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ABSTRACT 

 Recently, the development of bio-based polymers has attracted considerable 

attention, due to their composability or biological degradability. In this study, poly(lactic 

acid) (PLA) and poly(hydroxyalkanoate) (PHA) were modified with three functional 

additives for improving their thermal, mechanical, and rheological properties for industrial 

application. A plasticizer, a processing aid, and a nucleating agent used as additives were 

blended with PLA or PHA in various concentrations using a solution casting technique or 

a melt blending process. Poly(butylene glutarate) (PBG) was explored due to its potential 

to be used as a plasticizer and processing aid for PLA and PHA, respectively. The 

nucleation effect of poly(3-hydroxybutyrate) (PHB) was investigated on PHA. Differential 

scanning calorimetry (DSC), tensile testing, dynamic mechanical analysis (DMA), and 

melt flow index (MFI) were used to determined thermal, mechanical, and rheological 

properties of these blends. Atomic force microscopy (AFM), scanning electron microscope 

(SEM), and polarized optical microscope (POM) were used to determine the morphology 

of the blends. The rates of composting biodegradation for the selected blends were 

evaluated in a respirometer under aerobic conditions at 58 °C. The results suggested that 



PBG is a useful plasticizer for PLA and an effective processing aid for PHA. PBG 

improved the % elongation at break and accelerated the rate of degradation of PLA. Besides 

the melt fracture on the surface of extruded PHA can be eliminated by adding PBG to the 

blend in a commercial extruder. It was found that PHB is an effective nucleating agent for 

PHA, and since PHB is a biologically degradable material, blending of PHB with PHA is 

still route to an environmentally friendly product. 
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INTRODUCTION AND LITERATURE REVIEW 

Introduction of Bio-based Aliphatic Polyesters 

 Plastics are widely used and an important part of everyday life. Conventional 

production of plastics worldwide consumes over 250 million metric tons of fossil fuels 

each year.1 These petroleum-derived plastics have high carbon footprint and take a long 

time to degrade. The increasing accumulation of plastic wastes in the environment lead to 

imbalanced and damaged ecological system adversely affects wildlife and humans. A great 

number of bio-based polymers have been developed due to the desire and need to replace 

fossil fuel-based polymers. Bio-based polymers have a smaller carbon footprint and play 

significant role to reduce carbon dioxide emission because they derive from renewable 

biological resources such as starch, cellulose, and lignin.  

Recently, the development of bio-based aliphatic polyesters has attracted 

considerable attention due to their degradability.2-4 Bio-based aliphatic polyesters can be 

classified based on their synthesis process. This chapter discusses the bio-based aliphatic 

polyesters that synthesized from the monomers that obtained from renewable resources 

such as poly(lactic acid) (PLA), and the polyesters that produced by microorganism 

through fermentation process such as poly(hydroxyalkanoates) (PHAs). Figure 1.1 shows 

the structures of these polyesters.  
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                   Poly(lactic acid), PLA                     Poly(hydroxyalkanoate), PHA 

                              

Figure 1.1 General structures of aliphatic polyesters 

 

Poly(lactic acid), PLA 

The synthetic routes to obtain PLA are performed by direct condensation 

polymerization of lactic acid or ring opening polymerization of lactide. The 

polycondensation does not provide sufficiently high molecular weight due to the negatively 

influences of esterification equilibrium reaction and the difficulty in removing water as 

byproducts.  Therefore, common pathway to obtain high molecular weight is through ring 

opening polymerization.5 Two isomers of lactic acid, L (+) and D (-) can be derived from 

the fermentation of renewable agricultural sources. These two lactic acids also can convert 

to lactide, a cyclic dimer, by removing water under mild conditions and without solvent.6 

With different content of the two isomers, several distinct forms of PLA can be PDLA, 

PLLA and PDLLA. Scheme 1.1 shows polymerization of PLA from L-lactic acid and D-

lactic acid. 
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Scheme 1.1 Polymerization scheme of PLA from L-lactic acid and D-lactic acid. 

 

  

 

 

 

 

 

 

     

 

The ratio of the optically active configuration influences the crystalline, thermal, 

and mechanical properties. PLA can be semi-crystalline or entirely amorphous depending 

on the content of two lactides (L and D). Due to the imperfection introduced by D-lactic 

acid, semi-crystalline PLA contains more than 93% of L-lactic acid while entirely 

amorphous PLA contains 50% - 93% of L-lactic acid.7 Crystallinity influences thermal and 

mechanical properties of PLA.  Typically, the glass transition temperature (Tg) of PLA 

ranges from 50-80 °C and the melting transition (Tm) range from 130-180 °C depending 

on their crystallinity and molecular weight. In term of mechanical properties, PLA has 

properties similar to poly (ethylene terephthalate) or PET. Its tensile strength and elastic 

modulus are about 50-70 MPa and 3GPa, respectively.8 However, PLA is rigid and very 

brittle below its Tg with less than 10% elongation at break. The crystallization kinetic of 

Low Mw. PLA 

High Mw. PLA  

L-lactic acid 

D-lactic acid 

Lactide -H
2
O 

Ring opening polymerization 

Condensation 
polymerization Coupling agents 
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PLA is also found to be relatively slow and decrease as the purity of L-lactic acid decrease. 

PLA brittleness and slow crystallization rate can be disadvantage and limit the possibility 

to extend its applications in industrial unless PLA is suitably modified.  

PLA is one of the promising candidates as alternative of petrochemical polymers 

because it is commercially available, composting biodegradable, nontoxic, and 

biocompatibility. NatureWorks LLC is the major producer of PLA, which is marketed 

under the brand name Ingeo.9 PLA is an aliphatic polyester that can be degraded by simply 

hydrolysis of the backbone ester bonds into nontoxic matters. The products of PLA 

degradation are lactic acid and oligomers that can be consumed by microorganisms and 

then produce carbon dioxide (CO2), water (H2O) and solid biomass.10 Since the final 

products of PLA degradation mainly consist of CO2 and H2O which are considered non-

toxic, the US food and Drug Administration (FDA) has approved PLA for biomedical 

applications.11 With these promising properties, PLA is considered as a suitable alternative 

material for medical and packaging applications. 

The hydrolysis process of the PLA depends on various factors including the 

morphology, degree of crystallinity, molecular weight, presence of additives, and 

conditions in the degradation environment such as pH, humidity and temperature.12 As 

temperature is increased, the degradation time is shorten. PLA is degraded in human body 

at temperature 37 °C in 2-3 years but can be degraded under commercial composting 

condition where the temperature can go up to 70 °C in 75-80 days.13 The degradation of 

PLA in water at a temperature of 20 °C remains almost stable14 as well as the degradation 

of PLA in soil is slow and take a long time to begin15, 16. Slow rate of degradation of PLA 

is obvious disadvantages when considering the practical requirements in packaging 
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applications.  PLA as currently produced does not meet the specific requirement such as 

toughness, fast crystallization, and quick decomposition in landfill. Therefore, modifying 

PLA for achieve all the desired properties need to be made in order to extend its 

applications in several industrials’ domains.  

Poly(hydroxyalkanoates), PHAs  

Poly(hydroxyalkanoates) (PHAs) are a family of aliphatic polyesters synthesized 

by a variety of microorganisms. They have attracted extensive attention as natural 

biodegradable plastics and potential alternatives to replace fossil-based plastics. PHAs 

shows biological degradability in all aerobic and anaerobic environments and can be used 

to make completely compostable, and soil and marine biodegradable products.17 PHAs 

have been classified based on the monomer composition in their structures including short 

chain length (SCL) and medium chain length (MCL). The SCL-PHAs have a total number 

of carbon atom in monomer unit between 3 to 5 carbon atoms, while the MCL-PHAs have 

subunits containing 6 to 14 carbon atoms.18 There are around 150 different PHA monomers 

have been report and this number continues to increase with the new types of PHA.19 The 

thermal and mechanical properties of PHAs depend on polymer composition and 

comonomer content.  

Poly(hydroxybutyrate) (PHB) is one of the most studied PHAs and belongs to SCL. 

This homopolymer containing 4 carbon subunits of 3-hydroxybutyrate has properties that 

are similar to the petroleum polymers polypropylene (PP).19  PHB is highly crystalline and 

has Tm is around 175 °C. The applications of PHB are limited because PHB has large 

spherulites and exhibits secondary crystallization which occurs during storage time at room 
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temperature causes brittleness and poor mechanical properties. In addition, PHB has poor 

thermal stability with very narrow processing window. Its thermal decomposition 

temperature is similar to its Tm. At temperature above Tm, sever degradation by random 

chain scission reaction through β‐elimination can be induced into various oligomers and 

crotonic acid. As a result, a drastic decrease in molecular weight occurs.  

It is known that PHA containing comonomer such as 3-hydroxyhexanoate (Hx) has 

lower crystallinity and lower Tm than PHB homopolymer. Moreover, it has been shown 

that the introduction of Hx monomer unit has improved the mechanical properties of PHB. 

Doi et al. have reported a decrease of the crystallinity from 60 to 26%, a decrease of melting 

temperature from 177 °C to 120 °C, and an increase of the elongation at break from 5 to 

850% as the Hx unit content increase from 0 to 17%.20  The resultant copolymerized PHB 

with Hx is called Poly[(3-hydroxybutyrate)-co-(3-hydroxyhexanoate)] or PHBHx. The 

chemical structures of PHB and PHBHx are shown in Figure 1.2.  

 

                                             

  Poly(hydroxybutyrate), PHB        Poly[(3-hydroxybutyrate)-co-(3 hydroxyhexanoate)],  

                                                                                                PHBHx 

Figure 1.2.  Chemical structures of PHB and PHBHx. 

With the increasing content of Hx, the side chain of Hx unit expands and acts as 

crystalline defects, thus lowering the melting temperature. As a result, Tm can be adjusted 
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by changing the ratios of the Hx comonomer, consequently broadening temperature 

window in melting process. Despite the better mechanical properties and melt 

processability, PHBHx copolymer has a critical drawback in crystallization rate. The rate 

of crystallization of PHBHx is too slow and shows much lower than crystallization rate of 

PHB. These characteristics make it difficult to use PHBHx to make products via extrusion 

and injection molding. The rate of crystallization is an important parameter for industrial 

process. Polymers that have a slow crystallization rate tends to stay soft, tacky and stick to 

itself making it difficult to achieve rapid mold release. A consequence of this is that 

injection molding cycle times are extended. In general, crystallization rate can be increased 

by acceleration the nucleation process. Nucleating additives are typically used in industry 

for speeding up this process. This poor processability is one of the major drawbacks of the 

PHBHx.21 It is known that unmodified PHBHx cannot be extruded, or injection molded 

with economic cycle times. Therefore, it is important to find suitable nucleating agents that 

can achieve a desire rate of crystallization. 

Strategies Towards to Improve Polyester Properties 

Bio-based aliphatic polyesters such as PLA and PHAs are rarely used without 

tailoring their properties. With the purpose of functional improvement, polyesters are 

usually modified by either copolymerization or physical blending. Blending is more 

practical, convenient, and cost effective to obtain achieved properties than 

copolymerization.22 Polymers are usually mixed with various additives. The type and 

amount of these additives will be properly selected in order to enhance performance 

characterization of polymers. This section will describe three types of additives: 
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plasticizers, processing aids, and nucleating agents. Two different methods used for the 

preparation of polymer blends such as solution casting and melt blending are also 

presented.  

1. Plasticizers  

Plasticizers are additives that are added to polymers to make them softer and more 

flexible. Typically, plasticizers are added by two purposes: 1) to aid processing and 2) to 

modify the properties of the final product. Introduction plasticizers into polymers as a 

processing aid help to lower the processing temperature, reduce the melt viscosity, and 

decrease shear rate causing better flow and less heat generation during the process. As a 

modified final product, plasticizers increase flexibility, elongation and toughness (impact 

strength) by lowering polymer Tg. 
23, 24  

There are two kinds of plasticizers, internal and external plasticizers. Internal 

plasticizers are chemically modifying the polymers as an integral part of the polymer chain. 

It involves copolymerization into the polymer structure or reacts with the original 

polymers25. By making polymer structure less order, internal plasticizers generally have 

bulky substituents. These bulky groups provide more space for polymer chains to move 

resulting more difficult for the chains to come closely together. On the other hand, external 

plasticizers are substances that added to polymers and interact with polymer chains without 

involving chemical reaction. The external plasticization can generally be achieved by 

adding low molecular weight, relatively non-volatile organic compound to polymers. 

External plasticizers are commonly used for commercial applications due to it is very 

convenient to select the particular substance from a variety of plasticizers and vary the 

amounts of plasticizers for tunable to attain desired processability and product properties.26, 

https://www.sciencedirect.com/topics/engineering/plasticizer
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27 Since external plasticizers are not chemically bound to original polymer, they are easily 

lost by extraction, migration or evaporation in certain condition. For applications, the 

plasticizers loss can lead to functional failures such as brittleness in the unplasticized state 

and contaminate the surrounding medium.  

The use of plasticizers for the manufacture of plastic products is not a new 

practice.27 The selection of a plasticizer for production is generally limited by the required 

safety, environmental favorability, chemical and physical property that dictate their 

miscibility, processing temperature and required flexibility towards the target 

application.28 More than 300 different types of plasticizers are manufactured world-wide.29 

Phthalates, commonly known as ‘ester plasticizers’ have been widely used since the 

1920s.29 However, the use of phthalates have become controversial with concerns of their 

effects on human health and on the environment.28 Since phthalates are semi-volatile 

organic compounds, and are not chemically bound to the polymer matrix, they ultimately 

leach out of the polymers overtime and end up in the environment. Several studies have 

suggested that phthalates disrupt the hormone system and cause reproductive problems in 

mammals.30 

Global demand for all plasticizers will increase to about 9.75 million tons by 

2024.31 As the bio-based plastic industry continues to grow, the demand for bio-based 

plasticizers will certainly go in the same direction. There is increased interest in the use of 

bio-based plasticizers due to the advantages of renewability, degradability, and low-

toxicity. Therefore, it become challenges and opportunities for research into these bio-

based non-toxic plasticizers. 
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2. Processing aids 

Processing aids are additives used for increasing the processing efficiency. In 

extrusion process, it is well known that high molecular weight polymers exhibit flow 

instabilities at high production rate. Consequently, the extrudate distortions or melt fracture 

are observed, rendering a poor product quality. Processing aids are used for instability 

elimination which target at slip promotion and leads to lower stress and pressure in the 

extruder. Processing aids act as lubricants which can lower melt viscosity or prevent 

polymers from sticking to metal surfaces. Fluoropolymer, stearates, and polymer blends 

are common processing additives using in the extrusion of molten polymers.32 

Fluoropolymers are traditional used as processing aids in the commercial extruder for 

polypropylene (PP), linear low density polyethylene (LLDPE), and high density 

polyethylene (HDPE).32 Stearate can promote slip and aid in the reduction of instabilities 

of PP.33 Other polymers such as polyethylene glycol (PEG) was found to enhance the 

improvement in the processability of polyethylene/polypropylene.34  

 The effect of processing aids on the elimination of flow instabilities may result from 

two factors. First, the viscosity of processing aids is lower than that of polymers. 

Consequently, they tend to segregate or migrate in interface between the metal die wall and 

the polymer melt. Secondly, the adhesion of processing aids to metal surface is higher than 

the adhesion of polymer to metal surface. Thus, the processing aids will come to contact 

with the metal die wall surface during the extrusion process. The metal die wall becomes 

coated with a very thin layer of processing aid and causes slippage. The slip of polymer 

molecules is also influenced by a number of factors such as temperature, pressure, 

molecular weight, and immiscible blends.35  
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3. Nucleating agents

Crystallization of polymer occurs upon cooling from melting. This crystallization 

process involved two processes attributed to primary and secondary crystallization.36 

Primary crystallization is related to the formation of nuclei site form the melt state 

(nucleation) and spherulite growth. Secondary crystallization occurs when spherulites 

impinging on each other at which point the growth ceases. Crystallization rate of polymers 

can be increased by accelerating the nucleation process. Nucleating agents are widely used 

in semi-crystalline polymers to increase the rate of crystallization. The addition of 

nucleating agents into polymers involves the addition of a foreign materials or impurities 

which presents a new surface and promotes the heterogeneous nucleation process. In this 

case, heterogeneous nucleation uses foreign pre-existing surfaces to reduce the free-energy 

barrier for the formation of nucleation.37 

The nucleating agents can be mainly divided into three kinds: inorganic additives, 

organic additives, and polymers.38 Inorganic compound such as talc, silica, titanium 

dioxide, and boron nitride have found to be nucleating agents. The nucleation effect of 

these mineral additives highly depends on concentration, surface, particle size, and 

distribution.39 In this case, they are typically insoluble in the melt and their melting point 

is well above melting point of polymers matrix. On the other hand, organic additives 

especially salts dissolve in the polymer melt and react with polymer chains. Sodium 

benzoate is the most common commercially organic salt. It induces chain scission and 

produce ionic chain which subsequently precipitate into ionic cluster and form the nuclei. 

