.07) 106.0 

Universal PHA  0.689 -3.78 96.2 
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Mw averages vary from 3.0-3.4104 Da for the PHN-70 sample to 1.4-1.7105 Da for PHO. These 

values, controlled by the synthesis conditions for the different copolymers, are within the range 

 

 

 

 

 

Figure 3.2 Molecular weight distributions for PHO (three replicates) as measured by a) 

Waters/Wyatt SEC, light-scattering detector; b) Waters/Wyatt SEC, universal calibration; c) 

Viscotek SEC, triple detection; and d) Viscotek –SEC, universal calibration. 

 

a) b) 

c) d) 
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Table 3.2 Number-average (Mn), weight-average (Mw), and dispersity (PDI) values determined from SEC analysis of MCL PHA 

samples.  

Values are reported according to polystyrene (PS) calibration, universal calibration (UC) with individual polymer MH parameters 

from Table 3.1, UC with “universal” parameters for MCL PHA, and triple detector (TD) analysis. The average of three samples is 

reported.  

  

 PS Calibration UC, individual MH parameters UC, averaged MH parameters TD Analysis 

 Mn (kDa) Mw (kDa) PDI Mn (kDa) Mw (kDa) PDI Mn (kDa) Mw (kDa) PDI Mn (kDa) Mw (kDa) PDI 

PHO 73.74.5 15016 2.020.11 61.65.7 140.715.3 2.280.22 67.26.3 155.217 2.310.22 98.2±6.7 172±17 1.75±0.10 

PHN90 52.71.6 98.32.6 1.87010 44.92.0 92.62.4 2.060.14 47.42.1 95.62.4 2.030.14 49.8±1.8 89.7±7.0 1.80±0.14 

PHN70 15.40.7 33.60.5 2.180.11 13.60.8 31.10.4 2.290.14 12.90.7 29.90.4 2.320.14 18.2±3 31.9±2.3 1.77±0.17 

PHDD 25.71.4 47.11.4 1.830.05 24.51.6 47.31.5 1.930.07 22.31.4 43.21.3 1.930.07 29.7±1.3 46.8±0.8 1.58±0.04 
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Figure 3.3 Molecular weight distributions of four MCL PHA polymers (Viscotek SEC, universal 

calibration). 

 

reported in the literature for MCL PHAs [60,68].The difference in Mw values calculated using TD-

SEC and DRI/UC methodologies is the largest for PHO, with the spread for the other three 

(lower Mw) samples less than 10%. This very good agreement (Table 3.1) validates the adoption 

of a “universal” set of MH parameters for MCL PHA samples analyzed in THF, and is 

independent of copolymer composition. 

3.3.2 Thermal and rheological characterization 

The thermal properties of MCl PHAs are summarized in Table 3.3. All the materials were highly 

amorphous, with PHO having the highest melting temperature and lowest crystallinity, whereas 

PHDD has highest crystallinity. 
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Table 3.3 Thermal properties of MCL PHAs 

 TM (°C) Tg (°C) Crystallinity (%) 

PHO 63 -36 15 
PHN 990 60 -46 17 
PHN 970 50 -47 16 
PHDD 61 -40 21 

 

The bulk rheology of the four samples was also measured. All samples demonstrated 

Newtonian behavior. The zero shear viscosity scales with Mw with a slope of 1 at lower 

molecular weights, and has a slope of 3.8 which is higher than the slope of 3.4 anticipated for 

linear polymers at the higher molecular weights, as shown in Figure 3.4. This may be due to 

experimental error. The plot suggests an entanglement molecular weight around 8104 Da 

(where the two fitted lines intersect), which is significantly higher than most conventional 

polymers, suggesting that these polymers may adopt folded helical conformations, similar to 

what has been proposed for PHB [76].  

  

Figure 3.4 Viscosity as a function of molecular weight 
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3.4 Conclusion 

This study provides the first determination of absolute MWDs and MW averages of MCL PHA 

copolymers. Fortuitously (and unlike PHB in chloroform), the relationship between polymer 

MW and intrinsic viscosity is very close to that determined through PS calibration. Thus, 

previously reported MW data [67,77] for MCL PHAs relative to polystyrene calibration can be 

considered, within experimental error, as absolute values. With these results, it will be possible 

to more closely examine the relationship between MCL PHA synthesis conditions and polymer 

MWs, and to better assess their processability using viscosity data.  The latter will be of 

significant benefit in product development. 
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Chapter 4 Melt compounded blends of short and medium-chain-length 

poly-3-hydroxyalkanoates* 
 

4.1 Introduction 

Poly(3-hydroxyalkanoates)  (PHAs) are microbially produced, biodegradable polymers derived 

from renewable resources [6]. Poly-3-hydroxybutyrate (PHB), the most studied short-chain-

length (SCL) PHA, is a brittle polymer requiring modification to render it suitable for various 

engineering applications. Incorporation of 3-hydroxyvalerate (3HV) to form a copolymer of 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB-HV) results in improved ductility, impact 

properties, and lower tensile strength, moduli, melting temperatures and crystallinity [78].  

Blends of PHB with other polymers have been studied extensively [79,80]. Parulekar et al. [19] 

achieved 440% improvement in the impact strength of PHB by adding a maleated 

polybutadiene to PHB/natural rubber blends. Substantial improvements in the impact 

resistance of PHB have been noted in immiscible blends of PHB with acrylonitrile-g-(ethylene-

co-propylene-co-diene)-g-styrene, comprising of four phases: poly (ethylene-co-propylene-co-

diene), poly (styrene-co-acrylonitrile), amorphous PHB and crystalline PHB [23]. 

Polycaprolactone (PCL)/PHB blends containing a PCL-PHB block copolymer as compatibilizer, 

exhibited dramatic increases in the elongation at break [21]. Blends of PHB containing a block 

copolymer of atactic poly((R, S)-3- hydroxybutyrate) and poly(ethylene glycol) resulted in 

increased elongation at break and lower modulus and tensile strength [22]. 

PHB/poly(methyleneoxide)(POM) blends exhibited modest improvements in mechanical 

*A version of this chapter has been published. Nerkar, M., Ramsay, J.A., Ramsay, B.A., 
Kontopoulou, M., Journal of Polymers and the Environment, 2014 (22): 236-243 
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properties [20]. Blends of PHB with polymers derived from renewable sources, such as 

poly(lactic acid) (PLA), starch and chitosan have also been studied [80-82].  

Medium-chain-length (MCL) PHAs, such as poly (3-hydroxyoctanoate) (PHO), have low 

crystallinity and exhibit elastomeric properties. PHO has been used to impact modify PLA via 

solution blending [9]. Epoxy functionalized MCL PHA resulted in further improvements in 

mechanical properties. These materials are therefore promising biopolymers as impact 

modifiers for PHB [60].  Dufresne et al. [83]  noted a transition from elastomeric to brittle 

properties upon addition of PHB to PHO using a solvent mixing technique. Martelli et al. [84] 

noted 50% improvement in elongation at break of PHB-HV upon addition of MCL PHA using 

solution casting. However melt compounding, which is more industrially relevant, has not been 

investigated, in part due to the technical difficulties in producing sufficient quantities of MCL 

PHAs. 

The objective of this chapter is to prepare and characterize melt compounded blends of MCL 

PHAs with PHB. In the previous chapter the properties of four different MCL PHAs with 

predominantly 3-hydroxyoctanoate (PHO), 3-hydroxynonanoate (PHN) or 3-

hydroxydodecanoate (PHDD) content were reported. PHO had the highest melt viscosity and 

molecular weight. It also has low crystallinity and glass transition temperature (Tg). Based on 

these attributes PHO was chosen as the preferred candidate for impact modification in the 

present chapter. The morphology, mechanical, thermal and rheological properties of PHB/PHO 

blends are reported. Furthermore peroxide-initiated cross-linking of PHO is used to counteract 

the viscosity mismatch between the two components. 
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4.2 Experimental  

4.2.1 Materials 

An unmodified, additive free PHB (grade T19), with a weight-average molecular weight of 

1,416,000 Da with a dispersity of 7, was supplied by BIOMER, Krailling, Germany in the form of 

powder. PHO, containing 98 mol % 3-hydroxyoctanoate and 2 mol % 3-hydroxyhexanoate, was 

produced and characterized as described previously in chapter 3 [85]. Its weight average 

molecular weight, determined by triple-detector size exclusion chromatography (SEC), was 

172,000 Da with a dispersity of 1.75. Lauroyl peroxide (L-231) and ethyl ether anhydrous were 

obtained from Elf Atochem and Sigma Aldrich respectively and were used as received. 

4.2.2 Compounding 

PHB and PHO were dried in a vacuum oven at 100 °C and at room temperature respectively, to 

remove moisture. Blends containing 0-30 wt.% PHO were compounded in a DSM 

microcompounder at 190 °C for 3 min at a screw speed of 100 rpm. The compounder was 

operated under nitrogen blanket to limit polymer degradation. After compounding, the strands 

were quenched in cold water before chopping into pellets. 

4.2.3 PHO cross-linking 

Weighed amounts of lauroyl peroxide (0.06-0.5 wt.%) were dissolved in anhydrous ethyl ether 

and coated onto PHO pellets in a glass Petri dish. The coated pellets were placed in a vacuum 

oven overnight at room temperature to remove the solvent. Cross-linking was conducted in a 

Carver press at 155oC for 10 min to ensure complete reaction (the half-life time of the lauroyl 

peroxide at 155oC is 0.8 min). Cross-linked PHO was chopped into small pieces and dry mixed 

with PHB at appropriate ratios before feeding into compounder. For rheological 
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characterization, the cross-linked compression molded sheets were cut into 25 mm diameter 

disc and used for testing as described below. 

The gel content of the peroxide-cross-linked MCL PHA was measured by dissolving the material 

in boiling tetrahydrofuran (THF) for 7 h. The polymer was sealed in stainless steel wire mesh 

(120 mesh) according to ASTM D 2765. The material was left for 1 h under the fumehood and 

subsequently dried overnight in a vacuum oven at room temperature. The % gel content was 

calculated using equation (4.1). 

100
sample of weight Initial

sample of weight Final
content Gel      (4.1) 

4.2.4 Blend Characterization 

4.2.4.1 Differential scanning calorimetry (DSC) 

DSC experiments were performed using a Q100 DSC from TA Instruments, under dry nitrogen. 

Since MCL PHAs crystallize slowly, the samples were preconditioned to eliminate their thermal 

history as follows: the polymer was heated at 100 °C for 10 min in a convection oven, and then 

kept at room temperature for two weeks before characterization. Samples weighing 10-12 mg 

were sealed in aluminum hermetic pans, equilibrated at -70 °C and kept isothermally for 5 min. 

Afterwards they were heated to 200 °C at a rate of 5 °C/min and held isothermally for 3 min 

before cooling to -70 °C at a rate of 5 °C/min. The samples were finally reheated to 200 °C at a 

rate of 5 °C/min. The % crystallinity of the polymers, Xc, was estimated using equation (4.2).  

100
H

H
X

100

m
c 




               (4.2) 

where ΔHm is the enthalpy of fusion and ΔH100 is the theoretical fusion enthalpy of a 100% 

crystalline polymer, which is 146 J/g [74].  
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4.2.4.2 Thermogravimetric analysis (TGA) 

TGA was conducted on a Q500 TGA from TA Instruments under nitrogen atmosphere, using 6-8 

mg samples. The weight loss was evaluated by heating to 800 °C at a heating rate of 20 °C/min.  