Another type of nucleating agent is a group of ion-containing polymers called ionomers. 
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They have a negatively charged acid groups which have been partially neutralized with 

sodium ions.40  These ionomers aggregate in the melt and acts as heterogeneous species.41  

It was found that surface-induced epitaxial crystallization of polymers plays an 

important role in heterogeneous nucleation. Epitaxial crystallization was considered the 

growth of one crystalline phase (guest crystal) on the surface of a crystal of another phase 

(host crystal) in one or more strictly defined crystallographic orientation.42  Most polymers 

were shown to have epitaxial interaction between polymers and their nucleating agents.43 

Epitaxial crystallization can occur due to such good lattice matching between nucleating 

agents and polymers. In the case of talc, it has been known to nucleate many aliphatic 

polyesters such as poly(ethylene terephthalate)44 and poly(hydroxybutyrate-co-

hydroxyhexanoate) through an epitaxial mechanism. By using the concept of epitaxy, 

suitable nucleating agent can be searched and selected for the polymer. The overall 

efficiency nucleating agent not only be attributed to the dispersion quality but to the 

lattice matching between nucleating agents and polymers.  

4. Polymer Blending 

Polymer blending is an effective, simple, and versatile method to develop the new 

materials.45 Instead of synthesizing new polymers, existing two or more polymers and/or 

copolymers combine by mixing together. Polymer blend can be obtained by two ways, 

solution casting and melt compounding. The first way is to dissolve two polymers in the 

same common solvent, and subsequently letting the solvent evaporate. This method works 

fine in the small lab scale. However, in the industrial scale, this method could be expensive, 
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and effects on environment. The using of extra solvent, and the evaporation of solvent to 

the air are not suitable for making polymer blends in large amounts. 

The second way is to mix polymers together in an extruder where temperature is 

high enough to melt the polymers without causing degradation. This method does not 

require using any solvent. The basic components of the extruder composed of four main 

parts: feeder, screw, barrel, and die exit shown in Figure 1.3. In this polymer processing, 

screw rotation speed, melt temperature, and retention time are the important variables 

which can affect product quality such as surface finish, mechanical properties, and thermal 

degradation. Therefore, it is a challenging task to find the appropriate condition while 

mixing polymers together with the extruder. In order to avoid the thermal degradation of 

polymers during extrusion, many researchers suggested to dry them prior to the melt 

processing. Also, the melt temperature in the extruder must be kept at a low level in order 

to minimize the degradation.46 

 

Figure 1.3. The basic components of an extruder 
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Objectives and Dissertation Outline 

The overall objectives of this dissertation are as follows: 1) explore the structures 

and properties of the polymerization of glutaric acid and butanediol. 2) modify PLA by 

blending with poly(butylene glutarate) (PBG) as a bio-based plasticizer to create a product 

more suitable for commercial applications. 3) study the PBG as a bio-based processing aid 

for PHBHx in hot-melt extruder. 4) investigate PHB as a nucleating agent for PHBHx. The 

rest of this dissertation is organized into four chapters.   

Chapter 2 of this dissertation discussed the use of PBG as a plasticizer to improve 

PLA ductility and accelerate composting biodegradation rate of PLA. PBG was 

synthesized through polycondensation reaction between 1,4-butanediol and glutaric acid. 

The preparation of the films of various PLA/PBG blends by solution casting and hot 

pressing was also described. Mechanical properties of the blends between PLA and PBG 

were compared to PLA and PBS blends. Degradation studies were carried out using 

respirometry under aerobic conditions at 58 °C for 90 days.  

Chapter 3 describes the use of PBG as a processing aid for PHBHx in hot-melt 

extrusion. The appropriate condition was explored to extrude PHBHx. Various 

compositions of PHBHx/PBG blends were prepared at different weight ratios. The effects 

of PBG on melt viscosity, flowability, and viscoelastic properties were investigated. 

Moreover, the thermal and mechanical properties, and phase morphology of the 

PHBHx/PBG blends were characterized. The processability of selected PHBHx/PBG blend 

was evaluated by determining the melt flow instabilities.  
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Chapter 4 of this dissertation investigates the use of PHB as a nucleating agent for 

improvement crystallization rate of PHBHx. PHBHx was blended with PHB at various 

ratio in hot melt extruder. The crystallization kinetics of PHBHx/PHB were studied under 

the isothermal and non-isothermal crystallization process. Melting behavior of the neat 

PHBHx and PHBHx/PBH blends were determine by using modulated differential scanning 

calorimetry (MDSC). Composting biodegradation were measured by gaseous carbon loss 

under aerobic conditions. 

Finally, chapter 5 summarized the chapter of this dissertation and offers an outlook 

and future work that could extend from the present research. 
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BLENDS OF POLY(BUTYLENE GLUTARATE) AND POLY(LACTIC ACID) WITH 

ENHANCED DUCTILITY AND COMPOSTING PERFORMANCE1 

1Reprinted with permission from Holt, A.; Ke, Y.; Bramhall, J. A.; Crane, G.; Grubbs, J. B.; White, E. M.; 
Horn, J.; Locklin, J. ACS Appl. Polym. Mater. 2021, 3 (3), 1652-1663. Copyright (2021) American 
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Abstract 

Blends of poly(lactide) (PLA) with poly(butylene glutarate) (PBG) have been 

investigated with a focus on the improvement of PLA brittleness and an enhancement of 

the degradation rate under industrial composting conditions. PBG was synthesized by melt 

polycondensation between 1,4-butanediol (C4) and glutaric acid (C5). The effect of the 

odd carbon atom number in the dicarboxylic acid monomer caused a decrease in melting 

temperature (Tm) and crystalline content, and subsequently an increase in composting 

degradation rate. Films of PLA blended with various compositions of PBG were prepared 

by solution casting and hot pressing. Physical, mechanical, and viscoelastic behavior along 

with morphology of the blends were investigated using a variety of techniques. All 

PLA/PBG blends showed a decrease in both glass transition temperature (Tg) and tensile 

strength, but showed an increase in the % elongation at break. The composting 

degradability of PBG and selected PLA/PBG blends were investigated using respirometry.  

Considering all the analyses performed, adding PBG to PLA improved the brittleness of 

PLA and accelerated the rate of degradation in industrial composting. PLA/PBG blends 

exhibited higher ductility than blends of PLA with poly(butylene succinate), a polymer 

commonly compounded with PLA in many thermoplastic applications. The compatibility 

of PBG in a PLA matrix was dependent on the concentration of PBG in PLA matrix, with 

phase separation evident above 3 wt %.  

. 
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Introduction 

In recent years, the development of bio-based polyesters have attracted 

considerable attention due to monomer sourcing from renewable resources (and thus CO2 

sequestration), along with selective abiotic and biotic degradation under certain 

environmental conditions.1, 2 Among these polyesters, poly(lactide) (PLA) is one of the 

most well-studied thermoplastics and a commercial alternative for some conventional 

petroleum-based polymers.3, 4 PLA is an aliphatic polyester, its monomer lactide is 

produced through the fermentation of renewable resources, and its composting degradation 

products are water and carbon dioxide when carried out in aerobic conditions at 

temperatures at or above the glass transition temperature. PLA is used in many market 

sectors for both disposable and durable goods including packaging, textile, automotive, 

additive manufacturing, and medical applications. PLA exhibits good mechanical 

properties as well as easy processability.5, 6 Its tensile strength and tensile modulus are 

similar to poly(ethylene terephthalate) (PET).7-9 PLA can be conventionally processed 

using extrusion, injection molding, blow molding, and also fiber spinning.   

The well-known drawbacks of PLA such as brittleness, low heat deflection 

temperature, poor impact resistance, and slow degradation rate at end-of-life are major 

disadvantages for commercial applications in the single-use item and packaging 

industries.10, 11 Current research on PLA modification has been focused on improving the 

mechanical and thermal properties by either copolymerization or physical blending, with 

compounding being the more practical and cost effective method to obtain the desired 

properties.12 PLA blends with nanocomposites and nanofibrils have also been explored to 

overcome the brittleness of PLA. There have been several studies aimed at controlling the 



 

25 

  

phase morphology of these reenforcing nanocomposites such as adding PBS and PBAT 

nanofibrils in the PLA matrix.13, 14 Moreover, Certain small-molecule plasticizers such as 

citrate esters,15 triacetine,16 and epoxidized soybean oil,17 or other polymers such as 

polyethylene glycol,18, 19 poly(caprolactone),20 poly(butylene succinate),21 and 

poly(butyleneadipate-co-terephthalate)22 have been observed to be effective additives at 

improving flexibility and toughness. The role of these additives is to enhance the mobility 

of polymer chains as well as increasing elongation at break of the polymer.23  

Organic plasticizers with low molecular weight and high to moderate vapor 

pressure have the tendency to volatilize during extrusion or eventually migrate from the 

polymer matrix of the formed article under certain conditions.  The loss of plasticizers can 

lead to functional failures and contaminate the surrounding medium which limits their use 

in areas like food packaging and biomedical applications. Polymeric plasticizers have been 

used to hinder plasticizer migration due to their high molecular weight, better water 

resistance, excellent oil and solvent extraction and longer service life.24 More specifically, 

many polyesters also have the characteristics of low toxicity and safety.25 It is reported that 

blending PLA with ductile polyesters that exhibits lower glass transition temperature (Tg) 

such as poly(butylene succinate) (PBS) can improve PLA brittleness.21 PBS is an aliphatic 

polyester synthesized by melt polycondensation of 1,4-butanediol (C4) and succinic acid 

(C6). It is semi-crystalline with a glass transition temperature (Tg) of about -30°C and a 

melting temperature (Tm) around 114°C. As a soft component in binary PLA/PBS blends, 

it is reported that PBS acts as a stress concentrator preventing brittle failure and enabling 

ductile yield.26 The elongation at break of PLA/PBS blends increases gradually with 
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increasing PBS content. However, without the use of reactive extrusion,27 the brittleness 

of PLA does not significantly improve until the PBS content is very high, at 80-90wt%.28, 29  

In term of degradation in aerobic conditions, polyesters such as PLA and PBS 

degrade through a two-step process.30, 31 In the first step, hydrolytic degradation occurs 

under an appropriate temperature and moisture environment resulting in substantial 

decrease in molecular weight. Then, enzymatic degradation by certain microorganisms can 

metabolize these lower molecular weight (monomeric and possibly oligomeric) 

components to biomass, carbon dioxide and water. The hydrolysis process of the PLA and 

PBS depends on various factors including the morphology, degree of crystallinity, presence 

of additives, and conditions in the degradation environment such as pH, humidity, and 

temperature.32 Importantly, water absorptivity plays a significant role in hydrolysis 

process. The degradation of PLA in soil is slow partly because of its hydrophobicity, where 

water is unable to easily penetrate the PLA matrix.33 The degradation of PLA in industrial 

compost is much faster than in soil conditions since the temperature of the inoculum can 

rise above or around the Tg. The elevated temperature environments (∼50-60 °C) in 

industrial compost helps to increase chain mobility in the amorphous phase, with a 

subsequent increase in the diffusion rate of water.34 The addition of PBS to PLA has also 

resulted in accelerated hydrolytic degradation. It has been reported that the relatively higher 

hydrophilic character of PBS compared to PLA and immiscible PBS particles enhance the 

hydrophilicity and introduce gaps/voids in blends, providing channels for water 

penetration.27, 35 

Poly(butylene glutarate) (PBG) is also an aliphatic polyester, but synthesized from 

1,4-butanediol (C4) and glutaric acid (C5). The chain length of diacids and the even-odd 
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effect on the chemical structure of the aliphatic polyesters ultimately determine their 

thermal properties and crystallinity.36 From a materials point-of-view, the effect of an odd 

numbered diacid can influence the number of hydrogen bonds per gram of polymer, leading 

to a decrease in Tm and percent crystallinity. Polyesters made from even-even carbon 

monomers (such as PBS) display relatively high Tm and crystallinity, and the degree of 

crystallinity of the polyester plays an important role in the degradation process. Low 

crystallinity with a higher fraction of amorphous phase is usually more easily degraded by 

hydrolysis due to faster rate of water diffusion.37  Nowadays, odd or even diacids and diols 

monomers can be produced on a large scale from renewable plant-resources such as corn 

starch and sugar cane.38, 39 The fermentation technology alternative to petroleum-derived 

products is made possible in the biosynthetic routes of succinic acid38 and more recently 

glutaric acid.40, 41 The potential for bio-based production to replace petroleum-

based production of these monomers has attracted lots of attention because it is a sensible 

approach for achieving economic and environmental sustainability.42 

In view of thermal properties and degradation rate, the use of PBG can offer several 

advantages such as improving brittleness and increasing degradation rate to PLA blends. 

In this work, the odd-even aliphatic polyester PBG was first synthesized through 

polycondensation/transesterification and fully characterized in terms of thermal and 

degradation properties.  Next, blends of PLA and PBG were prepared with various 

compositions via solution casting, and the influence of PBG on the thermal, mechanical, 

and morphological properties of the PLA blends was investigated. The impact of PBG on 

composting biodegradation was also examined. The result from this study will offer not 

only an alternative to petroleum-based additives, but improvements in both mechanical 
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properties and rate of degradation at much lower blend ratios than other aliphatic 

polyesters.   

Experimental Section 

1. Materials

PLA (Ingeo 3251D, Nature Works, LLC.) was obtained in resin form from Danimer 

Scientific. The Tg was approximately 60°C and the Tm was approximately 170°C. 

According to the manufacturer’s data sheet, the exact proportion of D, L stereoisomer level 

of monomer was not specified. PBS (FZ91PM) in pellet form was supplied by PTT MCC 

Biochem Co., Ltd (Thailand). It has a Tg about -30°C and the Tm about 114°C. Glutaric 

acid and Zirconium (IV) butoxide (Zr(OBu)4) were purchased from Sigma-Aldrich. 1,4 

butanediol was purchased from Alfa Aesar and HPLC grade chloroform (CHCl3) was 

purchased from JT Baker, U.S.A. Sigmacell cellulose (type 101) used as received in 

powder form was purchased from Sigma-Aldrich. This cellulose powder was used as a 

positive control to monitor microbial activities based on ASTM standard D5338-15 for 

composting biodegradation test.43 

2. PBG synthesis and characterization

PBG was prepared by copolymerization of glutaric acid and 1,4 butanediol through 

a two-step procedure using a rotary evaporator equipped with a condensation-collecting 

flask, a silicon oil bath, a nitrogen inlet, and a vacuum system controller. The molar ratio 

of diacid to diol was 1:1.01, and the catalyst was 0.08wt% of the total monomers.  

Briefly, 210 g (1589 mmol) of glutaric acid and 145 g (1609 mmol) of 1,4 

butanediol were added together into a 500 mL round bottle flask. The monomer mixture 

was heated to 150°C for 1 hour (agitated at 25 rpm) under a constant stream of nitrogen at 



 

29 

  

atmospheric pressure in order to completely melt the monomers and remove all oxygen. 

After this time, the agitation and temperature of the mixture was raised to 50 rpm and 

165°C, respectively. The vacuum pressure was gradually reduced from atmospheric 

pressure to 100 torr over a period of 3 hours to prevent excessive foaming and avoid 

monomer evaporation during polymerization. The water byproduct was collected and 

removed from the reaction vessel. 

Next, the reaction pressure was slowly reduced to 1 torr and the reaction mixture 

was continuously agitated for 16 hours. Subsequently, the number of carboxylic acid end 

groups (acid number) were determined by standard titration in dioxolane with potassium 

hydroxide and phenolphthalein indicator (see the Supporting Information). When the acid 

number (AN) of the product was lower than 30, Zr(OBu)4 (0.3 ml, 0.78 mmol) was added 

as catalyst and continued to react for additional 12 hours to obtain a product of high 

molecular weight. The final product was cooled to room temperature and freeze dried for 

24 hours. 

The structure of PBG was determined by proton nuclear magnetic resonance (1H 

NMR) in CDCl3 (Varian Inova 600 MHz spectrometer). The molecular weight and 

polydispersity index (PDI) of PBG samples were measured at 40°C by gel permeation 

chromatography (GPC). The GPC system included an automatic sampler (Shimadzu, SIL-

20A), two pumps (Shimadzu, LC-20AD), a column oven (Shimadzu, CTO-20A), an 

ultraviolet detector (Shimadzu, SPD-20 A), and a refractive index detector (Shimadzu, 

RID-10A).  CHCl3 was used as the mobile phase at a flow rate of 1.0 mL/min and molecular 

weight is reported relative to polystyrene standards. Thermogravimetric analysis (TGA) 

was performed on a Discovery TGA (TA Instruments) to obtain the decomposition 
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temperature of PBG by heating from 30°C to 500°C at a rate of 3°C/min under nitrogen 

atmosphere. Thermal properties and degradability of PBG were investigated by using 

differential scanning calorimetry (DSC) on a DSC 250 (TA Instruments) and a 12-channel 

respirometer (ECHO instruments).  

3. Preparation of the blends

Films of PLA/PBG blends and PLA/PBS blends were prepared by solution casting 

at various compositions. The composition ratios of the PBG and PBS in the blends were 0, 

1, 3, 5, 10 and 15wt%. PLA and PBG (or PBS) (approximately 2 g total polymer) were 

dissolved into 15 mL of CHCl3. The mixtures were stirred at 350 rpm for 12 hours before 

casting in a clean glass petri dish (10 cm in diameter). The solvent was allowed to evaporate 

for 24 hours at room temperature. The cast films were then removed from the petri dish 

and air dried at room temperature for 12 hours. 

In order to make uniform films with thickness 100 ± 5 µm, a hydraulic press with 

heated platens (Carver, 4386) was used at 175°C. The cast films were first placed between 

the platens without any pressure for 3 minutes, then the films were pressed for 1 minute at 

500 psi. The specimens were removed from the press and cooled at room temperature 

(approximately 1 minute). The final film thickness was measured with digital calipers. All 

films were stored in a desiccator for further analysis. 

4. Characterization of the blends

4.1 Differential scanning calorimetry (DSC) 

DSC measurements were performed on a DSC 250 (TA Instruments) under 

nitrogen atmosphere. Specimen weighing approximately 5 to 6 mg were heated at a rate of 

10°C/min from 25° to 200°C and held isothermally at 200°C for 1 minute to eliminate 
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thermal history. They were then cooled to -80°C at 10°C/min and held isothermally for 1 

minute before a second heating step. The glass transition temperature (Tg), cold 

crystallization temperature (Tcc), and melting temperature (Tm) of the PLA blends were 

determined using the second heating curve.  

4.2 Dynamic mechanical analysis (DMA) 

DMA was conducted on a DMA Q800 (TA Instruments). All films were cut into 

rectangular shapes using a punch (25 mm x 5.3mm) from 100 ± 5 µm thick films. The 

specimens were gripped by tension clamps with a clamp compliance of about 4 in.lb. DMA 

multifrequency strain analysis with oscillations of 20 μm amplitude at 1 Hz was conducted. 

The temperature was ramped from 30°C to 120°C at 3°C/min. The storage modulus, loss 

modulus, and tan δ were analyzed. 

4.3 Tensile test 

The tensile properties of the neat PLA and the blends were measured using a tensile 

tester (Shimadzu, AGS-X series). Films were cut into dog-bone shapes using a die-cutter 

(Qualitest, ASTM-D1708-96-MET). All specimens were tested at room temperature with 

a cross-head speed of 5 mm/min.  

4.4 Atomic Force Microscopy (AFM) and Atomic Force Microscopy-Infrared 

Spectroscopy (AFM-IR) 

PLA and polymer blend morphologies were examined by PeakForce Quantitative 

Nanomechanical Property Mapping (PF-QNM) on a Bruker Multimode Atomic Force 

Microscope.  Image processing and data analysis were performed with the NanoScope 

Analysis software. Thin films of PLA and the blends were prepared by spin coating onto 

silicon wafers coated with native oxide (UniversityWafer, Inc). The silicon wafers were 
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cut into 2 cm × 2 cm squares and sonicated for 5 minutes with hexane, isopropyl alcohol, 

acetone, and water, followed by drying with a stream of nitrogen. The mixtures of polymer 

with various blend ratios (1-15%wt PBG) were dissolved in CHCl3 to produce 20mg/mL 

solution. Thin films were then fabricated at room temperature with a spin speed of 1500 

rpm using 200 µL of the mixture. Film thickness was measured using spectroscopic 

ellipsometry (J.A. Woollam, M-2000V). 

The AFM-IR measurements were carried on a NanoIR3 system (Bruker) in contact 

mode. The AFM-IR images were recorded with a contact mode tip (Anasys Instruments 

Inc) which has a resonance frequency of 13 ± 4 kHz and a spring constant of 0.07-0.4 N/m. 

The AFM height images were acquired simultaneously with IR maps at ambient conditions. 

IR maps at 1730 cm-1 and 1760 cm-1 wavenumbers were obtained to study the phase 

separated morphology of the films. These single IR radiation images were recorded with a 

scan rate of 0.5 Hz and resolution of 512 × 256 pixels. 

4.5 Scanning electron microscope (SEM) 

Phase morphology of the fracture surface of the tensile bar was investigated using 

a FEI Teneo field emission-SEM at an accelerating voltage of 5kV with a spot size of 7. 

Specimen were cut from the fracture surface of the tensile bar, fixed on pucks with 

conductive tape such that the cross section could be observed. The three-dimensional image 

of sample geometry fixed on the puck is illustrated in Figure A.1. The fracture surfaces 

were sputter coated with a gold/palladium coating using a LEICA EM ACE200 high 

vacuum sputter coater. The thickness of Au/Pd layer was 6 nm. 
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4.6 Composting biodegradation test 

All composting biodegradation tests were divided into two sets of experiments 

based on two different objectives. The degradation studies of PBS and PBG were first 

conducted in order to assess the effects of the even or odd carbon monomers on the rate of 

degradation. Next, the degradation studies of PLA and selected PLA blended with 15wt% 

of PBG were performed to determine the effect of PBG on PLA degradation. Each 

experimental set was carried out in a 12-channel respirometer (ECHO instruments) under 

aerobic conditions at 58 °C for 90 days. The air was pumped into each reactor channel with 

a flow rate of 180 mL/min. The amounts CO2 emission from the outlet gas were analyzed 

every 2 hours using a built-in gas sensor.  

Two sets of compost inoculum were collected from industrial-

scale compost facility located at the University of Georgia, Athens, GA. These two 

compost sets were about 4-5 months old derived from composting the organic fraction of 

green waste, forest residue, food waste, and livestock manure. The temperature in the 

composting pile (50 cm depth) while collecting was 51°C for the first set and 53 °C for the 

second set. Both sets of compost were sieved using a 4.75 mm screen (Sieve No.4) to 

discard any large items such as stone, wood, and glass. The properties of fine and 

homogeneous compost such as pH, volatiles and total solids were measured by pH probe 

and thermogravimetric analysis. Carbon and nitrogen content of the two compost sets and 

samples were measured using the method described in Kristen (Table A.1).44   

Approximately 250 g of fine and homogeneous compost inoculum was introduced 

into 12 reactors. In each experimental set, samples were run in three replicates composed 

of 5 g of two test materials, 5 g of cellulose (positive reference), and blank (control) which 
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is compost inoculum only. For the first degradation experiment, synthesized PBG was cut 

into small pieces and sieved using Sieve No. 4. PBS was dissolved in CHCl3 and 

precipitated in methanol and sieved using Sieve No. 4. For the second degradation 

experiment, both PLA and 15wt% PBG/PLA films were cut into a size of 25 x 25 mm. In 

both experiments, cellulose was used as received in powder form.  

The compost inoculum in all reactors was stirred weekly to prevent clumping and 

provide even distribution of moisture. Water was added into the reactors as necessary in 

order to maintain constant moisture level and prevent drying of the compost inoculum. The 

actual carbon dioxide (CO2) emission from each sample was measured and calculated by 

subtracting from the average CO2 production from the blank. The composting 

biodegradability was calculated from the ratio of actual CO2 emission to the theoretical 

amount of the evolved CO2 in each test period according to the testing method from ASTM 

standard D5338-15.43 For a better understanding of the degradation kinetics, the data were 

fitted to a Modified Gompertz model which was developed to describe the cumulative CO2 

generation curve from each reactor.45-48 The methods calculating biogas production, , and 

Modified Gompertz model fitting are presented in the Supporting Information.  

Results and Discussion 

1. Synthesis and characterization of PBG

PBG was synthesized following the two-step melt polymerization process of 

glutaric acid and 1,4 butanediol (Scheme 1). In the beginning, esterification reactions 

between acid and alcohol dominate and generate low molecular weight oligomers. In this 

stage, the viscosity of the melt is low enough that phase equilibrium can be achieved with 

a good agitation.49 The reaction mixture was heated to 165°C and mixed at 50 rpm under 
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reduce pressure of 100 torr for 3 hours until no more water was removed from the reaction 

mixture. The viscosity of the polymer melt increased with reaction time, and the removal 

of the small molecules becomes more difficult, limited by mass transfer.50 The vacuum 

pressure was lowered further (1 torr) and heated for an additional 16 hours.  The number 

average molecular weight (Mn), weight average molecular weight (Mw), and 

polydispersity index (PDI) of PBG at this stage was 7,384 g/mol, 11,308 g/mol, and 1.53, 

respectively. In the second step, transesterification was carried out using a Lewis acid 

catalyst, (Zr(OBu)4), for an additional 12 hours to yield higher molecular weight polymer 

(Mn = 24,229 g/mol, Mw = 40,560 g/mol, and PDI =1.67). 

Scheme 2. 1. Synthetic scheme for the formation of PBG by polycondensation of glutaric 

acid and 1,4 butanediol. 

1H NMR analysis was performed to verify the chemical structure of PBG (Figure 

A.2), where the butylene sub-unit resonance signals of the A and B protons were observed

at 4.10 ppm and 1.70 ppm, respectively. The signal of a and b protons from the glutarate 

sub-unit are located at 2.37 ppm and 1.94 ppm. The thermal decomposition of PBG was 

determined by the percentage of the mass loss versus temperature using TGA. From the 

thermogram curve (Figure A.3), the degradation temperature of PBG was approximately 

372°C measured by onset extrapolation. The thermal properties of PBG are shown in 

Figure A.4. From the DSC curve, the Tg and Tm of PBG is -60°C and 38 °C, respectively. 
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It is noted that the Tm of PBG is significantly lower than that of PBS (~114°C), which 

limits its application as a stand-alone thermoplastic.  

Next, PBG was compared to PBS to evaluate the effects of the odd or even carbon 

monomers on the rate of degradation. The compost inoculum that was used in this 

experiment had pH of 8.2, total solid of 54.2 % of the wet solid, and volatile solid of 17.0% 

of the wet solid. The total carbon to nitrogen ratio (C/N) of the compost inoculum was 

15.3. The carbon and nitrogen content of PBG were C = 60.1% and N = 0.02% and PBS 

were C = 59.7% and N = 0.02%, respectively. Each sample was run in triplicate.  Figure 

2.1 shows the respirometry data.  In an operation time of 30 days, the cellulose positive 

control reached 72.1 % biodegradation on average. PBG and PBS achieved 77.7% and 

45.1% biodegradation under the same period of evaluation. The % relative composting 

biodegradation of PBG and PBS was 107.7 and 62.5 when normalized against cellulose. 

All data for % composting biodegradation and % relative composting biodegradation after 

60 days and 90 days are reported in Table A.2.  
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Figure 2.1. Composting biodegradation of PBG and PBS under ASTM D5338.                      

(a) composting biodegradation (b) relative composting biodegradation.  
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The result of the biodegradation experiments demonstrates that PBG degraded 

faster than PBS and cellulose under the conditions of ASTM D5338 which simulate 

industrial composting. The replacement of succinic acid (C4) by glutaric acid (C5) 

significantly decreases the Tm from 114°C to 38°C, which increases the degradation rate 

from 60 days to 24 days. This observation could be described to the fact that odd or even 

number of carbon atom monomers and orientation of dipole alignment in these two 

polyesters (PBG and PBS) influence crystal structure.36, 51-53 In polyesters with an even 

number of carbon atoms between carbonyl groups contains close layers of dipoles of 

opposite direction.  This has the effect of canceling the local polarization. In polyesters 

with an odd number of carbon atoms between carbonyl groups, all the dipoles are arranged 

in an identical direction, which repel each other, decreasing the overall stability.53 Scheme 

2 illustrates the arrangement of the polar layers for PBS and PBG.53, 54 The overall effect 

of odd carbon numbers is a decrease in crystallinity and Tm. In this regard, the crystallinity 

and Tm of polyesters has a strong effect on the abiotic (hydrolytic) and biotic degradation 

rate. The lower Tm of PBG is excellent for composting biodegradation, since the elevated 

temperature during composting routinely exceeds 50°C.  

 

Scheme 2. 2. Schematic illustration of the arrangement of the polar layers for PBS (a) 

and PBG (b). The arrows indicate the direction of polarization. 
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2. Thermal properties of PLA/PBG blends

Figure 2.2 shows the second heating DSC thermograms of neat PLA, PBG and 

subsequent blends. The first heating and cooling curves are presented in Figure A.5 and 

A.6. All DSC curves in Figure 2.2 displayed three thermal transitions: Tm, Tg, and Tcc. The

detailed results of DSC are summarized in Table A.3, as these thermal transitions can be 

used to differentiate the miscibility of the blends. A miscible blend is characterized by a 

single thermal transition while an immiscible blend is characterized by multiples thermal 

transitions for each polymer. PLA/PBG blends showed a single Tm below an addition level 

of 3wt% of PBG. However, for higher concentrations of PBG, two independent melting 

transitions for PLA and PBG are observed, which is evidence for phase separation in PBG 

loading above 3wt%.  

Figure 2.2. DSC thermograms of second heating cycle of PLA and PLA/PBG blends.

From the DSC scans shown in Figure 2.2, PLA has a Tg at 58 °C, Tcc at 106 °C and 

Tm at 169 °C. The blends containing PBG showed a lower Tg with increasing PBG content. 

The Tg decreased from 58 °C (neat PLA) to 55 °C (PLA/15wt% PBG). This indicates that 
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the mobility of PLA chains is slightly enhanced due to the presence of PBG. It is apparent 

that the addition of PBG also affects Tcc. The Tcc observed in PLA at 106 °C was decreased 

to 94 °C with the addition of 15wt% of PBG, consistent with the lowering of the Tg. The 

increased chain mobility likely enhances the ability of PLA to cold crystallize at lower 

temperatures.18 This result is similar to other plasticized PLA reports with citrate ester 

plasticizers,55 ester oligomers,56 and epoxidized soybean oil.17 The crystallinity of PLA 

(XC%) was calculated from DSC curves using the following equation: 

XC%= (ΔHm- ΔHcc/ ΔH0
m * XPLA) x100                                        (1) 

where ΔHm was the enthalpy of melting, ΔHcc was the enthalpy of cold 

crystallization, and XPLA was the weight fraction of PLA in the blends. ΔH0
m was the 

melting enthalpy of 100% crystalline PLA, which is 93 J/g.57 From Table A.3, the degree 

of crystallinity increased when the PBG content was increased. The crystallinity in neat 

PLA was 3.1% and increased to 7.5% with the addition of 15wt% PBG. The degree of 

crystallinity of PLA/PBG blends was higher than the PLA again likely due to the increased 

chain mobility.  

3. Viscoelastic behavior of PLA/PBG blends

Figure A.7 shows the storage modulus (E’), loss modulus (E”) and tan delta (tan δ) 

as a function of temperature, as measured by dynamic mechanical analysis (DMA). In 

Figure A.7, the E’ of all samples decreased with increasing temperature below 60°C. There 

was a significant drop of E’ in the regions between 50-60 °C as the material enters the glass 

transition, indicating an increase in the mobility of the polymer. Between 60-90 °C, the E’ 

curves displayed a short plateau that starts to rise around 90 °C due to the onset of cold 

crystallization.17, 58, 59 When comparing PLA and PLA/PBG blends, the E’ of the PLA/PBG 
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blends exhibited lower values, decreasing with increasing PBG content from 2984 MPa 

(neat PLA) to 2311 MPa (PLA/15%wt PBG). In addition, the Tg observed by DMA 

decreases with increasing PBG content. The Tg of PLA was 52.3°C, and 15wt % of PBG 

decreased the Tg to 46.2°C, consistent with that observed from DSC.  

The E” curves are displayed in Figure A.7, which demonstrate that the peak 

intensity of E” in the PLA/PBG blends is lower than neat PLA. The peak intensity of E’’ 

is related to the melt viscosity of a polymer,60 and the shifting of the E” peak can be 

associated with a decreased melt viscosity in the blends. It was observed that the E” for 

neat PLA is 533.6 MPa and decreased to 372.7 MPa for PLA/15wt% PBG. The tan δ also 

shifts to lower temperature with increasing PBG content in the blends. All of the DMA 

data is summarized in Table 2.1.   

 

Table 2.1. DMA data of PLA/ PBG blends. 

 

Sample 

PLA/PBG 

content 

(wt%) 

Storage 

Modulus 

(MPa) 

Tg 

(°C) 

Loss Modulus 

(at the 

beginning) 

(MPa) 

Loss 

Modulus 

(Top 

peak) 

(MPa) 

Tan Delta 

(Top 

peak) 

1 100/0 2984 52.3 81.3 533.6 2.4 

2 99/1 2968 50.2 78.3 473.2 2.5 

3 97/3 2913 49.3 75.7 518.9 2.3 

4 95/5 2847 48.8 78.1 489.4 2.4 

5 90/10 2547 47.6 76.5 431.3 2.4 

6 85/15 2311 46.2 78.6 372.7 2.2 
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4. Miscibility of PLA/PBG blends 

The AFM topography of different blend compositions in which the amount of PBG 

was varied between 1wt % and 15wt% are shown in Figure 2.3. Micro-voids were readily 

observed when PLA was blended with PBG above 3wt%. This is also evidence of phase 

separation and corroborates the observations from DSC, where multiple thermal transitions 

were observed. Since the solubility of the two components in the solution are different and 

the interfacial adhesion between PBG and PLA is relatively poor, PBG aggregated and 

formed micro-voids in the PLA matrix during the film forming process.61, 62 The average 

height and diameter of the holes increased with increasing amount of PBG. Table A.4 

reports the film thickness, height, and diameters of the voids.   