Isothermal experiments were conducted at the compounding temperature of 190 °C for 20 min. 

The temperature at which 5 wt.% degradation occurred was reported as the degradation onset 

temperature. 

4.2.4.3 Scanning electron microscopy 

Blend morphologies were observed using a JEOL JSM-840 scanning electron microscope.  

Samples were first hot-pressed at 200oC for 3 min, then immersed in liquid nitrogen for 3 min 

before brittle fracture.  The MCL PHA phase was etched in acetone overnight at room 

temperature. 

4.2.4.4 Rheology 

Compression molded discs, 25 mm diameter and 2 mm thick, were prepared using a Carver 

press. The linear viscoelastic properties were measured in the oscillatory mode using a stress 

controlled rheometer, Visco Tech from Reologica, under nitrogen purge. Frequency sweeps 

were conducted at 190 °C using a cone and plate fixture having 25 mm diameter and 2° angle, 

at a frequency range between 1-100 rad/s. This range was chosen to limit the duration of the 

experiment to 100 s, given the sensitivity of PHB to degradation. Time sweeps were conducted 

at a frequency of 6.28 rad/s and temperatures ranging from 135 to 155 °C to obtain cure curves 

for the cross-linked PHO formulations.  
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4.2.4.5 Mechanical properties 

The compounded materials were pre-dried in a vacuum oven at room temperature overnight. 

Specimens for mechanical property characterization were prepared by compression molding 

using a Carver press under 5000 N force, at 200 °C and a residence time of 3 min, then 

quenched in cold water. All specimens were conditioned at room temperature for 48 h after 

compression molding, prior to mechanical testing. Tensile tests were conducted in accordance 

with ASTM D638 using standard type V test specimens, with an Instron 3369 Universal tester, at 

a cross head speed (CHS) of 5 mm/min. The average of five measurements is reported. Un-

notched Izod impact tests were conducted in accordance with ISO 180 using standard 

specimens on a SATEC Instron machine and the average of five specimens are also reported. 

 

4.3 Results and discussion 

4.3.1 Thermal and rheological properties 

Thermal degradation is an important concern when processing PHB. The isothermal TGA curves 

(Figure 4.1) show that under nitrogen atmosphere PHB started to degrade at times longer than 

10 min at the compounding temperature of 190 °C. Based on the TGA data, PHO had better 

thermal stability than PHB and its addition to PHB improved the thermal stability of the blend. 

The by-product of PHB degradation is mainly trans-2-butenoic acid [86], whereas the products 

of PHO degradation would be a mixture of trans-2-octenoic and trans-2-hexenoic acids. The 

presence of different decomposition products may affect the degradation kinetics of the 

mixture. 
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Figure 4.1 TGA curves for PHO, PHB and the 85/15 PHB/PHO blend at 190 °C 

 

Table 4.1 summarizes the degradation onset temperatures of the blends in non-isothermal 

experiments. Addition of PHO gradually increased the degradation onset temperature of the 

blends. The shift in temperature was as high as 20 °C for the blends containing 30 wt.% PHO. 

Figure 4.2 shows the DSC thermograms of PHB and PHB/PHO blends. The first heating cycle of 

the PHB showed a single melting peak at 181 °C and a corresponding crystallinity of 66%. A 

double peak appeared during the second heating cycle (Figure 4.2a). The first melting peak at 

the lower temperature (171 °C) corresponds to crystals formed at the crystallization 

temperature and the second one at 177 °C is due to crystals that form during the heating cycle 

[83,87,88]. The upper peak is generally attributed to the presence of more stable crystals that 
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are favoured when unstable crystals melt and reorganize during the heating scan at slow  

cooling rates, such as the ones employed in DSC [88]. 

 

Table 4.1 Crystallization temperature (TC), first and second melting peaks (TM1 and TM2 

respectively), % crystallinity and degradation onset temperature for PHB and PHB/PHO blends. 

PHB/PHO 

(wt.%/ wt.%) 
TC  (°C) TM1 (°C) TM2 (°C) Crystallinity (%) 

Degradation 

onset temp (°C) 

100/0 101 171 177 64 254 

95/5 97 171 177 58 261 

90/10 91 173 178 55 261 

85/15 96 172 178 53 264 

80/20 87 172 177 53 273 

70/30 78 169 177 45 277 

 

The relative magnitude and position of these peaks generally depends on the heating rate [89], 

and the blend composition [23]. In the present study, the high temperature endotherm became 

more prominent as the PHO content increased, suggesting that crystals that formed during the 

heating cycle were favored at higher PHO content. Moreover, as the amount of PHO was 

increased in the blend, the PHB crystallization peak shifted to lower temperatures (Figure 4.2b), 

suggesting that the PHB crystalline structure is affected in the presence of PHO.  
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Figure 4.2 a) DSC endotherm (2nd heating cycle) and b) DSC exotherm of PHB and PHB/PHO 

blends 
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The PHO had very low crystallinity. A first heating cycle revealed a Tg of -36 °C, melting 

temperature of 63 °C and crystallinity of 15 %. Given its very low crystallization rates, PHO did 

not crystallize during the cooling cycle, therefore the second heating cycle was entirely 

featureless and is not shown in Figure 4.2. Addition of PHO to PHB resulted in a gradual 

decrease in the heat of fusion, resulting in decreased crystallinity, as shown in Table 4.1. This is 

a common phenomenon when an elastomeric material is added to a semi-crystalline one, and 

has also been noted when PHB was blended with amorphous polymers [81].  

The linear viscoelastic properties of PHB and PHO are summarized in Figure 4.3. Both polymers 

exhibited Newtonian behavior, with no shear thinning over the frequency range investigated, as 

shown in Figure 4.3a.  A large viscosity mismatch between the two polymers at the 

compounding temperature was noted, with PHB being significantly more viscous. This is 

obviously attributed to the differences in the molecular weight (172,000 Da and 1,416,000 Da 

for PHO and PHB respectively). The viscosity ratio,       ⁄ , (where ηd is the viscosity of the 

dispersed phase and ηm is the viscosity of the matrix) is very low, about 0.03 and affects 

negatively the dispersion of the dispersed phase within the matrix, as discussed in the following 

section. 

4.3.2 Morphology 

The PHB/PHO blends had droplet-matrix morphology, typical of immiscible polymer blends, as 

seen in the SEM images (Figure 4.4). The PHO domains were well dispersed within the PHB 

matrix at low PHO content, but as the level of PHO was increased, the domain sizes became 

larger and the morphology deteriorated. At 30 wt.% PHO, the coalescence of the dispersed  
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Figure 4.3 Rheological properties of PHB and PHO and effect of peroxide cross-linking on a) 

complex viscosity, b) storage modulus and c) loss tangent, tan δ, measured at 190 °C 
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phase resulted in a very coarse structure. As explained above, the tendency for coalescence 

may be attributed to the significant viscosity mismatch between the two blend components.  

Better morphology was reported in solution blending of PLA and PHO having similar viscosities 

[9]. However viscosity is not a factor during solution blending, therefore the results are not 

directly comparable. 

 

Figure 4.4 Scanning electron microscopy blends containing a) 5 wt.%, b) 10 wt.%, c) 15 wt.%, d) 

20 wt.% and e) 30 wt.% of PHO at 2000x magnification 

4.3.3 Mechanical properties 

The tensile strain increased with the PHO content (Figure 4.5a). Considerable enhancement was 

observed above 15 wt.% PHO, indicating improved flexibility of the blends. At 30 wt.%, there 

was a decline in tensile strain. At this high PHO content, the PHO domains coalesced (Figure 

4.4) and the deterioration in morphology caused the tensile strain to decrease. The un-notched 

impact strength of the blends improved by only 50% when 20 wt.% PHO was added, but 
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increased by 150% with 30 wt.% PHO compared to pristine PHB. On the other hand, the tensile 

stress and the Young’s moduli decreased, as shown in Figure 4.5b. The decrease in tensile stress 

is typical of impact modification and can be justified by the decrease in crystallinity with the 

addition of PHO in the blend and the introduction of a softer component in the blend. 

Improvements in the strain at break, and a decrease in Young’s modulus and tensile strength 

have been reported in PHB-HV/MCL PHA blends prepared by solution blending [84]. However in 

these blends MCL PHA contents above 5 wt.% led to phase separation and a decrease in strain 

at break. The results outlined above suggest that addition of PHO to PHB reduced the 

crystallinity of the blend, and moderately increased impact and elongation, which were 

counteracted by a decrease in the modulus. These are the expected results of impact 

modification. The extent of impact modification however remains limited, due to the coarse 

morphology, especially at high loadings which is attributed to the viscosity mismatch between 

the blend components, attributed to the very low viscosity of PHO.  

4.3.4 Cross-linking of PHO 

Chain extension of PHO through chemical cross-linking was employed, in an attempt to increase 

the viscosity of the dispersed phase to attain a more favourable viscosity ratio. Cross-linking of 

MCL PHAs can be achieved using peroxides, radiation, or sulfur cures. Gagnon et al. [90] cross-

linked saturated and unsaturated MCL PHAs using four different types of peroxide with and 

without coagents. They found that cross-linking decreased the crystallinity of the polymer. 

Reduced tensile and tear strength was observed as a result of chain scission. Sulfur 

vulcanization was also used by Gagnon et al. [17], whereas Dufresne et al. [91] cross-linked MCL 

PHA by irradiation. 
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Figure 4.5 a) Un-notched impact strength and tensile strain b) tensile stress and Young’s 

modulus of pristine PHB and its blends 
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In this work, given the sensitivity of the polymers to temperature, lauroyl peroxide was used, 

because it decomposes at relatively low temperatures. A series of time sweeps were conducted 

at various temperatures using the rheometer to generate a series of cure curves shown in 

Figure 4.6. Based on these data, 155 °C was chosen for the cross-linking reaction, aiming for the 

shortest possible reaction time.  

Figures 4.3a-c show the effect of cross-linking on the linear viscoelastic properties of PHO. 

Addition of peroxide increased significantly the complex viscosity and storage modulus of PHO, 

whereas the loss tangent, tanδ, decreased below 1, revealing a transformation from viscoelastic 

liquid to a viscoelastic solid.  

 

Figure 4.6 Cure curves of PHO with 0.1 wt.% lauroyl peroxide as a function of temperature at a 

frequency of 1 Hz. 
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A peroxide content of 0.06 wt.% was sufficient to achieve 67 wt.% gel content in the cross-

linked PHO, resulting in a tanδ value of about 1. Further increases in peroxide to 0.2 and 0.5 

wt.% resulted in almost fully gelled material with gel contents of 87 and 97% respectively.  

It should be noted that cross-linking resulted in a significant drop in the crystallinity of PHO, as 

recorded from the 1st heating cycle, from 15 to 7% with 0.2 wt.% Lauroyl peroxide, whereas the 

fully cross-linked PHO was completely amorphous. 

The increases in viscosity upon cross-linking were accompanied by a substantial increase in 

shear thinning behavior, and loss of the Newtonian plateau, as expected for cross-linked 

polymers having high cross-link densities. Given the change in the viscosity-shear rate 

dependence, cross-linked PHA can only match the viscosity of PHB in a very narrow 

frequency/shear rate range. Based on the data of Figure 4.3, in order to match the viscosity of 

PHO in the shear rate range of 10-100 s-1, which is relevant to compounding, 0.2-0.5 wt.% of 

peroxide is needed. 