To confirm the morphological observations, AFM-IR was used to identify and map 

polymer components in the blends. Figure A.8 shows AFM height images and IR mapping 

images of PLA with 15%wt PBG taken at 1730 cm−1 and 1760 cm−1 which can be assigned 

to the carbonyl stretching vibration band of PBG and PLA components, respectively 

(Figure A.9). As seen in these IR mapping images, the IR absorption at 1730 cm−1 is 

dominant in the micro-voids, whereas it is weak in the ridge areas. In contrast, the ridge 

regions show a high IR absorption at 1760 cm−1 due to the high density of carbonyl groups 

of PLA. This result further suggests that PLA and PBG are immiscible. 

Like all other polymer classes,  PLA blended with other polymers are either 

partially miscible or immiscible, and their mechanical properties depends strongly on this 

miscibility.63, 64  PLA/PBS blends also demonstrate an immiscible phase structure which 

resulted in an unsatisfactory toughening effect.27 The main challenge with immiscible 

polymer blends is improving the adhesion between the blended components or reducing 
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the dispersed phase domain size. For this reason, compatibilizers are typically added to 

improve the properties of the blend. Compatibilization of polymer blends were not 

attempted in this study, but likely can be used to further improve the miscibility (and 

subsequent toughness) in these composites.   

Figure 2.3. AFM height images of a spin-coated films of the PLA and PLA/PBG blends 

(a) neat PLA, (b) 1% PBG + 99% PLA, (c) 3% PBG + 97% PLA, (d) 5% PBG + 95% PLA,

(e) 10% PBG + 90% PLA, and (f) 15% PBG + 85% PLA.

a) 

c) d) 

e) f) 

b)
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5. Tensile properties of PLA/PBG blends 

Tensile strength, tensile modulus, and % elongation at break of pure PLA, various 

PLA/PBG blends and various PLA/PBS blends are shown in Table A.5. A typical stress-

strain curve for the blends is also shown in Figure 2.4. The inclusion of PBG in PLA 

decreases the tensile strength and tensile modulus but increases the % elongation at break. 

The tensile modulus of neat PLA exhibited the highest value (3.4 GPa) compared to the 

blends. The elongation at break of PLA/PBG increased from 2.5 % to 21.6 % with 15wt% 

of PBG. The increase in ductility suggests that the PLA/PBG blends become more flexible 

with increasing PBG content.  

The same trends in tensile strength, tensile modulus, and % elongation at break 

were also observed in the PLA/PBS blends. According to our observations, a higher 

concentration of PBS in the PLA matrix is necessary to achieve the same improvement in 

toughness. The addition of 5% and 15% of PBS into PLA matrix improved the % 

elongation at break by 5.0% and 13.2%, respectively. These results suggested that the 

brittleness of PLA can be adjusted by blending with PBS. Interestingly, PLA/PBG blends 

exhibit higher ductility than PLA/PBS blends under the same loadings. The PLA/PBG 

blend had a 14.9% elongation at break with only 5% of PBG, while the PLA/PBS blend 

had a similar elongation at break (13.2%) at a loading of 15% PBS. 

Regarding the stress-strain curve, the deformation and fracture behavior of the neat 

PLA can be considered as the resistance to stretching of polymer chain networks. By 

adding PBG, the mobility of PLA chains is enhanced and the resistance to stretching 

decreases, resulting in a reduced tensile modulus and tensile strength. Moreover, there is 

recognizable yielding behavior and strain softening of all PLA/PBG blends. Stain softening 
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is a gradual decline of stress at increasing strain which is primarily a consequence of 

brittleness and heterogeneity of the material.65 

During the tensile testing, PLA/PBG blends exhibited a stress-whitening effect,66 

whereas PLA/PBS did not (Figures A.10-A.11). This crazing occurred when the samples 

were deformed, decreasing their transparency and becoming opaque in appearance. The 

micro-voids67 that were observed with AFM are likely responsible for the initiation of this 

“whitening” effect. Under enough mechanical loading, the tensile stress applied is 

concentrated at the interface of the micro-voids and as a result, the micro-voids increase in 

size and allow for the alignment of micro-fibrils between voids. The aligned structure 

enables the fibrils to carry the applied stress until breaking. The extensive stress is 

dissipated by crazing and postpones the ultimate failure of the material.11 To explore the 

toughness mechanism, SEM was used to study the fracture surface of the specimens.  

Figure 2.4. Stress-strain curves for (a). PLA/PBG blends and (b). PLA/PBS blends. 

a) b) 
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6. Morphology of PLA/PBG blends

Figure 2.5 (and also A.12) shows the SEM images of the tensile test fracture surface 

of the PLA/PBG blends.  The fracture surface of neat PLA is very smooth and uniform, as 

expected with no phase separation. The fracture surface of the blends appears rougher and 

the formation of micro-voids with increasing PBG content are obvious. The void size 

continues to grow with stress loading during the tensile test. This visible increase in void 

formation correlates well with the AFM analysis. As the PBG content increases, the 

appearance of more voids is observed due to an increase in phase separation. The increase 

in void size with increasing PBG content also correlates well with the tensile testing data. 

Samples that have higher PBG loading demonstrate longer elongation at break due to void 

growth and alignment of microfibrils. The average void size for blends with 1%, 3%, 5%, 

10%, and 15% PBG were 0.5-1µm, 1-2µm, 2-3µm, 3.5-4.5 µm, and 7-8 µm respectively. 

This increase in void size coupled with an increased elongation at break confirms that as 

the void grows, it allows for the alignment of microfibrils which results in greater stress 

dissipation and better toughness.  

7. Aerobic composting biodegradability of PLA/PBG blends

The composting biodegradability of PLA and PLA-based blends were investigated 

by respirometry to determine the influence of PBG on PLA degradation. In general, it is 

our observation that the blending of polymers influences the overall degradation behavior 

of the blend, and typically differs from the degradation rate of the neat components alone.  

The interaction among different species in the blends and overall morphology influence 

the diffusion rate of water and subsequent hydrolytic reactions during degradation.68 

Because of space limitations in the respirometer and the best performance of toughness, 
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the blend of 15% PBG and 85% PLA was selected for respirometry evaluation. The carbon 

and nitrogen contents of PLA were 52.5% and 0.03% and the blend were 53.3% and 0.01%, 

respectively. The compost inoculum that used in this experiment had pH of 8.0, total solid 

of 51.7wt% of the wet solid, and volatile solid of 17.7wt% of the wet solid. The total carbon 

to nitrogen ratio (C/N) of the compost inoculum was 19.2.  

               

               

            

Figure 2.5. SEM cross-section images of tensile bar fracture surface of PLA and PLA/PBG 

blends (a) neat PLA, (b) 1% PBG + 99% PLA, (c) 3% PBG + 97% PLA, (d) 5% PBG + 

95% PLA, (e) 10% PBG + 90% PLA, (f) 15% PBG + 85% PLA. 

a) b)      

c) d)      

e) f)      
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All the emitted CO2 was monitored and quantified during the composting 

degradation test. The percent of composting biodegradation can be calculated by dividing 

the actual CO2 emission from the samples by the theoretical CO2 emission from the samples 

and multiplying by 100. After 90 days under a controlled composting aerobic condition in 

a respirometer operated at 58 °C, the composting biodegradation of PLA was 40.2% PLA 

and the blend reached 54.5% (Figure 2.6a). The relative composting biodegradation of PLA 

and the blend was 66.1% and 89.6%, respectively (Figure 2.6b). The results showed that 

the composting biodegradation of this blend degraded faster than the neat PLA and it 

passed the threshold limit requirement for biodegradation imposed by the ASTM standard 

D6400-12,69 which states that the biodegradability must reach at least 90% relative to 

cellulose within 180 days.  
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Figure 2.6. Degradability of cellulose (reference material), PLA and PLA blended with 

15% PBG (a) composting biodegradation (b) relative composting biodegradation. 
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Modified Gompertz model 

By using the modified Gompertz model to fit sample CO2 production, the 

composting biodegradation of each test specimen can compare quantitatively through two 

different composting experiments. This compost inoculum was sourced from the same 

industrial composting facility and from comparable 4-5 months old compost. The PBG and 

PBS were studied against the “Cellulose 1” positive control while the PLA and PLA/PBG 

blend were examined against the “Cellulose 2” positive control in a later experiment. The 

difference in CO2 production between the blank controls and any test material reveals the 

amount of gaseous carbon loss from each sample as shown in Figure 2.7.  

Figure 2.7.  Gaseous Carbon Loss from Samples. The cumulative CO2 production is 

plotted for each operational day for the two respirometry experiments. Note that “Cellulose 

1” is the positive control for the PBG and PBS composting experiment and “Cellulose 2” 

is the positive control for the PLA and PLA/PBG blend composting experiment. Dotted 

lines represent the modified Gompertz models according to the corresponding parameters 

in Table 2.2. 



 

49 

  

Notably, the cumulative yield of the cellulose controls in the PBG and PBS 

respirometry experiments displayed higher cumulative CO2 yield than the cellulose 

controls in the PLA and PLA/PBG blend respirometry experiment. This observation also 

helps describe the activity of the compost inoculum, whereby the inoculum in the PBG and 

PBS testing likely had higher overall activity on the cellulose control and the test samples 

when compared to the separate PLA and PLA/PBG blend respirometry experiments. The 

maximum CO2 potential (Pm) was 737.1 and 566.5 mL CO2 ⸱ g
-1 sample for Cellulose 1 

and Cellulose 2 positive controls, respectively, verifying the higher inoculum activity of 

the first composting experiment. 

Modified Gompertz kinetic parameters and absolute biodegradation of PBG, PBS, 

PLA and 15% PBG + 85% PLA are shown in Table 2.2. PBG returned the fastest rate of 

biodegradation (39.7 mL CO2 ⸱ d-1), even faster than the cellulose controls in the 

respirometry experiments. By extension, the PBG/PLA blend also yielded a faster rate of 

biodegradation (10.7 mL CO2 ⸱ d
-1) than the PLA alone (8.2 mL CO2 ⸱ d

-1). The increase 

in the rate of biodegradation and the decrease in the hydrolysis lag phase time observed in 

the PLA/PBG blend when compared to the PLA suggests that the PLA/PBG blend will 

have better industrial composting outcomes than PLA. 
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Table 2.2. Modified Gompertz Model Parameters of CO2 Production and Gaseous Carbon 

Loss from Samples. 

 

Parameters Cellulose 1 PBG PBS Cellulose 2 PLA 

85% 

PLA+ 

15% 

PBG 

Pm (mL CO2 ⸱ 

g-1 sample) 
737.1 1106.0 1115.0 566.5 481.6 635.4 

Rm (mL CO2 ⸱ 

d-1) 
26.2 39.7 20.3 31.1 8.2 10.7 

𝛌 (day) -1.3 -0.5 5.4 1.2 21.7 15.0 

CO2 yield (mL 

CO2 ⸱ g
-1 

sample) 

762.8 1151.4 1104.8 547.0 439.8 603.4 

Absolute 

biodegradation 

(%) 

87.4† 94.1† 90.8† 60.5* 41.2* 55.7* 

Biodegradation 

relative to 

Cellulose (%) 

N/A 107.6† 103.9† N/A* 66.1* 89.6* 

 

†Biodegradation values determined after 90 days of testing against Cellulose 1. 
*Biodegradation values determined after 90 days of testing against Cellulose 2. 

 

During the initial degradation period, there was a very short lag-phase period. The 

lag phase time for Cellulose and PBG returned negative values of -1.3 and -0.5 days, 

respectively. This occurs in situations where bio-products (CO2 was monitored in this 

experiment) are generated almost instantaneously without a lag period.70 This is not 
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surprising for the cellulose control considering the compost inoculum is primarily 

composed of lignocellulosic biomass where endogenous cellulase enzymes are abundant; 

however, the PBG also returned a negative lag phase time, suggesting this polymer is 

readily deconstructed instantaneously in thermophilic composting inoculum. The 

instantaneous biodegradation of PBG is likely associated with both abiotic and enzymatic 

hydrolysis processes to afford the fast metabolism of the carbon into CO2. 

Conclusions 

In this work, PBG was successfully synthesized through a melt polycondensation 

reaction and can be sourced using 100% bio-based monomers.   PBG is readily 

compostable and blending PBG with PLA improves the PLA brittleness without 

compromising its degradability. Thermal properties of PBG demonstrate a lower Tg and Tm 

when compared to PBS due to the odd carbon atom in the diacid repeat unit, which 

ultimately increases the degradation rate of PBG. Blends of PLA and PBG were prepared 

with various compositions via solution casting and were fully characterized by thermal and 

mechanical testing along with AFM and SEM.  Blends of PBG exhibit phase separation 

above 3% and enhance the mobility of PLA chains in the matrix.  The tensile toughness of 

the blends is increased without compromising the tensile strength or modulus of PLA. The 

composting biodegradation also showed the PBG/PLA blend had faster degradation rate 

than the neat PLA during the testing period.  Further work on copolymer compatibilizers 

is ongoing, which aim at enhancing the adhesion strength between the two components and 

manipulating the phase domain size, which will allow further tuning of the ultimate 

mechanical properties and rates of composting biodegradation. 
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EXTRUSION OF POLY(HYDROXYALKANOATE)2 

2 Holt, A. and Locklin, J. To be submitted to Journal of Applied Polymer Science. 
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Abstract 

Poly(butylene glutarate), PBG was first used as a novel processing aid for 

poly(hydroxyalkanoate), PHA in hot-melt extrusion. Various compositions of PHA/PBG 

blends were prepared at weight ratios of 100/0, 95/5, 90/10, 85/15, and 80/20. The 

rheological, thermal, mechanical, and morphological properties were investigated by 

means of rheological test, melt flow index (MFI), dynamic mechanical analysis (DMA), 

differential scanning calorimetry (DSC), tensile test, and atomic force microscopy-infrared 

spectroscopy (AFM-IR). It was found that the presence of PBG reduced the melt viscosity 

but increased the flowability of PHA. By the incorporation of PBG, the storage modulus, 

loss modulus, and glass transition temperature (Tg) decreased with the increasing PBG 

content. These results are attributed to the increase of molecular chain mobility of PHA 

and therefore reduce its viscosity. In addition, morphology of the blends showed an 

immiscible two-phase system with PBG dispersed in the PHA matrix. Compared with neat 

PHA, the concentration with 5 wt % PBG increased the % elongation at break about 

155.1%. However, the % elongation at break of the PHA/PBG blends was decreased as the 

loading of PBG further increased above 5 wt %. As the results, the concentration of 10 wt 

% PBG has been considered as a better balance performance between mechanical and 

rheological properties. This optimum addition level of 10 wt % was selected to evaluate 

the processability in the commercial scale extruder compared with the neat PHA. Due to 

the processing aid effect by PBG, it has demonstrated that the extrusion pressure and melt 

fracture were eliminated during the extrusion process. 
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Introduction 

Hot-melt extrusion is one of the most widely used processing techniques in the 

plastic industries.1 Many commercial polymers such as polyolefins, polyamides, and 

polyesters undergo a processing step from a reactor tank to an extruder in order to produce 

final products. Currently, more than half of all plastic products, including plastic bags, 

sheets, and pipes, are manufactured by this process.2 In the extrusion process, raw 

materials which can be solid, or liquid are first fed through a feeder or an injection pump 

into a barrel. With a rotating screw under elevated temperature inside the barrel, polymers 

are melted, mixed, and formed into uniformly molten polymer. Finally, the molten 

materials exist the extruder through a die and form into products of different shapes. 

Extrusion system is an efficient technology offering a continuous process and inexpensive 

way for the processing of polymers.3 With this processing technique, consistent products 

can be manufactured at high output rates with low cost. Extrusion also provides a more 

environmentally friendly process as the products are produced in solvent-free conditions.4 

In extrusion processes, extrudate distortion known as melt fracture is one of the 

common problems when extruding plastics.5 During extrusion, molten polymers are forced 

to extrude through the barrel and die at high flow rate for the efficiency of production 

process. At this high flow rate, melt polymers are subjected to high shear stresses and 

exhibit flow instabilities causing the extrudate surface becomes visibly rough leads to 

unacceptable products which made them worthless.6 Processing aids are often added during 

the extrusion to improve the processability. The role of processing aids enables high 

molecular weight polymers to be processed at high shear rate without melt fracture. The 

addition of processing aids results in good-quality product that are produce at higher output 
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rate.7 Fluoropolymer, stearates, and polymer blends are common processing additives 

using in the extrusion of molten polymers.8  

Owing to current environmental issues and public awareness of eco-friendly 

alternatives, the use of bio-based or biodegradable plastics has become an attempt to 

replace petroleum-based plastics.9, 10 The development of bio-based or biodegradable 

processing aids can play a crucial role in helping to reduce the dependence on fossil-based 

resources and offer fully environmentally friendly when blends with other bio-based or 

biodegradable materials. Poly(butylene glutarate) (PBG) is an aliphatic polyester 

containing odd-even carbon monomers of glutaric acid and butanediol. These low-cost 

monomers can be derived from renewable agricultural resources. The thermal properties 

of bio-based PBG showed significantly low glass transition temperature, Tg (-60°C) and 

low melting temperature, Tm (38°C). Moreover, composting biodegradation of PBG is 

comparable to cellulose. Within 90 days in a respirometer operated at 58°C, PBG and 

cellulose have achieved 94.0% and 87.4% biodegradation.11 As an additive, PBG has been 

used for poly(lactic acid) in toughness improvement and acceleration of composting 

biodegradation. The addition of PBG resulted in decrease in Tg and increase of % 

elongation at break due to an increase in the PLA chain mobility.11  

Along with environmental concerns, several studies have shown that 

poly(hydroxyalkanoate) (PHA) is one of the most promising material that can replace non-

biodegradable synthetic plastics.12, 13 PHA obtained by bacterial synthesis shows 

biodegradable behaviors in all aerobic and anaerobic environments and can be used to 

make completely compostable, and soil and marine biodegradable products.14 Currently, 

most of industrial efforts aimed at extrusion the PHA into commercial products on 
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industrial scale. By blending with additives or other polymers, thermal and mechanical 

properties of PHA and be modified and thereby improved for various applications.15, 16  

Based on the properties of PBG that is eco-friendly and has low softening 

temperature, it is reasonable to expect that PBG can be used as a good plasticizer or 

processing aid for PHA. In this work, we reported the first investigation on the performance 

of PBG as an effective additive for PHA in the hot-melt extruder. With the aim to be able 

to extrude the PHA for industrial applications, the appropriate extrusion condition of PHA 

was first examined. The effects of the extrusion conditions caused by thermo-mechanical 

degradation were determined by molecular weight measurements using gel permeation 

chromatography (GPC). Then, the effects of PBG on melt viscosity, flowability, and 

viscoelastic properties were investigated by rheological test, melt flow index (MFI), and 

dynamic mechanical analysis (DMA).  

Moreover, the thermal and mechanical properties, and phase morphology of the 

PHA/PBG blends were characterized by differential scanning calorimetry (DSC), tensile 

test, and atomic force microscopy-infrared spectroscopy (AFM-IR). All the analyses were 

performed to assess the suitability concentration of PBG for using in the commercial scale 

extruder. Finally, the processability of selected PHA/PBG blend was evaluated and the 

effect of PBG on the instability (melt fracture) elimination was also discussed. The results 

of this study will provide industrial product development perspectives for PHA.  

Experimental Section  

1. Materials

PHA in powder form with comonomer unit of 3-hydroxyhexanoate (Hx) molar 

fraction of 5.6% were provided by RWDC. The number average molecular weight (Mn), 
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weight average molecular weight (Mw) and polydispersity index (PDI) are 429.7 kg/mol, 

744.0 kg/mol, and 1.7, respectively. The PBG used in this study was synthesized through 

a melt polycondensation reaction according to the method reported in the literature.11 The 

Mn, Mw and PDI are 28.9 kg/mol , 53.3 kg/mol, 1.8, respectively. All chemicals were used 

without further purification for the blends. HPLC grade chloroform (CHCl3) was purchased 

from JT Baker, U.S.A. Silicon wafers used as substrates were purchased from 

UniversityWafer Inc.  

2. Sample preparations

2.1. Processing Condition 

PHA is highly moisture sensitive and can be naturally degraded by the simple 

hydrolysis of ester bonds in the presence of water. Thus, prior to the blending process, the 

PHA was dried in a vacuum oven at 60 °C for 48 h. PHA is also prone to degrade when 

exposes to high processing temperature and to relevant mechanical stresses. Therefore, it 

is important to check first and find the appropriate extrusion condition. The effects of 

thermo-mechanical degradation during extrusion were investigated by varying the screw 

speeds (30, 60, 100 rpm) and varying barrel temperatures (150, 160, 170, 180 °C). The 

total input of material approximately 7 g was melt processed using a laboratory scale twin-

screw extruder (MiniLab II HaakeTM Rheomex CTW 5) with a residence time of 6 min. 

Molecular weight variations as consequence of temperature and screw speed profiles were 

monitored to provide evidence of degradation.  

2.2 Preparation of PHA and PBG blends for characterizations 

PBG was added at five concentrations, 0, 5, 10, 15, 20 wt %, based on 100 parts of 

PHA. The extrusion procedure was conducted according to the screw speed and 
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temperature profiles suggested based on above finding in Minilab micro-compounder 

which are 30 rpm and 150 °C. This Minilab micro-compounder allows the preparation of 

small batches of 7g. After the mixing step, the tensile and DMA specimens were prepared 

by means of an injection molding machine (HAAKE MiniJet II). The temperature of the 

heated cylinder was 155 °C and the mold was heated to 40 °C. A pressure of 650 bars was 

used for the injection for 5 seconds and a post-pressure of 400 bar was used for 2 seconds. 

The dimensions of the dog-bone bars complied with the standard ASTM D638 type V,17 

while dimensions of DMA bars were 60 mm x 11 mm x 3mm.  

2.3 Preparation of PHA and PBG blend to verify the processability. 

The blend of PHA with 10% PBG was selected to evaluate the processability in the 

commercial scale extruder compared with the neat PHA. In this blending process, melt‐

extrusion of 300 g was carried on a twin-screw extruder MIC18PH/6L-35D (Leistritz) with 

a screw diameter of 18 mm and an L/D ratio of 40:1. The screw speed during processing 

was 50 rpm, and the temperature profile from feed zone to die zone was the following: Z1= 

157 °C, Z2 = 157 °C, Z3 = 150 °C, Z4 = 150 °C, Z5 = 150 °C, Z6 = 140 °C, Z7= 120 °C. 

The extrudate was quenched in a water bath at 55 °C after exiting from the extruder and 

allowed to rest at room temperature before it entered the winding machine.  

3. Characterizations  

3.1 Gel Permeation Chromatography (GPC) 

The molecular weight and molecular weight distribution of samples were 

determined by using a OMNISEC RESOLVE (Malvern) equipped with refractometer, 

right angle and low angle light scattering detector (RALS/LALS), and viscometer. GPC 

columns packed with porous poly (styrene-co-divinylbenzene) particles regulated at a 
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temperature of 35 °C. HPLC grade chloroform was used as the eluent and permeated 

through the columns at the flow rate of 1 mL/min. Filtered sample solution at 

concentrations of 1 mg/mL was injected into the system. The data collected were processed 

and analyzed using OMISEC- v11.10 software.  

3.2 Rheological test 

Rheological test was performed at 150 °C and screw speeds between 25 to 250 rpm 

in a lab-scale co-rotating twin screws extruder with a backflow channel (MiniLab II 

HaakeTM Rheomex CTW 5). The samples approximately 5 g were processed in 

recirculating mode for 6 min before measuring the viscosity. The rheological test itself is 

done and controlled by the HAAKE PolySoft OS Software. The backflow channel in the 

MiniLab is constructed as a rheological slit capillary with two pressure sensors. The 

rheological information about the viscosity of the samples can be calculated according to 

the Equation S3.   

3.3 Melt flow index (MFI) 

MFI is the mass flow rate expressed in gram mass per 10 minutes. MFI of PHA 

blended with PBG were measured using MP1200 (Tinius Olsen). The sample of 4 g was 

heated for 5 minutes in the barrel and extruded through the die under a constant load 2.16 

kg at 165 °C. A 100 g rod was used as a plunger and the results of MFI were averaged from 

three replicate measurements.   

3.4 Dynamic Mechanical Analysis (DMA) 

DMA of the PHA-based blends were investigated using a DMA Q800 (TA 

Instruments). Rectangular specimens of about 1 x 10 mm (thickness x width) were used 

for analysis. All samples were gripped by tension clamps with a clamp compliance of 6 
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in.lb. The oscillatory frequency of the dynamic test was 1 Hz. The temperature was raised 

at rate 3 °C/min in the range of -25 °C to 125 °C.  

3.5 Differential Scanning Calorimetry (DSC)  

Thermal analysis was performed using DSC 250 (TA Instruments) under a nitrogen 

flow. The weight of sample was about 5-6 mg. All samples were heated to 180 °C at a rate 

of 10 °C/min and held for 1 min to eliminate thermal history. Then, they were cooling to -

80 °C at a cooling rate of 10 °C/min to investigate the crystallization peaks. After holding 

at -80 °C for 1 min, the sample were reheated again to 180 °C to obtain Tg and Tm values. 

3.6 Atomic Force Microscopy-Infrared Spectroscopy (AFM-IR) 

The AFM-IR data in this study were obtained by using a NanoIR3 system (Bruker). 

Contact mode with an AFM tip (Anasys Instruments Inc) which has a resonance frequency 

of 13 ± 4 kHz and a spring constant of 0.07-0.4 N/m were used for scanning. The scan rate 

was 0.25 Hz, and the scan size was 2.5 x 2.5 µm. The height images were acquired 

simultaneously with IR maps at ambient conditions. IR maps at 1730 cm-1 and 1170 cm-1

wavenumbers were obtained to study the phase separated morphology of the films. The 

film samples for AFM-IR were prepared by spin coating onto silicon wafers coated with 

native oxide (UniversityWafer, Inc). PHA/PBG with various blend ratios (0-20%wt PBG) 

was dissolved in CHCl3 overnight to make 10 mg/mL solution. The spin coating was 

carried out by using 200 µL of the solution at 2000 rpm at room temperature on the clean 

silicon wafers (2.5 cm × 2.5 cm). Film thickness was measured using spectroscopic 

ellipsometry (J.A. Woollam, M-2000V).  
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3.7 Tensile test 

The tensile properties of the neat PHA and the blends were measured using a tensile 

testing (Shimadzu, AGS-X series). The type V dog-bone specimens were prepared from 

injection molding according to ASTM D638 which have an overall length of 63.5 mm, 

width of 3.18 mm, and thickness of 3.20 mm.17 All specimens were tested at room 

temperature with a crosshead speed of 5 mm/min and a 7.62-mm gauge length. Results 

from three specimens were average. 

Results and Discussion  

1. Finding the extrusion condition/Survey of Processing Methods for PHA.

As starting point, the goal of this experiment was to identify the appropriate 

extrusion condition of PHA by quantifying degradation from molecular weight 

measurements. Various extrusion screw speeds and temperatures were investigated as an 

extrusion time of 6 min. The decrease of molecular weight caused by thermo-mechanical 

degradation are shown in Table 3.1. At temperature 150°C, by increasing the screw speed 

from 30 to 100 rpm, the decrease of weight average molecular weight (Mw) from 600.7 

g/mol down to 481,666 g/mol. The assessment of the impact of the temperature also 

investigated and it showed that the increase of temperature has triggered a drastic 

degradation of the PHA chains as evidenced by the decrease of Mw. The use of the highest 

processing temperature at 180°C resulted in a significant decrease to 245.9 g/mol. From 

these results, in order to preserve the Mw, screw speed and temperature were set to 30 rpm 

and 150°C as this condition could be used to process PHA without a significant reduction 

of Mw. 
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Table 3.1. Effects of the extrusion temperatures and screw speeds on the PHA weight 

average molecular weight (Mw), number average molecular weight (Mn), and 

polydispersity index (Mw/Mn) 

 

Sample Temperature 

(°C) 

Screw speed 

(rpm) 

Mn 

(kg/mol) 

Mw 

(g/mol) 

Mw/Mn 

1 150 30 338.0 600.7 1.8 

2 150 60 275.3 546.6 2.0 

3 150 100 340.8 481.7 1.4 

4 160 30 288.8 522.1 1.8 

5 170 30 184.1 364.2 2.0 

6 180 30 86.7 245.9 2.6 

 

2. Relative melt viscosity 

Measuring the rheological data can be conducted directly in the lab-scale extruder. 

The MiniLab determined the viscosity by using the backflow channel as a slit capillary. 

Shear rate (γ), shear stress (τ), and relative melt viscosity (η) were calculated by equation 

A1. The η values versus shear rates curves at 150°C were shown in Figure 3.1. It was 

observed that the values of η decreased with increasing shear rate. This shear 

thinning behavior is a common property of polymer melts under shear flow.18 From Figure 

3.1, it is clear that the addition of PBG has a significant effect on the viscosity of PHA. 

Compared with that of neat PHA, the values of η decreased in all sets of blends. It is 

obvious that these values systematically dropped with the increase of PBG content. At 
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highest PBG concentration (20 wt %), the η values were below 600 Pa.s at 150°C. The 

results from this rheology study gave credence to the use of PBG as a processing aid for 

PHA.  

 

Figure 3.1. The rheological plot of PHA/PBG blends at 150C: (a) 95% PHA+ 5% PBG, 

(b) 90% PHA+ 10% PBG, (c) 85% PHA+ 15% PBG, (b) 80% PHA+ 20% PBG.  

3. Flow properties of PHA/PBG blends 

MFI is used to determine the flow properties of melt polymers at limited intervals 

of time. It refers to the number of grams of melt polymer that are pushed out of the die 

within 10 minutes under the load. Table 3.2 shows the effects of adding PBG at 5,10, 15 

and 20 wt % in PHA on the MFI. It was observed that the values of MFI for all samples 

were higher than those of neat PHA. Evidently, the value of MFI increased with increasing 

PBG content. The effect of rising MFI is related to the higher mobility of the polymer 

chains. This result is caused by the interaction between the PBG and PHA matrix, which 

reduce the viscosity of PHA to be more mobile. The MFI data correlates well with the 

rheological analysis. 
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Table 3.2. Effect of PBG contents on MFI in the blends. 

Samples Melt Flow Index (g/10 minutes) 

100% PHA 1.4 

95% PHA + 5% PBG 1.6 

90% PHA + 10% PBG 2.0 

85% PHA + 15% PBG 3.1 

80% PHA + 20% PBG 6.4 

4. Viscoelastic properties

DMA analysis was used to investigate the viscoelastic properties and transition of 

the blends. The curves of the storage modulus (E’), loss modulus (E”), and tan delta (tan 

δ) as a function of temperature are given in Figure B.1. The lower E’ of all blended PHA 

with PBG compared to neat PHA can be seen in Table 3.3. which indicated the increase in 

the flexibility of PHA imparted by the PBG. With increasing PBG loading up to 20 wt %, 

the value of E’ showed a noticeable decrease from 4823 MPa to 2710 MPa. When the 

temperature elevated above 0°C, E’ of all samples decreased very sharply as entering to 

the glassy region. The glass transition temperatures (Tg) are given in Table 3.1 and showed 

that measured values decreased from 3.8°C to -1.3°C. As observed, the peak intensity of 

E’’ decreased significantly with increasing PBG content, from 501.3 MPa for neat PHA to 

175.3 MPa for 20 wt % PBG loading. The drop in E’’ was due to a decrease in melt 

viscosity. Besides, the tan δ peak shifted to lower temperature with increasing PBG content 
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in the blends. The shifts in Tg and decreases in E’ were associated with the increased 

mobility of PHA polymer chain. From these results, it was proven that an increase in the 

amount of PBG from 5% -20% had increase the mobility of PHA polymer chain by acting 

as a good processing aid.  

Table 3.3. DMA data of PHA/ PBG blends. 

Sample 

PHA/PBG 

content 

(wt %) 

Storage 

Modulus 

(MPa) 

Tg 

(°C) 

Loss Modulus 

(Top peak) 

(MPa) 

Tan Delta 

(Top peak) 

1 100/0 4823 3.8 501.3 0.2 

2 95/5 4095 3.3 342.0 0.1 

3 90/10 3884 2.1 295.0 0.1 

4 85/15 3748 0.5 286.7 0.1 

5 80/20 2710 -1.3 175.3 0.1 

5. Thermal properties

The DSC analysis was conducted to determine the exothermic crystallization 

process and endothermic melting process of PHA/PBG blends. Table B.2 summarizes the 

main thermal parameters such as Tc, Tg, and Tm corresponding to the DSC thermograms 

shown in Figure 3.2. As shown in Figure 3.2a, the crystallization peak of pure PHA was 

detected at 79.2°C. After addition of PBG into PHA, sharp narrow crystallization peaks 

were detected at around 87-89 °C. These crystallization peaks have shifted to a higher 
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temperature indicated that the presence of PBG enhanced the crystallization rate of PHA. 

This means that PBG can act as heterogeneous nucleation seeds for PHA. It is important 

to note that when PBG loading increase above 10 wt %, a small exotherm can be found at 

-16.5 °C which related to the crystallization peak of PBG.  