The morphology of the blends containing 30 wt.% PHO cross-linked with different amounts of 

lauroyl peroxide is compared to that of the unreacted blends in Figure 4.7. The corresponding 

viscosity ratios, calculated at a representative shear rate of 50 s-1 from Figure 4.3a are shown in 

the caption of Figure 4.7. The dispersed PHO domain size became progressively smaller upon 

increasing the amount of cross-linking (Figure 4.7b and 4.7c).  Significant improvement in 

morphology was seen upon addition of 0.2 wt.% Lauroyl peroxide. It was impossible to assess 

the domain size in the blends containing PHO cross-linked with 0.5 wt.% Lauroyl peroxide, 

because the high gel content did not allow for etching and thus sufficient contrast (Figure 4.7d). 
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The improvement in morphology correlates well with the decrease in the viscosity ratio 

achieved by using the cross-linked PHO dispersed phase.  

 

 

Figure 4.7 SEM of blends of PHB/cross-linked PHO 70/30 blends a) uncross-linked (viscosity 

ratio, λ=0.03) b) cross-linked with 0.06 wt.% of lauroyl peroxide (λ=0.15) c) cross-linked with 0.2 

wt.% of lauroyl peroxide (λ=0.36) d) cross-linked with 0.5 wt.% of lauroyl peroxide (λ=3.73). 

 

As shown in Table 4.2, there were significant improvements in the Young’s modulus and strain 

at break of the blends containing cross-linked PHO, but the impact strength was unchanged. 

This may be due to the high cross-link densities and gel content of the cross-linked PHO, which 

alter its thermoplastic elastomer nature.  

 

a) b)

) 
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c)
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Table 4.2 Comparison of mechanical properties of PHB/PHO 70/30 blends containing uncross-

linked and cross-linked PHO 

 

These results suggest that matching the viscosity of the blend components can result in finer 

morphology and improvements in the mechanical properties. However high cross-link densities 

and gel content of the cross-linked PHO, may present a limitation in terms of impact properties. 

Therefore tight control of the morphology, while avoiding the formation of excessive gels, is 

crucial to achieve desirable property improvements.  

 

4.4 Conclusions  

PHB/PHO blends had improved thermal stability, tensile strain at break and unnotched impact 

strength compared to the unmodified PHB. The ability of PHO to act as an impact modifier for 

PHB was limited by the viscosity mismatch between the two components, which resulted in a 

coarse blend morphology. Chain extension of PHO by peroxide cross-linking improved the 

PHB/PHO 
Tensile stress  

(MPa) 

Tensile strain 

at break (%) 

Young's modulus 

(MPa) 

Un-notched 

impact (KJ/m2) 

70/30  11.0 (±2.0) 9.6 (±0.5) 189 (±23) 14.2 (±0.4) 

70/30  (0.2 wt.%     

lauroyl peroxide )  
10 (±1.6) 14.4 (±0.3) 220 (±20) 13.3 (±1.4) 

70/30  (0.5 wt.%     

lauroyl peroxide ) 
10.6 (±0.8) 14.5 (±0.4) 243 (±27) 14.2 (±0.5) 
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viscosity of PHO and led to better morphology and improved modulus and elongation at break 

of the blends.  
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Chapter 5 Dramatic improvements in strain hardening and 

crystallization kinetics of PLA by simple reactive modification in the 

melt state* 
 

5.1 Introduction 

Poly(lactic acid)(PLA) is a bioderived, biodegradable thermoplastic polyester [92], which can be 

processed using conventional thermoplastics processing equipment, including injection 

molding, blow molding, film casting and blowing [5]. However it has a very narrow processing 

window, because of the lack of melt strength and its slow crystallization rates. Additionally its 

poor engineering properties, including impact strength and heat resistance have mainly 

confined its applications to food packaging [38], as well as biomedical applications, such as drug 

delivery, where biocompatibility and biodegradability are desired [93]. The properties of PLA 

depend significantly upon its molecular weight and the stereochemical makeup of the 

backbone, which is controlled by polymerization with D-lactide, L-lactide, or D,L-lactide, to form 

random or block stereocopolymers [37]. Minimizing the amount of D-lactide is required to 

obtain PLA with higher crystallinity; however most commercial grades have low crystallinities 

and low crystallization rates, unless nucleating agents are used. The rheological properties of 

PLA depend on the molecular weight and molecular weight distributions, presence of 

branching, as well as its stereochemical makeup [94-98]. Strain hardening has been reported in 

melts containing a high molecular weight tail [94], and in amorphous PLA containing mixtures 

of the D and L isomers [96] at low temperatures, but otherwise it is generally accepted that 

commercially available linear PLA lacks the level of strain hardening, and therefore melt  

*A version of this chapter is accepted. Nerkar, M., Ramsay, J.A., Ramsay, B.A., Kontopoulou, M.  
Macromolecular Materials and Engineering, accepted May2014. 
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strength, needed for normal processing operations. This restricts its processability in operations 

involving high stretch rates, such as film blowing, thermoforming, foaming etc. Given these 

shortcomings, approaches have been proposed to achieve chain extension and/or branching in 

PLA, with branching generally considered more beneficial [99]. Compared to the various 

synthetic routes that exist to synthesize branched PLA, methods that employ reactive 

modifications in the melt state are generally considered to be more convenient and industrially 

relevant. Various modification approaches to improve processability have been summarized by 

Pilla et al. [100] and Yu et al. [101]. These include chain extension in the presence of glycidol 

[46] and long chain branching via functional group reactions of pyromellitic dianhydride and 

triglycidyl isocyanurate [99]. Furthermore chain extenders, such as tris (nonylphenyl) 

phosphate, polycarbodiimide and multi-functional epoxy compounds have been used to 

counteract degradation in polyesters, such as PLA and to achieve chain extension 

[47,51,102,103].  

Reactive extrusion of PLA using organic peroxides has been undertaken to increase the 

molecular weight, viscosity and melt strength with limited success, as the resulting branching is 

often counter-balanced by severe chain scission [52-54]. Radiation induced cross-linking in the 

presence of multi-functional coagents has been suggested as an alternative, but generally 

resulted in physical property reduction [104].  

Peroxide-initiated reactive extrusion in the melt state, assisted by coagents is frequently 

employed as a means to introduce long-chain branching in linear polymers, such as 

polypropylene[105,106]. However there are only two reports, employing this approach in PLA. 

Yang et al. [107] used triallyl isocyanurate as a cross-linking agent together with dicumyl 
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peroxide (DCP), to obtain compounds with different levels of cross-linking. More recently, You 

et al. [108] reported that PLA prepared through reaction with DCP and pentaerythritol 

triacrylate (PETA) coagent had enhanced viscoelastic properties, which was attributed to 

branching. The resulting product had faster crystallization rates under isothermal conditions. 

However in these publications there was no mention about the properties of the resulting 

materials under uniaxial extension and the non-isothermal crystallization behavior of the 

polymers, which is relevant to processing, was not reported. 

This chapter reports substantial improvements in the melt strength and non-isothermal 

crystallization kinetics, upon employing a simple chemical modification method in the melt state 

using solvent-free, peroxide-initiated grafting of a multi-functional coagent (triallyl trimesate, 

TAM). To the best of our knowledge this is the first time that simultaneous improvements in all 

these properties upon reactive modification are reported for PLA. These attributes are expected 

to enable use of these materials in operations such as foaming, injection moulding and film 

processing. 

  

5.2 Experimental  

PLA (grade 3251D, MFI 35 g/10 min at 190 °C/ 2.16 kg) was obtained from Natureworks®. TAM 

(98%, Monomer Polymer Inc.), dicumyl peroxide (DCP, 98%, Sigma-Aldrich), acetone (Sigma-

Aldrich)   and tetrahydrofuran (THF, Sigma-Aldrich) were used as received.  Joncryl® ADR 4368 a 

multi-functional epoxide styrene-acrylic oligomeric chain extender, containing glycidyl 

methacrylate (GMA) functions was supplied by BASF. It has a functionality of 9 with epoxy 

equivalent weight 285 g/mol, and molecular weight 6,800 g/mol [51].  
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PLA was dried in a vacuum oven at 100 °C for 3 h to remove moisture. Peroxide-degraded PLA 

(PLA/DCP) was prepared by coating ground PLA powder (15 g) with an acetone solution 

containing DCP (0.045 g) and allowing the solvent to evaporate.  The resulting mixture, 

containing 0.3 wt.% DCP, was charged to a DSM micro-compounder, equipped with twin-co-

rotating screws, at 180 °C at 100 rpm for 6 min. Coagent-modified PLA was prepared as 

described for PLA/DCP from a mixture of PLA (14.8 g), DCP (0.045 g) and TAM (0.15 g), yielding 

PLA/TAM containing 0.3 wt.% DCP and 1 wt.% TAM.  A compound containing 1.2 wt.% of GMA, 

which was the amount required to yield similar zero shear viscosity as the PLA/TAM was also 

prepared and used for comparison. Neat PLA was processed under the same conditions 

outlined above, to provide a suitable basis for comparison. After compounding, the strands 

were quenched in cold water before chopping into pellets for further characterization.  

Samples were prepared for size exclusion chromatography (SEC) analysis by dissolving 10 mg of 

polymer in 1 mL of distilled THF overnight to ensure complete dissolution, and filtered through 

a 0.2 µm nylon filter. Polymer molecular weight distributions (MWD) were determined with 

respect to polystyrene standards using a Viscotek 270max separation module with triple 

detection by differential refractive index (DRI), viscosity (IV) and light scattering (low angle LALS 

and right angle RALS), which was maintained at 40 °C and contained two porous PolyAnalytik 

columns in series. Distilled THF was used as the eluent at a flow rate of 1 mL/min.  

The linear viscoelastic properties were measured in the oscillatory mode using a stress 

controlled rheometer (Visco Tech by Reologica). Frequency sweeps were conducted at 180 °C 

using 20 mm parallel plates, under nitrogen purge. Samples were further characterized in 

uniaxial extension using an SER-2 universal testing platform from Xpansion Instruments hosted 
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on an MCR-301 Anton Paar rheometer. Measurements were conducted at 180 °C at Hencky 

strain rates ranging from 0.10 to 10 s-1. The linear viscoelastic (LVE) oscillatory measurements 

obtained at 180 °C were used to calculate the LVE stress growth curve, η+, and to check the 

consistency of the extensional measurements. The curve corresponding to 3η+
 represents the 

LVE envelope in uniaxial extension, according to Trouton’s law. 

Differential scanning calorimetry (DSC) was conducted using a DSC Q 100 by TA Instruments. 

Samples were scanned between 0 and 200 °C at a heating rate of 5 °C/min. After the first 

heating, each sample was held isothermally at 200 °C for 3 min before cooling at rates between 

2.5 and 20 °C/min, to determine the crystallization onset and peak temperatures according to 

ASTM D3418. The % crystallinity of PLA, was estimated using Equation (5.1) 

100
100







H

HH
X ccm

c        (5.1) 

where ΔHm is the apparent fusion enthalpy, ΔHcc is the exothermic enthalpy that is absorbed by 

crystals formed during the heating scan and ΔH100 is the theoretical fusion enthalpy of a 100% 

crystalline polymer, which is 93.6 J/g  for PLA [109]. 

Isothermal studies involved heating the sample to 200 °C and holding it for 3 min, followed by 

cooling at 50 °C/min to temperatures ranging from 135-155 °C, where they were held 

isothermally until completion of crystallization. The analysis included evaluations of the relative 

crystallinity as a function of time and standard Avrami kinetics [110]. 
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5.3 Results and Discussion  

5.3.1 Rheological characterization 

The linear viscoelastic properties of neat PLA, PLA reacted with 0.3 wt.% DCP (PLA/DCP) and 

with 0.3 wt.% DCP/ 1 wt.% TAM (PLA/TAM) are summarized in Figure 5.1. PLA/DCP had 

essentially unaltered flow characteristics compared to the unmodified PLA (Figure 5.1a) and 

linear architecture, as revealed by the Van Gurp-Palmen plots of Figure 5.1b, tend to the limit of 

90°. This suggests that peroxide-induced degradation was compensated by chain extension, 

without branching. This is corroborated by the minimal differences in the molar mass 

distributions between these two compounds (Table 5.1). 

On the contrary, PLA/TAM demonstrated a substantial increase in molar mass (Table 5. 1) and 

melt viscosity (Figure 5.1a). It is well-known that solvent-free processing with multi-functional 

coagents involves simultaneous chain scission and cross-linking, the balance of which controls 

the molecular weight and branching distributions of the final product. In general, reaction with 

coagents bearing multiple acrylate, allylic or styrenic groups results in bimodal molecular 

weight and branched distribution, comprised of a linear chain population of relatively low 

molecular weight, and a high molecular weight hyper-branched chain population, which can 

progress above the gel point [56,111]. Furthermore it has been reported that systems 

containing polypropylene reacted with coagent and peroxide can undergo a precipitation 

polymerization, which results in the formation of a separate phase of highly cross-linked, 

coagent-rich sub-micron sized particles [56,112]. The resulting products possess a creamy 

appearance in the melt state, owing to the presence of these cross-linked nano-particles [56].  
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Figure 5.1 a) Complex viscosity as a function of frequency and b) phase degree as a function of 

complex modulus at 180 °C. 

 

In the present case, treatment with 0.3 wt.% DCP and 0.1 wt.% TAM produced a creamy (as 

opposed to the transparent PLA and PLA/DCP), gel-free product with increased melt elasticity, 

and shear thinning, as observed in Figure 5.1, consistent with the presence of branching [57]. 

We compared the properties of PLA/TAM to those of PLA chain extended using a multi- 
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functional epoxide styrene-acrylic oligomeric chain extender, containing GMA functions (trade 

name Joncryl® from BASF).  

 

Table 5.1 Material characterization 

Material Mwa) 

[g/mol] 

PDIb) TM 

[°C] 

TC 

[°C] 

TC,onset 

[°C] 

TCC 

[°C] 

Crystallinity 

[%] 

PLA 98,140 1.7 173 N/A N/A 109 24 

PLA/DCP 90,600 1.8 170 N/A N/A 94 35 

PLA/TAM 143,020 2.0 169 133 149c), 142d) N/A 52 

PLA/GMA 115,000 1.7 168 105 124c), 123d) 95 34 

 

a)Mw: Weight average molar mass; b)PDI: polydispersity index; c)at cooling rate of 2.5 °C, d)at 
cooling rate of 5 °C. 
 

The chain extended (PLA/GMA) was prepared by reacting PLA with 1.2 wt.% Joncryl®,  which 

was the amount needed to match the zero shear viscosity of PLA/TAM. The epoxy functions 

contained within multi-functional epoxies can react with the –OH and –COOH end groups of 

PLA, resulting in random branching and/or cross-linking [51]. The low levels of Joncryl® used 

herein, produced a gel-free product with higher molar mass than the parent PLA (Table 5.1) 

increased viscosity and deviations from the terminal flow behavior (Figure 5.1). 

The different shear thinning characteristics and shapes of the Van Gurp-Palmen plots of 

PLA/GMA compared to PLA/TAM point to different branching levels and chain topologies. 

PLA/TAM presumably contained small amounts of a hyper-branched population, which are 

characteristic of this coagent modification, whereas reaction with multi-functional epoxies 
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produces random branching. In spite of the different mechanisms of chain extension/branching, 

the ultimate strain hardening characteristics of PLA/TAM and PLA/GMA were very similar, as 

shown in Figure 5.2. Pronounced strain hardening was present in both materials, providing 

evidence of long chain branching. Note that the viscosities of the parent PLA and PLA/DCP were 

below the threshold needed to support extensional viscosity experiments.  

 

 

Figure 5.2 Tensile stress growth coefficient (ηE
+) of TAM and GMA modified PLA as a function of 

strain rate and time at Hencky strain rates of 0.1, 1 and 10 s-1 at 180 °C. Curves are shifted by an 

arbitrary factor for the sake of clarity. Solid lines represent the LVE envelop (3E
+) for each 

sample. 
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5.3.2 Thermal properties 

Detailed DSC data are presented in Table 5.1 and Figure 5.3. The glass transition temperature 

(Tg) of PLA was 62 °C and remained unchanged in all modified materials. PLA had a cold 

crystallization peak, Tcc, at 109 °C, a melting peak, TM, at 173 °C (Table 5.1 and Figure 5.3a). 

PLA/DCP had reduced cold crystallization temperature and increased crystallinity. These findings 

are commonly associated to PLA degradation [51,108]. Neither of these two materials 

crystallized during the cooling cycle. 

 

Figure 5.3 DSC a) 2nd heating scan at rate of 5 °C/min b) cooling scan at the rate of 5 °C/min 

70 90 110 130 150 170 190

H
e
a

t 
F

lo
w

  
A

.U
.

Temperature ( C)

PLA

PLA/GMA

PLA/TAM

70 90 110 130 150

H
e

a
t 

F
lo

w
  
A

.U
.

Temperature ( C)

PLA/DCP

PLA

PLA/GMA

PLA/TAM

PLA/DCP

a)

b)



64 
 

On the contrary, the branched PLAs showed exothermal crystallization peaks. PLA/GMA had a 

weak crystallization peak, TC, around 105 °C, suggesting a moderate effect of this modification 

on the ability of the chains to crystallize. On the other hand, coagent modified PLA had a clear 

and sharp crystallization peak at 133 °C (Figure 5.3b). This was accompanied by the 

disappearance of the cold crystallization peak, and a significant increase in crystallinity by 117 % 

with respect to neat PLA and 50 % with respect to PLA/DCP. Even though changes in the cold 

crystallization of PLA upon modification with a PETA coagent have been mentioned previously 

[108] this is the first time that the presence of an exothermic crystallization peak arising during 

the cooling cycle, which is indicative of the capability of the material to crystallize upon cooling 

during normal polymer processing operations, is reported.  

The ability of our modified materials to crystallize was evident not only by the appearance of an 

exothermic crystallization peak, but also by their isothermal and non-isothermal crystallization 

kinetics (Figure 5.4). The PLA and PLA/DCP formulations did not crystallize and therefore are 

not included in this comparison. Plots of the evolution of relative crystallinity as a function of 

time revealed a crystallization half-time (t1/2) of 9.3 min at 135 °C for PLA/GMA, whereas the 

half-time of PLA/TAM at this temperature was only 0.6 min. The results of the Avrami analysis 

for temperatures ranging from 135-155 °C are presented in Table 5.2. The Avrami exponents 

suggest similar crystal growth habit in all cases.  Introduction of branching in polymers such as 

polypropylene has been associated previously to changes in the crystallization kinetics [113]. 

The relative crystallinity as a function of time, recorded during non-isothermal crystallization 

experiments is shown in Figure 5.4b. While cooling from the melt state, PLA/TAM started to 
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crystallize significantly earlier, with t1/2 of 2.6 and 1.8 min at cooling rates of 2.5 and 5°C/min 

respectively, as compared to 8.4 and 3.9 min for PLA/GMA.    

 

Figure 5.4 Relative degree of crystallinity as a function of time a) isothermal crystallization 

experiments; (-) PLA/TAM at 135 °C, ()PLA/TAM at 140 °C, ()PLA/TAM at 150 °C, (◆) 

PLA/GMA at 135 °C and  (b) non-isothermal crystallization experiments; ()PLA/TAM at 2.5 

°C/min, (◆)PLA/TAM at 5 °C/min, (o)PLA/TAM at 20 °C/min, ()PLA/GMA at 2.5 °C/min, 

()PLA/GMA at 5 °C/min 
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Furthermore PLA/TAM had t1/2 of 0.96, 0.73 and 0.66 min at cooling rates of 10, 15 and 20 °C 

respectively, whereas PLA/GMA did not crystallize at these conditions. 

 

Table 5.2 Isothermal Avrami constants and crystallization half time for PLA/GMA and PLA/TAM 

at various temperatures 

 Temperature [°C] n K [min-1] t1/2 [min] 

PLA/GMA 135 2.9 0.0001 9.3 

PLA/TAM 135 3.0 4.27 0.6 

PLA/TAM 145 3.4 0.14           1.6 

PLA/TAM 150 3.3 0.02 2.8 

PLA/TAM 155 2.6 0.01 6.1 

 

The findings reported above point to a nucleating effect, which occurred in spite of the absence 

of a nucleating agent. As explained earlier, a nucleating effect attributed to the formation of a 

separate phase of coagent-rich particles that forms upon reactive modification as a result of 

TAM oligomerization [55], was reported recently in coagent modified polypropylene. We 

suggest that a similar nucleation effect is responsible for the enhancements in crystallinity and 

crystallization rates in the reactively modified PLA/TAM product. 

 

5.4 Conclusions 

PLA with long chain branching was produced by a simple radical mediated peroxide-initiated 

grafting of TAM coagent in the melt state. The resulting product demonstrated strain hardening, 
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consistent with its long chain branched characteristics, and significantly enhanced crystallinity 

and crystallization rates, suggesting that this is a promising approach to enhance the processing 

characteristics and properties of PLA.  
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Chapter 6 Improvements in the extensional rheology, thermal 

properties and morphology of poly(lactic acid)/ poly-3-

hydroxyoctanoate blends through reactive modification 
 

6.1 Introduction 

Among the key challenges associated with more wide-spread acceptance of biopolyesters, such 

as poly(lactic acid) (PLA) and polyhydroxyalkanoates (PHA) in engineering applications are their 

high production costs, brittle nature, slow crystallization rates and low melt strength, which 

restrict their processability under common polymer processing operations, as well as their 

hygroscopic nature, and susceptibility to degradation.  

The advantages and drawbacks of PLA and PHAs as well as the current state-of-the-art of the 

various modification methods that have been employed to overcome their limitations have 

been reviewed recently [24,36,38,79,104,114]. Blending with ductile polymers and addition of 

plasticizers are commonly used to improve the properties and processability of PLA [36,114], 

and poly-3-hydroxybutyrate (PHB) [79,115]. Furthermore, to achieve fully bio-based 

formulations, blends of biopolymers have been studied extensively [79,80,116].  

PHAs and their copolymers have been used to enhance the toughness of PLA through solution 

blending [117] or melt blending [117-119]. As already shown in Chapter 4, medium-chain-

length (MCL) PHAs can serve as impact modifiers for PHB, due to their low crystallinity and 

elastomeric character [84,100,101]. 