Figure 3.2b showed endothermic thermograms that were detected from the second 

heating. This DSC curves showed that all the blends had multiples thermal transitions, 

suggesting that the blends were immiscible. The heating curves of each blend had two Tm, 

where their values are close to that of pure components of blends. The blends containing 

PBG showed a lower Tg with increasing PBG content. The Tg decreased from 2.7 °C (neat 

PHA) to 0.5 °C (PHA/20 wt% PBG). This indicates that the mobility of PHA chains is 

enhanced due to the presence of PBG. 

 

      

Figure 3.2. DSC cooling scan (a) and DSC second heating scan (b) of PA and PLA/PBG 

blends.          

 

a) b) 
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6. Phase morphology 

AFM height images were investigated for the different weight ratios between PHA 

and PBG (100/0, 95/5, 90/10, 85/15, and 80/20). Their results are presented in Figure 3 and 

their spin-coated films thickness is reported in Table 3.4. It can be seen that the neat PHA 

shows a relatively smooth surface morphology compared to the blends. By addition of 

PBG, the micro-structured two-phase morphology was observed, which indicated that 

PHA/PBG blends are not miscible. It appears that PBG dispersed in the PHA matrix and 

formed micro-voids. Figure B.2-B.3 shows IR mapping images of PHA with 15 wt % PBG 

taken at 1730 cm−1 and IR mapping images of PHA with 20 wt % PBG taken at 1170 cm−1 

This absorption wavenumber is dominant in the micro-voids, indicating the presence of 

PBG. 

In the PHA/PBG blends, PBG tended to segregate from PHA matrix, and 

distributed in the form of small discrete droplets which can be observed as micro-voids. 

Because the PBG is immiscible in PHA and its viscosity is much lower that that of PHA, 

PBG will act as a lubricant to induce interphase slippage of the blends. As stressed by 

Rosenbaum et al. (1995) a potential polymer to work as a processing aid for the extrusion 

of another polymer should first be immiscible and have an interfacial tension with the 

polymer under flow smaller than the interfacial tension of the polymer under flow with the 

wall.19 This mean that PBG might migrate towards the die wall surface and coat it during 

extrusion due to the higher affinity of PBG with the metal wall and to minimize viscous 

dissipation.  
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Figure B.4. shows the coating thickness appeared in the extruder wall after cooling 

the extruder at 80 °C. As expected, the deposition of PBG/PHA on the extruder wall 

increased with increasing PBG content. The 20 wt % PBG blended with 80 wt% PHA had 

the maximum coating surface compared to other blends. The neat PHA and the blend of 5 

wt % PBG did not exhibit any coating area on the extruder wall. From these observations, 

the films that accumulated on the extruder wall confirmed that PBG coating occurred 

during the extrusion.  

Table 3.4. Film thickness of PHA/PBG at various PBG content. 

Samples Film 

Thickness (nm) 

100% PHA,  185.8 

5% PBG + 95% PHA,  176.1 

10% PBG + 90% PHA, 179.9 

15%PBG + 85% PHA,  167.8 

20% PBG + 80% PHA. 167.1 
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Figure 3.3. Contact-mode AFM height images of (a) 100% PHA, (b) 5% PBG + 95% 

PHA, (c) 10% PBG + 90% PHA, (d) 15%PBG + 85% PHA, (e) 20% PBG + 80% PHA. 
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7. Mechanical properties 

The effect of PBG content on the mechanical properties of PHA are depicted in 

Figure 3.4. Stress-strain curves of the PHA/PBG blends were plotted in Figure B.5, and the 

extracted parameters were summarized in Table B.2. With the increasing addition of PBG, 

the tensile strength of samples decreased systematically from 32.7 MPa to 20.5 MPa, while 

tensile modulus declined slightly from 0.9 to 0.7 GPa. When the content of PBG was 5 wt 

%, the % elongation at break of the blends was enhanced up from 17.8 % to 41.5%. This 

result indicated that the ductility was improved suggesting that the loading of PBG was 

beneficial to improving tensile toughness. However, it could be seen form Table B.2 that 

further addition of PBG resulted in a reduction of the % elongation at break. When the 

concentration of PBG was 10%, a decrease of % elongation at break was observed with 

39.6%. When PBG loading increase to 15% or above, the blends were very brittle and the 

% elongation at break were lower compared to the neat PHA. 

 

Figure 3. 4. Mechanical properties: tensile strength, tensile modulus, and % elongation at 

break for PHA/PBG blends with different PBG concentrations. The error bars represent 

standard deviations based on three repeated measurements.  
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8. Processability in commercial extruder 

The objective of this experiment was to explore the processability and quality of 

the neat PHA filament and PHA/PBG filament that were melt processed using a 

commercial scale extruder. Based on the value of MFI and % elongation at break, the blend 

of 10% PBG with PHA was selected for this experiment. This concentration showed the 

best melt flow rate without compromising the % elongation at break. The other blends of 

PBG were not chosen because they were too brittle or had lower melt viscosity.   

When the neat PHA was extruded without PBG in Leistriz, the pressure increased 

substantially. This intensely high melt pressure far exceeded the extruder’s threshold level 

of 950 psi, which caused it to shut down in order to prevent damage to the extruder during 

the running process. However, when processing PHA with 10% PBG, the pressure was 

reduced to 500 psi and therefore PHA became possible to be extruded into a consistent 

filament. These results indicates that the PHA/PBG has lower viscosity than the neat PHA 

since its pressure decreases with polymer melt viscosity. The use of PBG not only can 

decrease the critical pressure in the extruder, but also can eliminate surface melt fracture 

(sharkskin) during extrusion. Figure 3.5. shows PHA filament made with and without PBG 

under the same condition. Clearly, sharkskin was observed on the filament without PBG.  

 

Figure 3.5. Filament extrudate without (a) and with PBG (b). 

a) 

b) 
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Conclusions 

The extrusion of polymers is limited by flow instability which observed at high production 

rate. In order to overcome this problem, a processing aid is added to improve 

the processability of polymers. In this work, we reported the first study on the performance 

of PBG as a novel processing aid for PHA in hot-melt extruder. Under the processing 

conditions, high screw speeds and high melt temperatures in the lab-scale extruder led to 

thermo-mechanical degradation of PHA. The combination of a low screw speed at 30 rpm 

and low processing temperature at 150 °C had the least reduction of molecular weight. The 

wight percent ratio of PHA/PBG showed a significant influence in the rheology properties 

of the blends. With the increase in PBG concentration, the viscosity decreased, but the melt 

flow rate increased. Moreover, the DMA results showed a significant decrease in the E’, 

E”, and Tg of the samples with increasing PBG content. These results demonstrated that 

PBG enhanced the segmental mobility of PHA chains. In the DSC curves, PLA/PBG 

blends showed multiple melting peaks for each polymer which revealed the immiscible 

polymer blend system. The AFM measurements have confirmed the same fact. In addition, 

the tensile data showed that the % elongation at break of PHA/PBG blends was influenced 

by the concentration of PBG. For the blends containing >10 wt % PBG, the samples 

exhibited brittle failure in tensile testing, but there was a significant increase in % 

elongation at break when adding 5 wt% PBG.   
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THE CRYSTALLIZATION AND MELTING BEHAVIORS OF POLY[(3-

HYDROXYBUTYRATE)-CO-(3-HYDROXYHEXANOATE)] WITH POLY(3-

HYDROXYBUTYRATE) AS A NUCLEATING AGENT3  

3 Holt, A.; White, E. M.; Horn, J.; Locklin, J. To be submitted to Journal of Applied Polymer Science. 
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Abstract 

The effects of three kinds of nucleating agents: talc, boron nitride (BN) and poly(3-

hydroxybutyrate) (PHB) on the crystallization of Poly[(3-hydroxybutyrate)-co-(3-

hydroxyhexanoate)] (PHBHx) were studied. PHB is the most effective nucleating agent for 

the crystallization of PHBHx. The crystallization kinetics of neat PHBHx and PHBHx with 

various PHB concentration were studied by mean of differential scanning calorimetry 

(DSC) under the isothermal and non-isothermal crystallization process. The Avrami model 

was used to determine crystallization parameters such as crystallization half-time and 

Avrami exponent. Crystallization process of PHBHx was accelerated with the presence of 

PHB under both isothermal and non-isothermal condition. Modulated differential scanning 

calorimetry (MDSC) was used to characterize the melting behavior of the neat PHBHx and 

PHBHx/PHB. Multiple melting peaks were observed and identified as melting-

recrystallization during the heating process. Crystal and spherulite morphology were 

investigated using polarized optical microscopy (POM) and atomic force microscopy 

(AFM). With the incorporation of PHB in PHBHx, the crystallization behavior exhibited 

two-crystal phases during the crystallization process. Moreover, spherulite numbers of 

PHBHx increase and the spherulite size was reduced with the addition of PHB. The high 

thermal treatment above the melting temperature of PHB does affect the nucleation 

efficiency. When PHB was totally melted, it will no longer nucleate PHBHx. Composting 

biodegradation of the neat PHBHx and PHBHx with 10wt% PHB were measured by 

gaseous carbon loss under aerobic conditions. The results of biodegradation in compost 

condition of the neat PHBHx and PHBHx with 10wt% PHB has exceeded 90% 

biodegradation within 90 days. Accordingly, PHB is a promising nucleating agent to create 
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biobased and biologically degradable alternatives to traditional inorganic nucleating 

agents. 
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Introduction 

Polyhydroxyalkanoates (PHAs) are aliphatic polyesters that can be synthesized by 

biological fermentation from various microorganism using renewable carbon resources.1 

PHAs have received extensive study as potential substitutes for petroleum-based plastics 

due to their biological degradability which offer sustainable and environmental friendly 

alternatives.2 There are now over 150 different types of monomers used as building blocks 

for PHA polymers that have been reported.1 Based on their carbon-chain length in 

monomeric constituents, PHAs can be classified as short chain length PHA (sclPHA), 

medium-chain length PHA (mclPHA), and long-chain length PHA (lclPHA). The thermal 

and mechanical properties of PHAs depend on the distribution of monomer and 

comonomer unit composition.3  

Poly(3-hydroxybutyrate) or PHB is the most well-studied homopolymer of these 

bacterial polyesters. Its monomer contains 4 carbon atoms (3-hydroxybutyrate, HB) and 

belongs to the sclPHA. The applications of PHB are limited due to its poor mechanical 

properties and lack of melt stability.4 The high crystallinity and the effect of secondary 

crystallization cause a significant impact on PHB brittleness. In addition, the melting 

temperature (Tm) of PHB is very close to its thermal degradation temperature resulting 

narrow temperature window in melt processing technique. The random chain scission of 

PHB by internal cis elimination to yield crotonic acid is a critical drawback due to a 

decrease in molecular weight at processing temperature.5 

It was found years ago that the introduction of 3-hydroxyhexanoate (Hx) 

comonomer unit containing 6 carbon atoms can reduce PHB high crystallinity and improve 

its elongation at break. Also, the increase of side chain length from HB to Hx can lower 
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the melting temperature. Poly[(3-hydroxybutyrate)-co-(3-hydroxyhexanoate)] or PHBHx 

that contained 10% of Hx has an increase of elongation at break from 5% to 400%, and the 

melting temperature decreases from 177°C to 127°C.6  Unfortunately, the PHBHx 

containing Hx comonomer has a low crystallinity and a slow crystallization rate, and this 

problem become more serious with increasing Hx content.7  The rate of crystallization is 

an important parameter for industrial process such as extrusion, injection molding, film 

blowing, and fiber production. If crystallization does not occur fast within the practical 

time frame, these commercial processes are unsuccessful. For instance, the polymer tends 

to stay soft, tacky and stick to itself even after long cooling times, making it difficult to be 

ejected without defect during extrusion, and thus extended injection molding cycle times 

are necessary.  

To make PHBHx into a commercially processing material, usually nucleating agent 

is added to accelerate the crystallization rate. Inorganic compound such as talc and boron 

nitrile (BN) have been extensively investigated and found to be nucleating agents for many 

aliphatic polyesters such as poly(ethylene terephthalate), PET8, poly(lactic acid), PLA9, 

poly(1,4-butylene adipate), PBA10, poly(3-hydroxybutyrate)-co-(3-hydroxyvalerate), 

PHBV11, PHB12, and PHBHx7, 13 In the case of nucleation process, these small foreign 

particles are considered as heterogeneous nuclei which are responsible for the initiation of 

nucleation sites. It has been shown that talc and BN nucleate the crystallization of polymers 

through an epitaxial mechanism.8, 13  The growing of polymer chain on the surface of 

heterogeneous nucleating agent is governed by the possible matching of the two lattices 

planes. Talc and BN show quite good lattice matched with PHBHx.13 Although talc and 

BN are effective nucleating agents for many kinds of polyesters, they are inorganic 
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substances and therefore are not considered biologically degradable. The additional of talc 

and BN will restrict the applications of biologically degradable polymer which makes the 

fully environmentally friendly impossible.  

From the point of view of the environment, biologically degradable nucleating 

agents are preferable, especially for the biologically degradable polymers. Considering 

PHB, it is a fully biobased and biologically degradable material. The usage of PHB as a 

nucleating agent can provide benefits over the conventional non-biologically degradable 

nucleating agents such as talc and BN. PHB has been used as nucleating agent for PLA14 

and PHBHV15. In the case of PHBHx, its unit cell lattice spacing is similar to the lattice 

parameters of PHB. This characteristic suggests that PHB serves as a proper nucleation 

seed for the epitaxial growth of PHBHx. The main objective of this study was to investigate 

the nucleation ability of PHB, and its effects on the crystallization and melting behavior of 

PHBHx. More importantly, crystallization kinetics of PHBHx with PHB were examined to 

describe crystallization behaviors and parameters. By understanding the crystallization 

process, one can select and control processing factors such as cooling rate and temperature.  

In this study, the effect of PHB as nucleating agent on crystallization of PHBHx 

was first compared with two conventional inorganic nucleating agents, talc and BN. The 

isothermal and non-isothermal crystallization kinetics of PHBHx with the various 

concentration of PHB as a nucleator were investigated with differential scanning 

calorimeter (DSC). The kinetic parameters for all the samples were studied by mean of the 

Avrami model to explain the role of PHB on PHBHx crystallization. The effects of PHB 

on PHBHx melting behavior was analyzed by modulated differential scanning calorimetry 

(MDSC). Moreover, the crystalline growth was monitored by polarized optical microscopy 
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(POM) under isothermal conditions. Atomic Force Microscopy (AFM) was used to 

examine the spherulite morphology oriented in the thin films on silicon substrates. Finally, 

the composting biodegradation test under aerobic condition was investigated to determine 

the effect of PHB on biological degradability of PHBHx. 

Experimental Section  

1. Materials

PHBHx and PHB in powder form were provided by RWDC. Their respective 

characteristics in term of % Hx comonomer unit, % crystallinity, thermal properties, 

molecular weight, and polydispersity index are summarized in Table C.1. The powders of 

talc and BN were purchased from Imerys Talc America Inc. and Alfa Aesar, respectively. 

HPLC grade chloroform (CHCl3) was purchased from JT Baker, U.S.A. All chemicals 

were used without further purification for the blends. Sigmacell cellulose (type 101) used 

as a positive control for composting biodegradation test was purchased from Sigma-

Aldrich. Silicon wafers used as substrates were purchased from UniversityWafer Inc.  

2. Sample Preparation

2.1 Preparation of Extrudates 

All materials were pre-treated by drying in a vacuum oven at 60°C overnight to 

remove the moisture absorbed prior to extrusion. PHBHx and nucleating agents were pre-

mixed and then melt blended by using a lab-scale co-rotating twin screws extruder with a 

backflow channel (MiniLab II HaakeTM Rheomex CTW 5). In all operations, the barrel 

temperature was set at 150°C, and the screw speed was 30 rpm. The total input of material 

approximately 7g was first loaded into the extruder within 2 minutes. Then it was 

recirculated in a backflow channel for 6 minutes to promote homogeneous mixing. The 
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extruded strands were collected through a die for a period of 4 minutes and then were cut 

into small pieces for further analysis. For evaluation of the nucleation efficiency, 

composition ratios of PHBHx and 5 wt% of nucleating agents (e.g. talc, BN, and PHB) 

were first prepared. For crystallization rate study, the blending weight ratios of PHBHx 

and PHB were 100/0, 99/1, 97/3, 95/5 and 90/0. Due to the high melting and low thermal 

stability of PHB, the neat PHB samples were not prepared under these extrusion conditions.  

2.2 Preparation of Films on Silicon wafers 

Thin films of PHBHx, PHBHx/PHB were prepared by spin coating onto silicon 

wafers coated with native oxide (UniversityWafer, Inc). The silicon wafers were cut into 

2.5 cm × 2.5 cm squares and sonicated for 5 minutes with hexane, isopropyl alcohol, 

acetone, and water, respectively. Then the wafers were dried with a stream of nitrogen. 