To address the problem of lack of melt strength and suitable rheological properties of 

biopolyesters, reactive modifications in the melt state have been employed to achieve chain 

extension. Various modification approaches of PLA have been summarized by Pilla et al. [100], 
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and Yu et al. [101]. These include chain extension of PLA in the presence of glycidol [46] and 

introduction of long chain branching via functional group reactions of pyromellitic dianhydride 

and triglycidyl isocyanurate [99]. Furthermore chain extenders, such as tris (nonylphenyl) 

phosphite, polycarbodiimide and epoxy-functionalized oligomeric acrylic copolymer (trade 

name Joncryl® from BASF) have been considered to counteract degradation in PLA and 

introduce chain extension [47,102,103]. In-situ cross-linked hyperbranched polymers have been 

used to improve the toughness of PLA [120,121]. Reactive extrusion of PLA using organic 

peroxides and coagents has also been undertaken [52-54,104,107,108]. On the other hand, as 

discussed in Chapter 4, cross-linking of MCL PHAs can be achieved using peroxides, radiation, or 

sulfur cures [17,90,91]. 

Reactive blending of biopolyesters, such as PHB and polyhydroxybutyrate-co-valerate (PHBV) 

with polybutylene succinate (PBS) [31], and PLA with polycaprolactone (PCL) [122], PLA with 

PBS [123], PLA with Poly(butylene adipate-co-terephthalate) (PBAT) [124] and PHB [125] using 

peroxides has been employed to produce in-situ compatibilized blends having improved 

properties. Another proposed chemical modification involved blending of PLA with MCL-PHAs 

using diisocyanate chain extenders, which are highly toxic compounds [4]. Epoxy functionalities 

have been introduced in MCL PHA to react with the hydroxyl groups of PLA, thus increasing the 

interfacial interaction and improving the blend morphology and compatibility [117]. This 

approach was also tested in the present thesis (Appendix A) with limited success. 

In chapter 5, we presented a simple reactive modification approach, utilizing solvent-free, 

peroxide-initiated grafting of a multi-functional coagent, to introduce branching and achieve 

substantial improvements in the strain hardening characteristics of PLA. This approach resulted 
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in faster crystallization kinetics, both under isothermal and under non-isothermal conditions. 

The present chapter investigates chain extension of PHO and PLA/PHO blends using the same 

approach. The properties of the reactively modified blends are compared to those of 

unmodified blends. 

 

6.2 Experimental 

6.2.1 Materials 

Polyhydroxyoctanoate (PHO) containing ~98 mol% of 3-hydroxyoctanoate and ~2 mol% of 3-

hydroxyhexanoate was produced from glucose and octanoic acid, using bacterial fermentation, 

as described by Xuan et al. [70,72]. The weight average molecular weight of the PHO, 

determined by triple-detector size exclusion chromatography (SEC), was 172,000 Da with a 

dispersity of 1.75 [126]. PLA (grade 3251D, MFI 35 g/10 min at 190 °C/ 2.16 kg) was obtained 

from Natureworks®. Triallyl trimesate (TAM, 98%, Monomer Polymer Inc.), dicumyl peroxide 

(DCP, 98%, Sigma-Aldrich), acetone (Sigma-Aldrich), and tetrahydrofuran (THF, Sigma-Aldrich) 

were used as received.   

6.2.2 Compounding 

PLA and PHO were dried in a vacuum oven at 100 °C and at room temperature respectively, to 

remove moisture. PLA/PHO blends containing 0-20 wt.% PHO were compounded in a DSM 

microcompounder at 180 °C for 3 min at a screw speed of 100 rpm. The compounder was 

operated under nitrogen blanket to limit polymer degradation. After compounding, the strands 

were quenched in cold water before chopping into pellets. The neat materials were 

compounded under the same conditions for comparison. 
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Peroxide-degraded PHO and PLA/PHO blends were prepared by coating ground PHO and PLA 

powders with an acetone solution containing DCP and allowing the solvent to evaporate.  The 

resulting mixtures of PHO were charged to a DSM micro-compounder, equipped with twin-co-

rotating screws, at 180 °C at 100 rpm for 6 min. Coagent-modified PHO and PLA reacted with 

DCP and TAM were prepared as described above from PHO or PLA, yielding various 

compositions containing 0.2-0.5 wt.% DCP and amounts of TAM ranging from 0.5-2 wt.%.  

Similarly coagent-modified PLA/PHO blends containing DCP and TAM were prepared. The 

various compounds are designated using the name of the polymer, followed by the amounts of 

DCP and TAM (i.e. PHO/0.3/1 denotes PHO reacted with 0.3 wt.% DCP and 1 wt.% TAM).  

The gel content of coagent modified PHO and PLA/PHO blend was measured by dissolving the 

material in chloroform for 7 h. The polymer was sealed in stainless steel wire (120 mesh) 

according to ASTM D 2765. The material was left to stand for 1 h and subsequently dried 

overnight in a vacuum oven at room temperature. The % gel content was calculated using 

equation (6.1).  

100
sample of weight Initial

sample of weight Final
content Gel       (6.1) 

6.2.3 Characterization 

6.2.3.1 Rheology 

Compression molded discs, 25 mm diameter and 2 mm thick, were prepared using a Carver 

press. The linear viscoelastic properties were measured in the oscillatory mode using a stress 

controlled rheometer (Visco Tech from Reologica). Frequency sweeps were conducted at 180 °C 

using 20 mm parallel plates.  
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Reactively modified PLA/PHO blends were further characterized in simple uniaxial extension 

using an SER-2 universal testing platform from Xpansion Instruments hosted on the MCR-301 

Anton Paar rheometer. Measurements were conducted at 180 °C at Hencky strain rates ranging 

between 0.10 and 10 s-1. Specimens were prepared by compression molding the polymer 

samples between polyester films to a gauge of about 0.75 mm, using a hydraulic press. 

Individual polymer specimens were then cut to a width of 10 mm. Linear viscoelastic (LVE) 

oscillatory measurements obtained at 180 °C were used to calculate the LVE stress growth 

curve and check the consistency of the extensional measurements.  

6.2.3.2 Differential scanning calorimetry (DSC) 

DSC experiments were performed using a Q100 DSC from TA Instruments, under dry nitrogen. 

Since MCL PHAs crystallize slowly, the samples were preconditioned to eliminate their thermal 

history as follows: the polymer was heated at 100 °C for 10 min in a convection oven, and then 

kept at room temperature for two weeks before characterization. Samples weighing 10-12 mg 

were sealed in aluminum hermetic pans, equilibrated at -70 °C and kept isothermally for 5 min. 

Afterwards they were heated to 200 °C at a rate of 5 °C/min and held isothermally for 3 min 

before cooling to -70 °C at a rate of 5 °C/min. The samples were finally reheated to 200 °C at a 

rate of 5 °C/min. The % crystallinity of the polymers, Xc, was estimated using equation (6.2).  

100
100







H

HH
X ccm

c                 (6.2) 

where, ΔHm is the enthalpy of fusion, ΔHcc is the exothermic enthalpy (cold crystallization) 

recorded during DSC heating cycle and ΔH100 is the theoretical fusion enthalpy of a 100% 

crystalline polymer. The heat of fusion for 100% crystalline PLA is 93.6 J/g [109]. 
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6.2.3.3 Heat deflection temperature (HDT)   

Specimens (127 mm X 13 mm X 3 mm) were prepared by compression molding using a Carver 

press under 5000 N force, at 200 °C with a residence time of 3 min, then quenched in cold 

water. Specimens were lowered in a silicon oil bath and the temperature was raised from 23 oC 

at a heating rate of 120 oC/h. until 0.25 mm deflection occurred under a load of 1.82 MPa, in 

accordance with ASTM D 648. At least three specimens were tested and the average value was 

reported. 

6.2.3.4 Mechanical properties 

Specimens for mechanical property characterization were prepared by compression molding 

using a Carver press under 5000 N force, at 200 °C and a residence time of 3 min, then 

quenched in cold water. All specimens were conditioned at room temperature for 48 h after 

compression molding, prior to mechanical testing. Tensile tests were conducted in accordance 

with ASTM D638 using standard type V test specimens, with an Instron 3369 Universal tester, at 

a cross head speed (CHS) of 5 mm/min. The average of five measurements is reported. Un-

notched Izod impact tests were conducted in accordance with ISO 180 using standard 

specimens on a SATEC Instron machine and the average of five specimens are reported. 

6.2.3.5 Scanning electron microscopy 

Blend morphologies were observed using a JEOL JSM-840 scanning electron microscope.  

Samples were first hot-pressed at 200 oC for 3 min, then immersed in liquid nitrogen for 3 min 

before brittle fracture.  The MCL PHA phase was etched in acetone overnight at room 

temperature. The coagent modified blend samples were examined without etching as MCL PHA 

was partially cross-linked and could not be dissolved. 
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6.2.3.6 Hot stage microscopy 

Isothermal crystallization experiments were performed using a Linkam CSS 450 hot stage 

mounted on an Olympus BX51 optical microscope. The sample was first heated to 200 °C at a 

rate of 30 °C /min and held for 10 min to eliminate the heat history. The melt was then cooled 

to 135 °C at 30 °C/min. The crystallization process was recorded isothermally at 135 °C using a 

Sony ExwaveHAD 3 CCD digital recorder. 

 

6.3 Results and Discussion 

6.3.1 Blends of PLA with PHO 

PLA and PHO form an immiscible blend system, having droplet-matrix morphology at 

compositions up to 30 wt.% PHO, as shown in Figure 6.1. These blends have very coarse 

morphology, with the average dispersed domain size changing from 1.5 ( 0.2) µm for 95/05 

PLA/PHO blend to 5 ( 0.6), 7 ( 2) and 7.6 ( 2) µm for 90/10, 85/15 and 80/20 blend 

respectively. This is consistent with the findings reported in Chapter 4 on PHB/PHO blends, and 

is attributed to the significant viscosity mismatch between the blend components. PLA and PHO 

had an almost Newtonian behavior, with viscosities of 660 Pa.s and 13 Pa.s for PLA and PHO 

respectively, at the compounding temperature of 180 °C, resulting in a viscosity ratio (defined 

as the ratio of the viscosity of the dispersed phase over the viscosity of the matrix) of 0.02. 

Generally viscosity ratios as close as possible to 1 are required to achieve optimum blend 

morphology, whereas viscosity ratios much higher or lower than 1 result in coarse 

morphologies and tendency toward coalescence during melt compounding. 
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Table 6.1 summarizes the mechanical properties of the blends. Significant improvement was 

observed in the elongation and impact properties, accompanied by a decrease in Young’s 

modulus and tensile strength. The decline in these properties was associated with the decrease 

in crystallinity of the blend, which is expected because of the addition of an amorphous minor 

phase.  

 

Figure 6.1 Scanning electron microscope images of PLA blend containing a) 5 wt.%, b) 10 wt.%, 

c) 15 wt.% and d) 20 wt.% of PHO. 

 

From Table 6.1 it is obvious that the optimum levels of impact strength were obtained at 

compositions between 10 and 15 wt.% PHO, whereas the values decreased when higher 
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amounts were added. This is attributed to the morphology of the blend, which became much 

coarser at compositions above 10 wt.% PHO, as shown in Figure 6.1. 

 

Table 6.1 Mechanical properties of PLA and PLA/PHO blends 

 

As mentioned in the previous chapters, low melt viscosities, viscosity mismatch and absence of 

melt strength are factors that make processing of biopolyesters and their blends difficult, 

resulting in a need for chain extension. In Chapter 4, we proposed peroxide-mediated cross-

linking of the PHO dispersed phase to achieve higher viscosity, and therefore to improve the 

morphology of the blend. However, this approach produced high gel contents and limited 

property improvements in blends with PHB. A similar attempt at blending peroxide cross-linked 

PHO with PLA, shown in Appendix A, also resulted in limited success. 

In the present chapter, a reactive modification procedure was implemented using peroxide and 

coagent, similar to the approach described in Chapter 5, to achieve branching and therefore 

PHO 

( wt.%) 

Tensile stress 

(MPa) 

Young's 

Modulus 

(MPa) 

Elongation 

at break (%) 

Unnotched 

Impact 

(KJ/m2) 

Crystallinity 

(%) 

0 74 (±3) 670 (±74) 14 (±1) 32 (±5) 24 

5 56 (±4) 582 (±68) 24 (±10) 63 (±6) 17 

10 50 (±4) 696 (±29) 35 (±15) 65 (±5) 16 

15 45 (±3) 571 (±22) 47 (±10) 53 (±9) 16 

20 34 (±3) 442 (±34) 24 (±3) 40 (±5) 16 
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chain extension, while avoiding excessively high gel contents. The following sections describe 

the effects of coagent modification on PHO, PLA and PLA/PHO blends. 

6.3.2 Reactive modification of PHO  

PHO was reacted with various amounts of TAM and DCP, aiming in general at choosing 

formulations that would use the least amounts of reagents possible, while still achieving 

acceptable improvements in viscosity and elasticity, without excessive gel contents.  

As shown in Figure 6.2, the flow characteristics of PHO remained unaltered when reacted with 

0.3 wt.% DCP (PHO/0.3). The absence of changes in the presence of DCP is opposite to what 

was observed in Chapter 4, when lauroyl peroxide was used. This suggests that in the presence 

of DCP chain extension/cross-linking in the presence of peroxide is counteracted by significant 

chain scission, possibly because of the higher compounding temperatures needed for DCP 

compared to lauroyl peroxide.  

When the multifunctional coagent, TAM, was added to the formulation, significant changes 

were noted in the rheological properties of PHO. Two distinct groupings are noted in Figure 

6.2a. When TAM amounts up to 0.75 wt.% were added (sample PHO/0.3/0.75), the increase in 

complex viscosity was relatively small. On the contrary, addition of 1 wt.% TAM resulted in a 

pronounced increase in viscosity, shear thinning behavior, and elasticity. Above this level of 

TAM, the properties showed a tendency to plateau.  
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Figure 6.2 Effect of TAM content on the rheological properties of PHO with DCP content 

remaining constant a) complex viscosity b) storage modulus and c) tan δ 
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Reactive modification was accompanied by changes in the appearance of the extrudate. The 

PHO formulations containing low amounts of TAM were sticky and did not form strands when 

extruded. On the contrary, addition of 1 wt.% TAM resulted in the formation of strands that 

were not sticky and were easy to handle for further processing and characterization as shown in 

Figure 6.3. 

 

Figure 6.3 a) unmodified PHO after extrusion b) PHO/0.3/1 after extrusion 

 

 In an effort to achieve an optimum formulation, the amount of DCP was varied, while keeping 

the amount of TAM constant at 1 wt.% (Figure 6.4). From this figure, it is obvious that amounts 

of DCP above 0.3 wt.% were necessary to obtain significant improvements in complex viscosity 

and elasticity. However the material reacted with 0.5 wt.% DCP was highly cross-linked, with a 

gel content of 42 %. Based on the above results, the formulation containing 0.3 wt.% of DCP 

with 1 wt.% of TAM showed the best improvement in viscosity, while maintaining a moderate 

gel content of 23%. 

 

a) b) 



80 
 

 

Figure 6.4 Effect of DCP amount on a) complex viscosity b) storage modulus and c) tan δ of 

coagent modified  PHO  (PHO 0.3/1 and PHO 0.5/1 yielded 23 and 42 %  gel respectively) 
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In spite of the dramatic changes in the rheological properties, the thermal properties of the 

reactively modified PHO, including the glass transition temperature (Tg) remained unaltered, 

whereas the material remained highly amorphous, with no obvious melting transition.  

6.3.3 Reactive modification of PLA 

The reactive modification of the PLA matrix to provide branched PLA has been described in 

detail in Chapter 5. Figure 6.5 shows the rheological properties of PLA reacted with two 

different amounts of coagent and comparison with PHO/0.3/1. The formulation reacted with 2 

wt.% TAM had very high viscosity, and appeared fully crosslinked and hard to process. On the 

contrary, PLA/0.3/1 had negligible gel content, therefore this composition was deemed suitable 

for the blend compositions described in Section 6.3.3. below.    

 

Figure 6.5 Effect of coagent modification on the complex viscosity of PLA and PHO 
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The extensional properties of the PLA/0.3/1 are summarized in Figure 6.6. As explained in 

Chapter 5, reactive modification resulted in substantial strain hardening, which provides solid 

evidence of a branched structure. 

 

Figure 6.6 Tensile stress growth coefficient (ηE
+) of PLA/0.3/1 and (PLA/PHO)/0.3/1  as a 

function of strain rate and time at Hencky strain rates of 0.1, 1 and 10 s-1 at 180 °C. Curves are 

shifted by an arbitrary factor for the sake of clarity. Dotted lines represent the LVE envelop for 

each sample. 

 

In addition to the enhancements in viscosity and strain hardening, the coagent modified PLA 

had substantially different thermal properties compared to the neat PLA, as shown in Table 6.2, 

including the appearance of a sharp crystallization peak in the DSC exotherm (Figure 6.7), 

disappearance of the cold crystallization peak and increase in crystallinity.  
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Table 6.2 Thermal properties of neat, DCP and coagent modified PHO, PLA and PHO/PLA blend 

  TM  (°C) TC (°C) TCC (°C) Crystallinity (%) 

PLA 173 NA 109 24 

PLA/0.3 170 NA 94 35 

PLA/0.3/1  169 133 NA 52 

PLA/PHO 170 NA 105 16 

(PLA/PHO) /0.3 170 NA 104 17 

(PLA/PHO) /0.3/1  169 138 NA 56 

 

 As reported in Chapter 5, the crystallization kinetics of PLA appeared significantly enhanced, 

both in isothermal, and non-isothermal experiments. This finding was attributed to the 

formation of a separate phase of coagent-rich particles that forms upon reactive modification, 

which results in a nucleating effect [55].  
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Figure 6.7 DSC (a) cooling exotherm (b) heating endotherm of coagent-modified PLA and 

PLA/PHO blends 
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Further evidence of the altered crystalline structure of these materials upon coagent 

modification is provided by the optical microscope images in Figure 6.8, which depict PLA and 

PLA/0.3/1 samples crystallized under isothermal conditions at 135 °C. The unmodified PLA did 

not show evidence of crystal structure formation when cooled for 5 min, whereas the coagent-

modified sample is characterized by the formation of a dense spherulitic structure. 

 

 

Figure 6.8 Hot stage microscopy of a) PLA, b) PLA/0.3/1 at 135 °C 

 

The profound changes in the thermal and rheological properties of PLA are expected to have a 

major impact on the properties of reactively compounded blends of PLA with PHO, when PLA is 

the matrix phase. These blends are presented in section 6.3.4 – 6.3.7 below. 

6.3.4 Reactive compounding of PLA with PHO 

Based on the analysis presented in section 6.3.1, blends of PLA/PHO containing 10 wt.% PHO, 

were used as this was identified as the optimum composition in terms of mechanical 

properties. An additional reason for keeping the PHO content as low as possible is its high cost. 

For simplicity these blends will be noted below as PLA/PHO. 

a) b) 
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6.3.5 Thermal and rheological properties 

Reaction of PLA/PHO blends with various amounts of peroxide and coagent resulted in similar 

trends as noted in the sections above, i.e. increase in the complex viscosity, loss of Newtonian 

plateau, increased shear thinning and elasticity of the blends. The values of all viscoelastic 

properties were in-line with those seen for the PLA matrix at equivalent contents (Figures 6.5 

and 6.9), with what appears to be limited influence of the minor PHO dispersed phase. 

Similarly, the extensional stress growth data showed strain hardening behavior, following the 

same trends as those seen for the branched PLA matrix (Figure 6.6). 

In agreement with the findings reported for the reactively modified PLA, the modified PLA/PHO 

showed a clear and sharp crystallization peak at 138 °C (Figure 6.7a). This was accompanied by 

the disappearance of the cold crystallization peak, and significantly higher crystallinities 

compared to the unreacted materials (Figure 6.7b). The thermal properties of all the reactively 

modified compounds and their unreacted counterparts are summarized in Table 6.2. 

6.3.6 Blend morphology 

Compounding of PLA and PHO in the presence of DCP alone, resulted in a significant reduction 

in the PHO domain size, as seen in Figure 6.10. The size of the PHO dispersed domains 

decreased from 5 ( 0.6) µm to 1 ( 0.2) and 1.2 ( 0.2) µm when 0.5 and 1 wt. % of DCP was 

added. Since, based on the rheological evaluations presented above, DCP alone did not 

influence the rheological properties of the constituents of the blend, the most likely 

explanation for this observation is a compatibilizing effect in the presence of DCP. This could be 

attributed to the formation of small amounts of copolymer, by cross-termination of free radical 

chains of PLA and PHO during the compounding procedure. In-situ compatibilization by reactive 
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blending of biopolyesters through reaction with peroxides to produce blends with finer 

morphologies has been reported previously [17,123-125].    

  

Figure 6.9 Effect of DCP and TAM on a) complex viscosity b) storage modulus and c) tan δ of 

PLA/PHO blends 
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Ma et al. [124,127] and Dong et al. [125] attributed the compatibilization effect to the 

combination of macroradicals that form in the presence of DCP via hydrogen abstraction. The 

macroradicals may further recombine to form complex products, including copolymer at the 

interface, resulting in a compatibilization effect. 

Addition of TAM to the formulation resulted in further refinement in the morphology, which is 

may be attributed to the improved viscosity of the PHO. The PHO domain size reduced from 1.5 

( 0.2) to 0.55 ( 0.08) µm and from 5 ( 0.6) to 1 ( 0.16) µm for 95/5 and 90/10 PLA/PHO 

blends respectively. In case of 80/20 the blend morphology changed from droplet-matrix to co-

continuous. Figure 6.11 shows the altered morphologies obtained in the presence of TAM, in 

blends containing various amounts of PHO. In addition to the finer morphology noted 

previously, these blends exhibited a different, co-continuous morphology at a PHO content of 

20 wt.%. Such changes in morphology are common in thermoplastic vulcanizates, consisting of 

PP and EPDM [128] but have never been noted for these biopolyester blends.  

 

 

Figure 6.10 Scanning electron microscopy of PLA/PHO (90/10) blend a) unmodified b) 

(PLA/PHO)/0.5 c) (PLA/PHO)/1 

 

20mm 20mm20mm

a) b) c) 
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Figure 6.11 Effect of coagent modification on morphology of PLA/PHO blends a) 95/05 b) 90/10 

c) 80/20 (wt./wt.%) (samples reacted with coagent were not etched); Top row without coagent; 

bottom row with coagent 

 

6.3.7 Mechanical properties 

The reactively modified PLA/PHO blend had better tensile strain and unnotched impact 

strength compared to pristine PLA, however, its properties were not as good as the unmodified 

blend, in spite of the improved morphology (Table 6.3). The gel content of coagent modified 

PLA/PHO blend was 20 %, revealing the presence of cross-linked chains in the modified blend. 