PHBHx/PHB with various blend ratios (0-10%wt PHB) was dissolved in CHCl3 at 60°C 

overnight to make 10 mg/mL solution. Prior to spin coating, the polymer solutions were 

filtered with 0.22 µm Millipore membrane. The spin coating was carried out by using 200 

µL of the solution at 2000 rpm at room temperature. Film thickness was measured using 

spectroscopic ellipsometry (J.A. Woollam, M-2000V). 

3. Characterization Method of PHA 

3.1 Differential Scanning Calorimetry (DSC) 

DSC measurements were performed on a DSC 250 (TA Instruments) under 

nitrogen atmosphere. The heat flow and temperature of DSC were calibrated with indium. 

Samples (approximately 5 to 6 mg) were sealed in aluminum pans and subjected to heating 

and cooling ramp. Three different experiments were conducted to investigate 

crystallization and melting behaviors of the blends. To analyze DSC crystallization 
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kinetics, the data was performed the Avrami fit with an Origin software. The Avrami plugin 

was developed by Muller et al.16 The three experiments were as follows. 

Isothermal 

The samples were first melted at 180°C for 1 minute and cooled rapidly (60°C/min) 

to the various temperature (85-115°C) and maintained at that temperature for 25 minutes 

for completion of the crystallization process.  

Non-isothermal  

The samples were heated from 25°C to 180°C and held isothermally at 180°C for 

1 minute to eliminate thermal history. They were then cooled to -20°C at various constant 

cooling rate and held isothermally for 1 minute to investigate the crystallization 

temperature (Tc). Finally, the sample were reheated again to 190°c to obtain glass transition 

temperature (Tg) and melting temperature (Tm). The heating rate was 10°C/min, while the 

cooling rate varied between 1, 5, 10, 20 and 40°C/min.  

Modulated Differential Scanning Calorimetry (MDSC) 

The samples were prepared in the same manner of non-isothermal crystallization 

experiment. After the completion of the non-isothermal crystallization, the samples were 

heated to the melt again (from -20°C to 190°C) to study the melting behavior by using 

MDSC. A standard modulation period of 60 s, modulation amplitude 0.32 °C and a heating 

ramp of 2°C/min were chosen based upon the recommended specifications from TA 

Instruments.17  

3.2 Polarized Optical Microscope (POM) 

The crystal morphologies of PHBHx and PHBHx/PHB were examined with 

a Nikon Eclipse LV100N POL microscope (Nikon Instruments) equipped with a Linkam 
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THMS 600 hot stage (Linkam Instruments). The samples were placed between two glass 

slides and were heated to the certain temperatures (180-200°C) with the heating rate of 

100°C/min for 1 min. Then, they were cooled down to 120°C at 60°C/min to observe the 

crystal growth. The POM images were captured under crossed polarized light and an 

objective with 20X magnification was used. 

3.3 Atomic Force Microscopy (AFM) 

The AFM topographic images of the films of PHBHx and PHBHx/PHB were 

performed on a NanoIR3 system (Bruker) using contact mode. The tip type in the contact 

mode was PR-EX-nIR2-10 (Anasys Instruments Inc) with a resonance frequency of 13 ± 

4kHz and a spring constant of 0.07-0.4 N/m. The height images were obtained in air at 

room temperature. The scan rate was adjusted in the range of 0.5-1 Hz with a scan size of 

48 µm2. All images were recorded with a resolution of 512 x 256 data points.   

3.5 Composting Biodegradation Test 

Composting biodegradation testing was carried out in a respirometer (ECHO 

instruments) under aerobic conditions at 58 °C for 90 days. Among all blends, the blend of 

10% PHB and PHBHx was selected for evaluating the composting biodegradation 

compared with the neat PHBHx due to the highest amount of PHB using as a nucleator in 

this study. The extrudate samples of the neat PHBHx and PHBHx/PHB were crushed into 

powders and sieved using Sieve No. 4. The cellulose which was used to monitor microbial 

activities as a positive reference was used as received in powder form. In each experimental 

reactor, 5g of test material (such as PHBHx and PHBHx/PHB), and a 5 g of cellulose was 

prepared and well mixed in 250 g of compost. The reactors of the compost with no material 

were used as the blank controls. The preparation method and properties of the compost are 
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shown in Table C.2. Under aerobic conditions, oxygen gas (O2) is consumed, and carbon 

(C) is converted to carbon dioxide gas (CO2) by microorganisms in the compost. The

method calculating biogas production and carbon loss from the samples are presented in 

the Supporting Information. The compost in all reactors was stirred weekly to prevent 

clumping and provide even distribution of moisture. Water was added into the reactors as 

necessary in order to maintain constant moisture level and prevent drying of the compost 

inoculum. 

Results and Discussion 

1. Nucleating Effects of Talc, BN and PHB on PHBHx Crystallization

The effect of nucleating agents on the crystallization behavior of PHBHx from the 

melt can be characterized by the crystallization peak. Generally, the addition of nucleating 

agents results in the crystallization peak shifts towards higher temperatures with a narrower 

slope which indicate faster crystallization. To study the effect of different nucleating agents 

(talc, BN, and PHB) on PHBHx, all samples were extruded with 5wt% of these nucleating 

agents at 150°C. Then, they were examined by means of DSC scanning from 180°C to -

20°C after melted at 180°C for 1 minutes to erase the thermal history. Figure 4.1 shows the 

DSC thermograms of neat PHBHx, and their blends with the various nucleating agents at 

the cooling rate of 10°C/min.  

During cooling, it is obvious that the additions of talc, BN or PHB into PHBHx 

enhanced the rate of crystallization. As shown in Figure 4.1, the Tc value of the neat PHBHx 

is 80.0°C and the crystallization proceeds in a broad temperature range. When adding the 

nucleating agents into PHBHx, the Tc peak shows a decrease in broadness and an increase 

in intensity and temperature. The Tc value of PHBHx/talc, PHBHx/BN, and PHBHx/PHB 
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is 87.9°C, 88.8°C, and 95.7°C, respectively. Clearly, PHBHx with talc or BN has a lower 

Tc than PHBHx with PHB. Among these three nucleating agents, the most effective 

nucleating agent is PHB which shifts the Tc of PHBHx to 95.7°C. This is almost 16°C 

higher than that of the neat PHBHx and thus, indicates the faster crystallization and better 

nucleating efficiency of PHB than talc or BN. Since PHB greatly enhances the nucleation 

and crystallization of the PHBHx, it was further explored to understand the effects of its 

various concentrations in PHBHx on the rate of crystallization.  

 

Figure 4.1. DSC thermograms of the neat PHBHx and PHBHx with various nucleators 

(talc, BN and PHB).  

2.  Effect of Isothermal Treatment on Crystallization Behavior of PHBHx/PHB  

The crystallization kinetics of the neat PHBHx under isothermal condition were 

performed at temperature ranging from 85°C to 105°C. Because the crystallization rate of 

PHBHx/PHB is very fast, the range of isothermal crystallization temperature is limited 

from 95°C to 115°C under these experimental conditions. Figure C.1 show crystallization 

curves of neat PHBHx and PHBHx/PHB at various isothermal crystallization temperatures. 
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From the DSC curves, the crystallization peak shifts to a longer time and becomes more 

broad with increasing temperature. It is clearly seen that higher crystallization temperatures 

requires a longer time to complete crystallization. Figure C.2 show crystallization curves 

of PHBHx/PHB at various concentrations of PHB (0-10%wt) at 95°C, 100°C, and 105°C. 

As seen in these DSC curves, it is obvious that the crystallization peak sharpened, and 

crystallization time was shortened with increasing PHB content at all isothermal 

temperatures examined. This finding reveals that the amount of PHB has a positive 

influence on the crystallization behavior of PHBHx.  

In this study, the relative crystallinity (Xt) was calculated according to the Equation 

C3 and have been plotted in Figure C.3 as a function of crystallization time. All these 

curves exhibit the sigmoidal shape suggesting that the Xt value increases with increasing 

crystallization time. Moreover, the corresponding crystallization time for the neat PHBHx 

and PHBHx/PHB was increase with increasing crystallization temperature, which means 

that the crystallization rate was decreasing. As for different PHB content, it can be seen 

from the plot that PHBHx with 10 wt% PHB had the fastest crystallization rate at 115°C. 

Avrami equation based on the guideline proposed by Muller et al.16 was used to calculate 

the kinetics parameters of isothermal crystallization behavior (Equation C7). Figure 4.2 

shows the plots of Avrami relations for the neat PHBHx and PHBHx/PHB at different 

crystallization time. As seen in these figures, all the curves are straight and parallel with 

one another indicating that the overall isothermal crystallization process can be described 

by the Avrami method.  

Kinetics parameters such as the overall crystallization rate constant (k) and the 

Avrami exponent (n) can be determined from the intercept and slope of these Avrami plots. 
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The crystallization half time (t1/2) defined as the time at which the relative crystallization 

reaches 50% which can be determined using the Equation C10. Detailed kinetic parameters 

are listed in Table 4.1. As can be seen, t1/2 decreases and k increases apparently with 

increase in PHB content, implying that rate of crystallization increases with increase in 

PHB content. With incorporation of 1wt% and 10wt% PHB, the t1/2 values at 105°C of 

PHBHx decrease from 5.9 to 2.3 and 0.9, respectively. Moreover, it was observed that the 

value of k and t1/2 are strongly dependent on the crystallization temperature. With a decrease 

of crystallization temperature, the value of t1/2 decreased, and the value of k increased 

continuously, which show gradually enhanced the rate of crystallization. 

In this isothermal crystallization process, the n values of the neat PHBHx and 

PHBHx/PHB are in the range of 2.2 and 3.2 which demonstrates a two/three-dimensional 

spherulitic growth on heterogeneous nucleation. The value of n insignificantly decreased 

with increasing PHB, whereas it is almost insensitive to the addition of PHB as a nucleating 

agent. Also, the value of n did not decrease much with decreasing the crystallization 

temperature.  
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Figure 4.2. Avrami plot of log(-ln(1-Vc)) versus log (t-t0) of PHBHx with various PHB 

content at different crystallization temperatures (a) 100% PHBHx, (b) 1% PHB+ 99% 

PHBHx, (c) 3% PHB+ 97% PHBHx, (d) 5% PHB+ 95% PHBHx, (e) 10% PHB+ 90% 

PHBHx. 
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Table 4.1. Kinetics parameters obtained from isothermal crystallization experiment and 

Avrami analysis of PHBHx and PHBHx/PHB. 

 

Sample 
Temperature, Tc 

(°C) 
n 

k 

(min-n) 

t1/2 

(min) 

100% PHBHx 85 2.5 4.7 x10-1 1.2 

 90 2.6 2.2 x10-1 1.6 

 95 2.8 7.5 x10-2 2.2 

 100 3.0 2.0 x10-2 3.3 

 105 3.2 2.6 x10-3 5.9 

1% PHB+ 99% PHBHx 95 2.8 1.4 0.8 

 100 2.8 3.4 x10-1 1.3 

 105 2.8 6.9 x10-2 2.3 

 110 2.9 1.1 x10-2 4.2 

 115 3.1 9.6 x10-4 8.5 

3% PHB+ 97% PHBHx 95 2.6 3.3 0.6 

 100 2.6 9.7 x10-1 0.9 

 105 2.7 1.9 x10-1 1.6 

 110 2.8 2.7 x10-2 3.2 

 115 2.8 3.7 x10-3 6.3 

5% PHB+ 95% PHBHx 95 2.5 7.0 0.4 

 100 2.5 1.8 0.7 

 105 2.6 4.1 x10-1 1.2 

 110 2.7 5.6 x10-2 2.6 

 115 2.8 7.6 x10-3 5.0 

10% PHB+ 90% PHBHx 95 2.2 9.4 0.3 

 100 2.4 3.8 0.5 

 105 2.6 8.9 x10-1 0.9 

 110 2.7 1.3 x10-1 1.9 

 115 2.7 2.2 x10-2 3.6 
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3. Effect of non-isothermal treatment on crystallization behavior of PHBHx/PHB

3.1 Crystallization behavior of PHBHx with PHB 

Figure 4.3 shows DSC thermograms of the neat PHBHx and PHBHx/PHB at a constant 

cooling rate of 10°C/min. The amount of PHB as a nucleating agent varied between 1 and 

10wt%. From these DSC curves, it shows that the crystallization peaks have shifted to 

higher temperature with the increasing amount of PHB as expected with an accelerated rate 

of crystallization. Comparing with the different amount of PHB in this study, the fastest 

crystallization rate was obtained with highest content of PHB which was 10wt%. By adding 

1wt% of PHB, it causes a significant increase in Tc from 80.0°C to 91.2°C. However, when 

the PHB loading increased above 1wt%, the crystallization peaks were slightly higher than 

the PHBHx with 1wt% PHB. This result suggested that 1 wt % PHB is a sufficient 

concentration to enhance the crystallization rate of PHBHx. Additionally, it is seen in 

Figure 4.3 that the nucleated PHBHx exhibited a narrower exothermic peak than the neat 

PHBHx indicating faster crystallization. However, with increasing concentration of PHB, 

a decrease in the absolute height of the peak but an increase in the height of shoulder around 

120°C was observed.  

The non-isothermal crystallization behavior of PHBHx and PHBHx/PHB was 

further explored by varying the cooling rate between 1 and 40°C/min. The values of Tc are 

shown in Figure 4.4 and Table C.4. As shown in Figure 4.4, the Tc of PHBHx and 

PHBHx/PHB is dependent on the cooling condition. With increasing cooling rate, the 

crystallization peak is shifted toward lower temperature. This behavior can be explained to 

the fact that the polymer chain did not have enough time to compete its whole 

crystallization during the cooling scan. 
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Figure 4.3. DSC thermograms of PHBHx/PHB at different concentration at cooling rate 

of 10°C/min. 

 

 

Figure 4.4. Crystallization temperature (Tc) as a function of the amount of PHB and 

cooling rate. 
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In all industrial manufacturing processes, the methods of extrusion and injection 

molding operate under non-isothermal crystallization conditions. It is important to evaluate 

or predict the non-isothermal crystallization kinetics to achieve the optimum condition for 

commercial processing. Figure C.4 shows an overlay of relative crystallinity (%) as a 

function of temperature of the neat PHBHx and PHBHx/PHB at different cooling rates. By 

using the relationship between the crystallization time (t), the crystallization temperature 

(T), and the constant cooling rate (equation C5), the relative crystallinity plots can be 

converted from temperature to time dependent data (Figure C.5). From these results, at any 

PHB concentration, it is obvious that the time required to complete the crystallization 

decrease as the cooling rate increased.  

It is well known that Avrami equation is often used to analyze the isothermal 

crystallization kinetics. However, Avrami analysis can also be applied to study the non-

isothermal kinetics experiments. The modified Avrami model proposed by Jeziorny18 was 

employed to describe the non-isothermal crystallization kinetics of the neat PHBHx and 

PHBHx/PHB in this study. Jeziorny suggested that the crystallization rate constant (k) 

should be corrected with factor of constant cooling rate (ϕ) because temperature changes 

immediately in non-isothermal crystallization. The kinetics of the non-isothermal 

crystallization was given as follows: 

                                                            ln(kc) = ln(k)/ϕ                                                      (1) 

The non-isothermal Avrami plots of log(-ln(1-Vc)) versus log (t-t0) for each cooling rate 

are given in Figure 4.5. A series of nearly straight lines with linear slope were obtained, 

which indicated that the Avrami model can be used to describe the primary stage of non-

isothermal crystallization kinetics of PHBHx and PHBHx/PHB. However, these Avrami 
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plots were found to deviate from the linearity at the late stages, especially at lower cooling 

rate, indicative of the occurrence of the secondary crystallization.  

The parameters of n and k can be obtained from the slopes and intercepts of these 

Avrami linear lines. The value of n, k, and modified ln (kc) with ϕ are shown in Table C.5. 

As can be seen, the n value, and t1/2 decreased, but k value increase with the increasing 

cooling rate. The decreasing in the value of n means the decrease in the dimensionality of 

spherulite growth. Generally, low values of n and t1/2 and high value of k imply that the 

crystallization rate increase with a more instantaneous nucleation process which leads 

to smaller spherulite dimension. From Table C.5, it can be seen that the n values are slightly 

larger than the postulated value for a maximum crystal dimensionality (n>4) when using 

the slow cooling rate.  

3.2 Melting behavior of PHBHx with PHB 

Figure 4.6 illustrates the second melting endotherm of PHBHx/PHB at different 

concentration of PHB on heating rate of 10°C/min. This DSC results were analyzed after 

cooling PHBHx/PHB from 180°C to -20°C with a cooling rate of 10°C/min. In Figure 4.6, 

the multiple endotherm peaks were labeled as T1, T2 and T3 starting with the lowest 

temperature. These values were taken as the melt peak temperatures. The multiple 

components of melting behavior of PHB and PHBHx/PHB have been further examine by 

using MDSC. In this technique, two simultaneous heating rates composed of a linear 

heating rate and a sinusoidal or modulated heating rate were applied to the samples. The 

results from MDSC can be distinguished thermodynamic (reversing heat flow) and kinetic 

(non-reversing heat flow) events that occur under the heating conditions.  
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Figure 4. 5. Avrami plot of log(-ln(1-Vc)) versus log (t-t0) of PHBHx with various PHB 

content at different cooling rates (a) 100% PHBHx, (b) 1% PHB+ 99% PHBHx, (c) 3% 

PHB+ 97% PHBHx, (d) 5% PHB+ 95% PHBHx, (e) 10% PHB+ 90% PHBHx. 