These gels might have compromised the ductility of the blend, thus explaining the drop in 

ductility and impact strength compared to the unmodified blend. Addition of PHO to PLA, as 

well as reactive modification, did not affect its heat deflection temperature (HDT) (Table 6.3).  

a) b) c) 
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Table 6.3 Mechanical properties and heat deflection temperature of neat and coagent modified 

PLA, and PLA/PHO blends 

 

 

 

 

 

 

 

 

These findings suggest that avoiding gels is crucial for the optimization of the properties of 

these materials. Cross-linking/gelation is also expected to affect negatively the biodegradability 

of these materials. Therefore optimization of the compositions to avoid the formation of gels 

should be a high priority. 

These results have shown that coagent modification improves significantly the processability of 

the materials, by improving the melt strength and crystallization rates, while the mechanical 

properties remain relatively unaffected when the specimens are prepared under the same 

conditions. The differences noted in thermal properties and morphology however suggests that 

processing conditions during the solidification stage may be tuned to further impart change in 

the mechanical properties. This should be a topic of further investigation. 

  

Tensile 

stress 

(MPa) 

Tensile 

strain 

(%) 

Unnotched 

Impact 

(KJ/m2) 

Young's 

Modulus 

(MPa) 

HDT 

(°C) 

PLA  74 (±3) 14 (±1) 32 (±5) 670 (±74) 55 

PLA/0.3/1 77 (±1) 13 (±2) 35 (±2) 837 (±74) 56 

PLA/PHO  50 (±1) 35 (±15) 65 (±5) 696 (±7) 55 

(PLA/PHO)/0.3/1 49 (±3) 24 (±4) 55 (±3) 677 (±34) 54 
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6.4 Conclusions 

Addition of PHO to PLA increased the impact strength and elongation at break of PLA, at the 

expense of the Young’s modulus, while the HDT remained unaffected. The droplet-matrix 

morphology of the blends was coarse, because of the very low viscosity of PHO, resulting in a 

viscosity mismatch between the blend components.  

The viscosity of PHO was successfully increased through partial cross-linking, using solvent-free 

chemical modification using DCP and TAM coagent. In addition to the substantial increase in 

viscosity and melt elasticity, the resulting product exhibited improved extrudate appearance.  

Reactively modified PLA/PHO in the presence of DCP and TAM displayed the enhancements in 

strain hardening and crystallization rates, previously observed for the matrix modified PLA. 

Furthermore these blends had finer morphology, which was attributed to a compatibilizing 

effect possibly arising from copolymer formation at the interface. Coagent modification further 

resulted in changes in the morphology, and possible phase inversion in blends containing higher 

PHO contents. 
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Chapter 7 Thesis overview  

 

7.1 Thesis overview 

Ongoing need for alternate options to conventional petroleum based polymers has resulted in 

significant attention to various biopolyesters, including poly(lactic acid) (PLA) and poly-(3-

hydroxyalkanoates) (PHAs), which are bioderived and biodegradable. However, most of these 

materials typically suffer from high production costs, brittleness, slow crystallization rates and 

low melt strength, which restrict their processability under common polymer processing 

operations. This thesis focused on the improvement of properties and processability of 

biopolyesters through blending and reactive compounding. Specifically the potential of 

elastomeric medium-chain-length (MCL) PHAs, as potential impact modifiers for PLA and brittle 

poly-3-hydroxybutyrate (PHB) was assessed, using conventional melt compounding.  

In spite of the relatively high molar masses (ranging from 18,200 to 172,000 g/mole), MCL PHAs 

melts have low viscosity, presumably due to their helical conformation. Melt blending of these 

materials with PLA and PHB resulted in coarse blend morphologies due to the large viscosity 

mismatch, however, remarkable improvement was observed in ductility and impact strength of 

PHB and PLA. As expected these improvements were accompanied by a decline in tensile stress 

and Young’s modulus. Free-radical mediated cross-linking of polyhydroxyoctanoate (PHO) using 

a peroxide resulted in improved blend morphology, because of the increased viscosity of PHO; 

however the impact properties did not show further improvements, presumably because of the 

high gel content. Furthermore chain extension using epoxidized PHO (ePHO) were explored. 

This approach lowered the interfacial tension between PLA and PHO, because of the 
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interactions between the epoxy groups of ePHO with the carboxylic acid end group of PLA, thus 

resulting in improved compatibility. However the morphology remained coarse, because of the 

extremely low viscosity of ePHO. 

The inability of the previously suggested approaches to produce substantial improvements in 

the processability and properties of these polyesters led to the development of a simple 

reactive compounding approach, involving reaction with a peroxide and coagent. This method 

resulted in substantially improved crystallization rates, viscosity, elasticity and melt strength of 

PLA and its blends with PHO, as well as improved the compatibility between the blend 

components, resulting in a very fine morphology. This approach has resulted in blends having 

simultaneously improved toughness, increased viscosity, strain hardening and crystallinity and 

represents a significant technological advance in these materials. 

 These results suggest that simple free-radical mediated reactive compounding of  biopolyesters 

in the melt state can produce the rheological enhancements needed in processes such as film 

blowing and casting, blow molding, thermoforming and foaming, as well as the enhanced 

crystallization rates needed in injection molding, thus significantly broadening the applicability 

of these polymers in conventional polymer processing operations. This should enable the 

introduction of these compounds to new products/markets and may lead to the possible 

identification of new applications for these biopolymers. 

7.2 Conclusions   

Absolute molecular weight (MW) distributions were determined for different MCL PHAs with 

predominantly 3-hydroxyoctanoate (PHO), 3-hydroxynonanoate (PHN) or 3-

hydroxydodecanoate (PHDD) content via triple-detector size exclusion chromatography (SEC), 
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combined with analyses using various detectors, using tetrahydrofuran (THF) as the carrier 

solvent. Unlike with the short-chain-length (SCL) PHB, the uncorrected polystyrene calibration 

in THF provided a good estimate (within 10 %) of absolute MW values for the tested MCL PHAs, 

irrespective of side chain length. Weight-average MW values ranged from 172,000 Da for PHO 

to 18,200 for PHN with 30 mol% 3-hydroxyheptanoate, and dispersities of all samples were 

close to two. Melt viscosity data suggested an entanglement molecular weight around 8 X 104 

Da, significantly higher than most thermoplastics. 

Blends of PHO with PHB, were prepared by melt compounding. Coarsening of the droplet-

matrix morphology of the blends was noted as the PHO content increased beyond 5 wt.%; this 

was attributed to the significant viscosity mismatch between the components. Addition of PHO 

improved the thermal stability of the blends, reduced their crystallinity and resulted in shifts in 

their melting and crystallization temperatures. The blends had improved tensile strain at break. 

The unnotched impact strength showed a threefold increase at 30 wt.% PHO content. Cross-

linking of PHO using a peroxide initiator increased its viscosity, thus improving the morphology 

and mechanical properties of the blends. 

Blends of PLA with PHO were also investigated. In spite of the viscosity mismatch between the 

blend components, addition of PHO resulted in increased elongation at break and impact 

strength of PLA  accompanying decrease in tensile strength and modulus. These improvements 

can be explained by a reduction in the crystallinity of the PLA, whereas the melting point and 

glass transition temperature (Tg) remained unaffected. Further increase of the PHO content 

resulted in a drop in properties, and attributed to the coarse morphology. The heat deflection 

temperature (HDT) of PLA did not change upon addition of 10 wt.% PHO. Peroxide cross-linking 
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of PHO to increase its melt viscosity, and introduction of epoxy groups led to only moderate 

improvements in blend properties.  

In order to improve melt and crystallization properties, PLA was chemically modified by radical 

mediated solvent-free, peroxide-initiated grafting of triallyl trimesate (TAM) coagent in the 

melt state. When compared with the parent material and with PLA samples treated with 

peroxide alone, coagent-modified materials demonstrated higher molar mass and improved 

melt rheological properties, including substantial improvements in melt elasticity and strain 

hardening under uniaxial extension. The properties of coagent modified PLA were compared to 

those PLA modified by a multi-functional epoxide oligomeric chain extender (Joncryl®). 

Although the rheological properties were comparable, the coagent-modified material 

demonstrated significantly enhanced crystallinity and crystallization rates.  The appearance of a 

distinct crystallization exothermic peak and the disappearance of the cold crystallization 

temperature point to a nucleation effect in the coagent modified PLA, which together with the 

rheological enhancements can promote the processability of this material in conventional 

thermoplastics operations. 

Reactive compounding in the presence of the dicumyl peroxide (DCP) and TAM was also 

evaluated in PHO and its blends with PLA. The viscosity and elasticity of PHO increased 

substantially following reactive compounding indicative of partial cross-linking, while it retained 

its amorphous nature. In addition to the substantial increase in viscosity and melt elasticity, the 

resulting product exhibited improved extrudate appearance. Reactively modified PLA/PHO 

blends in the presence of DCP and TAM displayed enhancement in strain hardening and 

crystallization rates, previously observed for the matrix, modified PLA. Furthermore these 
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blends had finer morphology, which was attributed to a compatibilizing effect possibly arising 

from copolymer formation at the interface. Coagent modification further resulted in changes in 

the morphology, and possible phase inversion in blends containing higher PHO content, while 

the mechanical properties and HDT remained relatively unaffected by this coagent 

modification. 

7.3 Significant contributions 

This thesis has completed a very thorough and complete characterization of various MCL PHAs, 

which are possible candidates to replace conventional elastomeric polymers. For the very first 

time, the true molecular weight of MCL PHAs was determined. Based on the findings, molar 

mass determinations based on polystyrene standards can be used as the molecular weight of 

these materials.  

MCL PHAs have very low  viscosities and crystallize very slowly, requiring 8-12 h to solidify after 

processing. This makes their handling and post-processing very difficult. The work in this thesis 

developed a method to improve processing and handling of MCL PHA, through a simple 

reactive modification using a peroxide and coagent. 

It was shown that PHO, a bioderived and biodegradable polymer, can be used to impact modify 

brittle biopolymers to offer a complete biosystem. Addition of PHO improved elongation and 

impact properties of brittle PLA and PHB.  

The most important contribution of this thesis is that it provided a solution to improve the melt 

strength of PLA and its blends with PHO. This should extend its use in applications such as blow 

molding, thermoforming, blown film and foaming that involve stretching.  The improvements in 

the total crystallinity and crystallization rates of PLA and its blends with PHO without the need 
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to add nucleating agents, are another significant finding of this thesis, which will likely have 

broad implications in their potential to extend to new applications. 

7.4 Recommendation for future work 

i) Optimization of coagent content is needed to reduce gel content so that the 

elastomeric properties of MCL PHA can be retained and its ability to impact modify 

brittle polymers can fully be utilized.  

ii) Most of the MCL PHAs, with the exception of poly(3-hydroxydodecanoate) (PHDD)  

were highly amorphous. It may be worthwhile to pursue coagent modification of 

PHDD, to investigate the potential to impart some improved crystallinity to this 

material.  

iii) The solid-state properties of coagent modified MCL PHAs should be investigated, as 

these materials could be used as replacements for conventional thermoplastic 

elastomers. 

iv) The effect of coagent modification on pristine PHB and its blends with MCL PHA can 

be investigated in detail to see whether the properties of these blends can be 

enhanced. 

v) Further detailed investigations of the improvements in crystallization in the 

presence of coagent should be carried out, including detailed optical microscopy, X-

ray diffraction (XRD) analysis, as well as investigation of coagent-rich particle 

formation in these compounds. The improvements in the morphology of PLA/MCL 

PHA blends in the presence of peroxide and coagent should also be studied. 
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vi) The mechanical properties of coagent modified materials should be influenced by 

the differences in their crystallinity. Detailed investigation of this, including different 

cooling rates during sample preparation, as well as different molding procedures, 

(injection and compression molding) should be carried out to exploit this effect. 
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Appendix A - Improved viscosity ratio and compatibility of poly (lactic 

acid) and polyhydroxyoctanoate blends 

 

Introduction 

In Chapter 6 it was reported that the reason for the very coarse morphology of poly (lactic acid) 

(PLA)/polyhydroxyoctanoate (PHO) blend is the significant viscosity mismatch between the 

blend components. This is evident from Figure A.1, which summarizes the complex viscosities of 

the materials under consideration. Both polymers had Newtonian behavior, with viscosities of 

661 Pa.s and 13 Pa.s for PLA and PHO respectively, at 180°C, resulting in a viscosity ratio 

(defined as the ratio of the viscosity of the dispersed phase over the viscosity of the matrix) of 

0.02. 

The shortcoming of viscosity mismatch between PHO and poly-3-hydroxybutyrate (PHB) was 

addressed in chapter 4 by free radical mediated cross-linking using peroxide. In this appendix, 

the same approach is followed to increase the viscosity of PHO and reduce the viscosity 

mismatch with PLA. Additionally epoxidation of PHO was explored to improve its compatibility 

with PLA by reaction of epoxy groups with hydroxyl and carboxyl groups of PLA. Furthermore it 

was anticipated that the epoxy groups would act as a chain extender to improve the viscosity of 

PHO [1].    
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Experimental 

Cross-linking of PHO  

PHO was crosslinked as described in Chapter 4 (Section 4.2.3) and dry mixed with PLA before 

feeding in the DSM micro compounder. The gel content of the peroxide cross-linked MCL PHA 

was measured as described in chapter 4. 

Epoxidation of PHO 

10-epoxyundecanoic acid was prepared as described below and was used to prepare epoxidized 

PHO (ePHO). 50 g of 10-undecenoic acid were dissolved in 25 ml of anhydrous dichloromethane 

and the solution was placed in an ice bath (0 oC). m-Chloroperbenzoic acid (mCPBA) was 

purified by washing with a phosphate buffer solution of pH 7.5 and dried under reduced 

pressure at room temperature. 65 g of purified mCPBA dissolved in 450 ml of anhydrous 

dichloromethane were added to the 10-undecenoic solution drop wise, under continuous 

stirring with a magnetic stirrer in an ice bath.  The solution was then stirred for 24h until a 

white precipitate formed. After filtration to eliminate the m-chlorobenzoic acid the filtrate was 

washed with a 0.80 M solution of sodium sulphite until peroxide was no longer detectable with 

peroxide test paper. The organic layer was finally washed with distilled water until pH test 

paper indicated that the washings were neutral. The solution was then dried under reduced 

pressure to yield a dry white powder. 

Nuclear magnetic resonance characterization 

Proton (1H) and carbon (13C) NMR spectra were recorded on a Bruker DPX300 NMR 

spectrometer at 300 MHz in deuterated chloroform (CDCl3) as solvent. The chemical shifts 

(ppm) for 1H and 13C NMR were referenced relative to tetramethylsilane (TMS, 0.00 ppm) as the 
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internal reference. The solution concentration was 0.5 w/v% (20 mg of sample in the NMR 

tube) and the solution was filtered prior to placing it in the NMR tube. 

Yield = 99%; mp = 39 oC. 1H-NMR (300 MHz, CDCl3, δ ppm); 1.9-1.3 (m, 12H, (CH2)6; 2.3 (t, 2H, 

CH2-CO2H); 2.5 (dd, 1H, CH epoxy); 2.8 (t, 1H, Ha of CH2 epoxy); 2.9 (d, 1H, Hb of CH2 epoxy). 

 

Results and Discussion 

Cross-linked PHO (xPHO)  

Complex viscosities of the xPHO, are summarized in Figure A.1. Cross-linking led to significant 

increase in shear thinning behavior and loss of the Newtonian plateau as expected for cross-

linked polymer with high cross-linked densities. 

Given the change in the viscosity-shear rate dependence, xPHO can only match the viscosity of 

PLA in a very narrow frequency/shear rate range. As shown in Figure A.1, lower peroxide 

loading (0.06 wt.%) matched the viscosity of PLA at lower frequency region. At higher peroxide 

level, 0.2 wt.%, the viscosity of PHO was equivalent to PLA viscosity in the mid frequency 

region. In order to match the viscosity of PHO at high shear rates of about 100 s-1 (equivalent to 

shear rate in processing), 0.5 wt.% of peroxide was needed, hence PHO was cross-linked using 

0.5 wt.% peroxide and blended with PLA for further evaluations. 
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Figure A.1 Complex viscosity of PLA, PHO, xPHO and ePHO at 180°C  

The mechanical properties of PLA blends containing xPHO and ePHO are summarized in Table 

A.1. xPHO matched the viscosity of PLA in the high frequency region and had pronounced shear 

thinning characteristics, however, it did not show any improvement in mechanical properties as 

the elastic nature of PHO was altered due to the high gel content (97%) of xPHO. 
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Table A.1 Mechanical properties of PLA and blends containing PHO, ePHO and xPHO 

 

 

 

 

 

 

Epoxidized PHO 

The compositions of the prepared 10-epoxyundecanoic acid and the ePHO were determined by 

1H NMR spectroscopy. The spectra were consistent with the expected structures. The 

epoxidation reaction of 10-undecanoic acid was followed by 1H-NMR. During the epoxidation 

the characteristic signals corresponding to the unsaturated side group (2.0 ppm –CH2-, 4.9 ppm 

=CH2, 5.8 ppm –CH=) disappear and are replaced by peaks associated with the oxirane group at 

2.5 ppm (c, 0-CH-, multiplet) and 2.75-2.9 ppm (a and b, -O-CH2, triplet and multiplet, 

respectively), while the –CH2- group is now found at 1.3 ppm (e). The 1H NMR spectrum of 

ePHA, together with the corresponding chemical shift assignments, is presented in Figure A.2. 

The percentage of epoxy groups in the prepared ePHA was calculated by comparing the oxirane 

signals (i and j in particular, due to the fact the h is overlapped by the CH2 side chain groups) 

with the -CH3 signal of the unmodified side chain (f). The content of epoxy modified monomer 

in the resulting ePHO was 12 mole %, as determined by the 1H NMR.  

 

  

Tensile 

stress (MPa) 

Tensile 

Strain (%) 

Unnotched 

Impact (KJ/m2) 

Young's Modulus 

(MPa) 

PLA  74 (±3) 14 (±1) 32 (±5) 670 (±74) 

10 % PHO 50 (±4) 35 (±15) 65 (±5) 696 (±29) 

10 % xPHO 40 (±2) 11 (±1) 23 (±1) 567 (±29) 

10 % ePHO 47 (±4) 32 (±8) 57 (±11) 551 (±36) 
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Figure A.2. NMR spectra of ePHA (12% mol/mol 10-epoxyundecanoic acid/unmodified 

monomer) 

Epoxidation of PHO did not show any increase in viscosity of PHO rather it was diminished 

(Figure A.1). 

Blends of PLA with ePHO  

The compatibility of the blend components in immiscible blends is associated with their 

interfacial tension. The Palierne model [2] was used to obtain an estimate of the interfacial 

tension between PLA and PHO by fitting the complex modulus of the blend as a function of 

frequency (A.3).  

a

c

d

g

e

f

jh

b

c

d

b

i

a

b, h

f

d, e

c, g

i j

ji

d, h

a

M
e
th

a
n

o
l

A
c

e
to

n
e

Chemical Shift (         )



120 
 

The Palierne model relates viscoelasticity of emulsion with the viscoelasticity of matrix and 

dispersed phase, droplet size and droplet size distribution of dispersed phase and the 

interphase surface tension of the blend components. It can be expressed as 
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Gd* and Gm* are complex moduli of the dispersed phase and matrix respectively, α, the 

interfacial tension, φ, the volume fraction of disperse phase, ω is the studied frequency and R is 

the particle radius. 

Immiscible blends of PLA and PHO formed droplet-matrix morphology with PLA as matrix phase 

and PHO forming spherical dispersed phase. Scanning electron microscopy (SEM) with details 

mentioned in chapter 4 was used to characterize blend morphology. Volume average diameter 

of PHO domain determined using image analysis software SigmaScan Pro was 1.73 mm. 

Interfacial tension was calculated by substituting volume average diameter and volume fraction 

of PHO in equation A.1.  The estimated interfacial tensions were 2.1 and 0.6 N/mm for PLA-PHO 

and PLA-ePHO respectively. The epoxy groups of ePHO plausibly reacted with carboxylic acid 

end group of PLA improving their compatibility and hence reducing interfacial tension. 
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Figure A.3 Elastic modulus, G', of the PLA (matrix), PHO (droplet) and the 95/5 PLA/PHO blend 

as a function of frequency at 180°C, and fit of the data using the Palierne model.  

The mechanical properties of PLA/ePHO blend are depicted in Table A.1. Irrespective of 

improved compatibility as a result of epoxidation, enhancement in properties was not 

equivalent to that of neat PHO. ePHO that had viscosity lower than neat PHO, yielded a higher 

viscosity mismatch and a coarser blend morphology (Figure A.4).  

 

 

Figure A.4 Scanning electron microscopy of PLA blends containing 10 % of a) PHO, b) ePHO and 

c) xPHO (0.5 wt.% of peroxide) 
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To further identify the mechanism for the morphology development the droplet size of PHO 

and ePHO in PLA matrix was predicted using Wu model [3] for viscoelastic liquids as shown in 

equation A.2 and further it was compared with particle size obtained from SEM images.  

The model correlates viscosity of blend components, interfacial tension, droplet size and shear 

rate according to 

 ̇   

 
   ( 

  

  
)
     

        (A.2)  

where,  ̇ – shear rate, Ƞm- viscosity of matrix, Ƞd- viscosity of dispersed, σ- surface tension, D- 

diameter of particle (+ve sign for λ>1, -ve for λ<1) 

The predicted particle size at a shear rate of 100 S-1 was 4mm which is fairly close to the particle 

size obtained from SEM images. The particle size of ePHO was higher at 8mm 

In spite of the lower interfacial tension in ePHO/PLA, blend morphology was coarser, indicating 

that effect of viscosity mismatch was more prominent than the interfacial tension reduction. 

This explains the lack of improvements in morphology and hence mechanical properties. 

Conclusion 
 

Epoxidation of PHO improved its compatibility with PLA, however did not show any 

improvement in elongation and impact properties due to increased viscosity mismatch with 

PLA. Cross-linking of PHO improved its viscosity substantially. Irrespective of lowering viscosity 

mismatch, xPHO/PLA blend did not enhance ductility, mainly due to high gel content altering its 

elastic nature. 
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