 

a) b) 

c) d) 

e) 
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Figure 4.6. DSC thermograms of PHBHx/PHBs at different concentration at heating rate 

of 10°C/min. 

Figure C.6 shows the modulated DSC results of the neat PHB and PHBHx/PHB. 

From MDSC curves, the total heat flow was separated into reversing and non- reversing 

heat flow. The MDSC total heat flow is similar to the conventional DSC curves, showing 

two melting endoderm with a shoulder when PHB content increasing. The reversing 

melting curves exhibited an overlapped melting endotherm and exotherm at T1 and T2. In 

the non-reversing curve, the exotherm was found close to T1 and the endotherm was found 

close to T2 and T3, suggesting the presence of melting recrystallization and remelting 

processes. In other words, the peak with the lowest melting temperature (T1) is attributed 

to the imperfect crystals that experience melting and recrystallization during the DSC heat 

scan. The T2 is related to the melting of the crystal formed from the result of 

recrystallization. The temperature of T3 was detected around 173°C which is close to the 

melting temperature of pure PHB (174.2°C). Similar to the crystallization peaks, it is 
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observed that PHBHx with 10%wt of PHB exhibits the most pronounce T3 melting peak. 

This result suggested that the immiscibility of PHBHx and PHB causing a phase separation. 

The melting temperatures are a direct result from the crystallization condition that occurs 

in the DSC. To investigate the influence of DSC crystallization condition, the subsequent 

melting behavior of PHBHx and PHBHx/PHB were determined after the samples had 

finished non-isothermal crystallization from the melt at various cooling rates. The melting 

temperatures (T1, and T2), enthalpy of melting, and % crystallinity are listed in Table C.6, 

C.7 and C.8. The % crystallinity was calculated during this heating scan by using Equation

S11. By comparing the results obtained for the neat PHBHx and PHBHx/PHB, it is obvious 

that their melting behaviors depend on the concentration of PHB and cooling rate. Table 

C.6 shows the T1 and T2 melting endotherm increase with the increasing amount of PHB.

Moreover, it has been seen that the enthalpy of melting and % crystallinity of the 

PHBHx/PHB increase with the PHB content.  

Considering the effect of cooling rate summarized in Table C.6, the lower melting 

endotherm (T1) and higher melting endotherm (T2) of the neat PHB and PHBHx/PHB 

decrease when the cooling rate increase from 1°C/min to 40°C/min. As seen in Table C.7-

8, the enthalpy of melting and % crystallinity decrease remarkably with increase in cooling 

rate due to the samples not having enough time for complete crystallization under the fast 

cooling. According to the multiple melting peaks in Figure 4.6, it was observed that the 

area ratio of peak T1 to peak T2 increase drastically with the addition of PHB. As a result, 

the presence of PHB as a nucleating agent has an effect on the crystal imperfection.  
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4. Limitation of using the PHB as a nucleating agent. 

For heterogeneous nucleation, the melting point of nucleating agents is generally 

higher than the melting point of polymer. In order to be able to nucleate, nucleating agents 

should remain as discrete particles in the melt polymer. In other words, nucleating agents 

are not melted at the processing temperature, but remains as a crystalline solid upon cooling 

of the polymer melt and subsequently facilitate the formation of crystallization sites. 

Both talc and BN are inorganic nucleating agents which have a very high melting 

temperature around 1500°C19 and 2973°C,20 respectively. These materials can provide 

wider processing windows for the melt polymers than PHB which has the melting point 

around 174°C. PHB can promote the nucleation of PHBHx and its acceleration 

effectiveness is better than talc and BN. However, PHB is sensitive to the high melting 

temperature and when PHB is fully melted, it no longer nucleates PHBHx. 

Figure 4.7a shows the crystallization peaks of PHBHx and PHBHx/PHB which 

were cooled from the melt state that reached the temperature of 190°C. Without PHB, 

PHBHx could not crystallize after melting at 190°C. However, the results of DSC analysis 

show a delay of the crystallization peak of PHBHx after adding a high content of PHB. 

The crystallization ability increased significantly with an increase in the PHB content. This 

behavior could be attributed to partial melting of PHB due to the DSC condition. Although 

the melting temperature was higher than the melting point of PHB (~174 °C), the 

insufficient time to completely melt the material can be a result of partially melted polymer. 

In order to completely melt the PHB in a short period of time, it is necessary to heat this 

material at a temperature higher than 192°C.21 As increase in the temperature of melting to 

200°C, no crystallization peak of PHBHx with 10 wt % PHB is seen during the cooling 

https://www.sciencedirect.com/topics/engineering/matrix-polymer
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process (Figure 4.7b). In this case, PHBHx could not be nucleated due to the absence of 

heterogenous particles of PHB.  

      

 

 

 

Figure 4.7. Crystallization peaks (a) PHBHx/PHB at various PHB content after treatment 

at 190°C (b) 90wt% PHBHx + 10wt% PHB after treatment at 180, 190, and 200°C.  

5. Crystal morphology observation by POM 

Figure 4.8 shows the results of POM studies of the effect of PHB nucleating agent 

on the crystallization of PHBHx. At first, the samples were heated to 180°C for 1 min 

a) 

b)  
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followed by quenching to 120°C. Then, they were heated to 190°C for 1 min followed by 

quenching to 120°C. As seen in Figure 4.8, when the pretreatment temperature is 180°C, 

all samples exhibited a spherulite morphology after isothermal at 120°C, but variation in 

crystallization rate and crystalline content. The crystal growth rate and % crystallinity of 

the samples increases rapidly with increasing PHB content. PHBHx with 10wt% PHB was 

the most fully covered with the crystallites after isothermal at 120°C for 180 seconds. These 

results are thus consistent with the previous observations with DSC.  

It is important to note that PHBHx with the addition of PHB showed two-crystal 

phases during the cooling process. Crystallization of large micrometer sized crystals 

appeared first at the beginning of isothermal process, while small micrometer sized crystals 

occurred later. With further increase of PHB content, the amounts of the large crystals 

appeared more. This is well in agreement with above DSC discussions about the exhibition 

of the shoulder on the crystallization peaks. Obviously, the large crystals are corresponding 

to crystallization of PHB, while the small crystals are corresponding to crystallization of 

PHBHx.  

When the pretreatment temperature is 190°C, no crystallites are seen in the neat 

PHBHx at 120°C. However, with the addition of PHB, PHBHx could be partially 

crystallized. The increase of melting temperature results in a lower density of nucleation 

and a corresponding delay of crystallization process (Figure C.7). To evaluate the effect of 

melting temperature on crystallization peak, PHBHx with 10wt% PHB sample was further 

heated to 195, 197 and 200°C. As shown in Figure C.8, there is no formation of any crystals 

at 120°C as a result of completely melted PHB. This POM observation agrees well with 

DSC data.  
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180°C, 0 s         120°C, 0 s           120°C, 180 s  

180°C, 0 s         120°C, 0 s           120°C, 180 s  

      180°C, 0 s         120°C, 0 s           120°C, 180 s  

    180°C, 0 s        120°C, 0 s           120°C, 180 s  

    180°C, 0 s       120°C, 0 s          120°C, 180 s  

Figure 4.8. POM images of PHBHx/PHB at various PHB content, isothermal crystallized 

at 120°C after melting at 180°C for 1 min. (a) 100% PHBHx, (b) 1% PHB+ 99% PHBHx, 

(c) 3% PHB+ 97% PHBHx, (d) 5% PHB+ 95% PHBHx, (e) 10% PHB+ 90% PHBHx.

e) 

d) 

c) 

b) 

a)
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6. Spherulitic Morphology observation by AFM. 

AFM was used to study the size and number of the spherulites of the neat PHBHx 

and PHBHx/PHB. Figure 4.9 shows contact-mode AFM height images of spin-coated films 

of the varying the concentration of PHB. The film thickness was 150-180 nm (Table C.9). 

As shown in Figure 4.9, the spherulite size of neat PHBHx sample is larger than that of 

PHBHx nucleated by PHB. Upon addition of PHB, the size of spherulite is decreased, but 

the number of spherulite has increased, thus promoting the nucleation rate of PHBHx. This 

result can be explained to the fact that the numbers of nuclei sites in polymer matrix 

increase in proportion to the loading levels of PHB. The increase nuclei would induce more 

spherulite formation. The high density of spherulites continue to grow until they impinge 

on adjacent spherulites leading to the smaller spherulites size.  Clearly, the polygonal shape 

of the spherulites was formed as seen in these AFM images.  

7. Aerobic composting biological degradability of PHBHx/PHB blends. 

In order to investigate the effect of PHB addition on composting biodegradation of 

PHBHx, 90wt% PHBHx + 10wt% PHB was compared with the neat PHBHx in the 

respirometer. Due to the space limitation in the respirometer, this blend was selected for 

evaluating the composting degradation since it has the fastest rate of crystallization in the 

isothermal condition and has the highest content of PHB in this study. The carbon and 

nitrogen contents of the neat PHBHx were 61.0% and 0.04%, and for the 10wt% PHB + 

PHBHx were 60.6 % and 0.02 %, respectively. All the emitted CO2 was monitored and 

quantified during the composting degradation test. The percent of composting 

biodegradation can be calculated by using Equation C1 and C2.  
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Figure 4.9. Contact-mode AFM height images of (a) 100% PHBHx, (b) 1% PHB + 99% 

PHBHx, (c) 3% PHB + 97% PHBHx, (d) 5%PHB + 95% PHBHxx, (e) 10% PHB + 90% 

PHBHx.  

 

a)  b)  

c)  d)  

e)  



113 

Results of the composting biodegradation test are shown in Figure 4.10. After 90 

days of incubation at 58°C, the % absolute biodegradation of PHBHx has reached 97.5 %, 

while 10 wt% PHB + 90 wt% PHBHx has reached 103.6 %. It was found the degradation 

of both samples were comparable.   

Figure 4.10. Absolute composting biodegradation of 100% PHBHx and 90% PHBHx + 

10% PHB. 
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Conclusions 

PHBHx was melt mixed with three different nucleating agents (talc, BN, and PHB) 

in order to study their effects on the crystallization of PHBHx. Among these three kinds of 

nucleating agents, PHB showed the most efficient nucleating effect on PHBHx. Under both 

isothermal and non-isothermal crystallization conditions, the slow crystallization process 

of PHBHx has been accelerated by PHB. The parameters of the isothermal and the non-

isothermal crystallization kinetics were obtained through Avrami equation.  It was found 

that the presence of multiple melting peaks of PHBHx upon heating was attributed to the 

melt-recrystallization mechanism. Recrystallization occurred due to the melting of the 

imperfect crystals to form more perfect crystals. The incorporation of PHB as a nucleating 

agent in PHBHx not only increased the imperfect crystals, but also increased % 

crystallinity. Upon addition of PHB, the spherulite size of PHBHx decreased and the 

spherulite number was much higher than that of neat PHBHx. During the crystallization 

process, PHBHx with high loading of PHB showed behavior characteristic of two-crystal 

phases, where crystallization peak at higher temperature corresponds to PHB and 

crystallization peak at lower temperature corresponds to PHBHx. It is important to note 

that PHB can act as a heterogeneous nucleating agent and provide crystallization sites when 

it remains as crystalline solid (discrete particles) upon processing temperature.  
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CONCLUSIONS AND FINAL REMARKS 

Conclusions 

The continuously growing concern for environmental issues has provoked efforts 

to replace fossil-based materials with bio-based or (industrially or naturally) biodegradable 

materials. In this dissertation, commercial aliphatic polyesters such as PLA and PHA have 

been studied and modified by adding some additives to improve their properties for 

industrial applications. The blends of PLA/PBG, PHA/PBG, and PHA/PHB were prepared 

by solution casting or melt extrusion process. Thermal and mechanical properties of the 

blends along with their morphology were investigated using a variety of analytical 

techniques. The effects of adding these additives as a plasticizer, processing aid, and 

nucleating agent on composting biodegradation have also been described.    

In chapter 1, a literature review of structure and properties of PLA and PHAs was 

presented. The concepts of polymer additives such as plasticizer, processing aid, and 

nucleating agent have been discussed. In addition, the process of mixing 

polymers including solution casting and hot-melt blending was described in this chapter. 

Chapter 2 investigated the use of PBG as a plasticizer for PLA. PBG was 

synthesized through polycondensation reaction between 1,4-butanediol and glutaric acid. 

PBG degraded faster than PBS under a controlled composting aerobic condition at 58 °C 

due to the effect of the odd carbon atom number in the dicarboxylic acid monomer. The 

results demonstrated that the ductility and composting performance of PLA can be 
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improved by blending PLA with PBG. Also, PLA/PBG blends exhibited higher % 

elongation at break than PLA/PBS blends. Morphology of the PLA/PBG blends were 

observed and found that they were immiscible exhibited phase separation above 3 wt% 

PBG. 

Chapter 3 addressed the importance of processing aid as an additive in hot-melt 

extrusion of PHA. It was shown that PBG is a useful additive which eliminated the flow 

instability (melt fracture) when extruding PHA in the commercial scale extruder. Various 

composition of PHA/PBG blends were prepared by lab-scale extruder and studied their 

rheological properties. It was found that the addition of PBG reduced the viscosity of the 

blends. Evidently, the MFI values increased with increasing PBG content. As a result 

of blending PHA and PBG, two phases are formed with PBG dispersed in the PHA matrix. 

Chapter 4 described the effects of PHB as a nucleating agent on the rate of 

crystallization of PHA. Crystallization and melting behaviors of PHA/PHB blends were 

discussed. Crystallization kinetics and parameters of the blends were examined and 

described by Avrami model under the isothermal and non-isothermal crystallization 

process. The crystallization rate constant and crystallization half-time showed that PHB 

greatly increased the crystallization rate of PHA. By the incorporation of PHB, the 

crystallization behaviors exhibited two-crystal phases during the cooling process. In 

addition, multiples melting peaks were also observed during the heating process. These 

results can be attributed to melt-recrystallization mechanism. The composting 

biodegradation measurement of PHA blended with 10% PHB were evaluated and the 

resulted showed the blend has exceeded 90% biodegradation within 90 days. 
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Future Outlook 

In this dissertation, PLA and PHA have been blended with various additives such 

as PBG and PHB. Polymer blending is a practical and less expensive method to modify the 

polymer properties. The new materials can be developed and created a new combination 

of properties, depending on the composition and level of compatibility. The major 

challenge of polymer blends is they are immiscible which affects the overall properties of 

the blends. In this study, three polymer mixtures in binary blends such as PLA/PBG, 

PHA/PBG, and PHA/PHB are incompatible. Their morphology showed a unique phase 

separation due to weak interfacial adhesion between their phases.  

The interfacial adhesion between the blended components can be enhanced through 

the addition of compatibilizers. Compatibilizing agents can be either reactive or 

nonreactive. The most commonly used non-reactive compatibilizers are block copolymer 

which one block can be miscible with one blend component, and a second block miscible 

with the other blend component. In the case of reactive compatibilizers, polymers with 

reactive functional group can be used as compatibilizers. The compatibilization of two 

polymers can be done by grafting their functional group with the two polymer components. 

In order to achieve better final properties, it is necessary to solve the problem of phase 

separation. Further studies related to improve the compatibility between the blends should 

be explored. The selection of an appropriate compatibilizer to enhance the 

compatibilization is still needed.  

Final Remarks 

Although PLA and PHA are valuable environmentally friendly bio-based materials 

which can be used to replace fossil-based plastics, they exhibit a number of limitations for 
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specific applications, such as low toughness, slow biodegradation rate, and slow 

crystallization. The modification of these polymers can be achieved by using blending 

techniques such as solution casting or melt compounding. By blending polymers with 

additives, new materials can be developed and tailored with the suitable properties for 

different applications. This dissertation has described a few types of additives including 

PBG and PHB, and the properties that can be modified. The results presented here provide 

an insight of functional additives such as plasticizer, processing aid, and nucleating agent, 

for the end-use applications of plastics in industry. 
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APPENDIX A 

Supporting Information for PLA/PBG blends 

Determination of acid value for prepolymer poly(butylene glutarate), PBG 

The acid numbers were determined by standard titrimetric methods with potassium 

hydroxide and phenolphthalein as indicator. Approximately, 0.4 g of the sample was added 

into 20 mL of dioxolane. The mixture was slowly heated until all solid is dissolved in the 

solvent, and 3-4 drops of phenolphthalein was added. Then, titrate the sample with 0.03 M 

aqueous solution of potassium hydroxide (KOH) until the color changes from colorless to 

pink. The titration was conducted in three replications and the result is an average of these 

titers. The acid number was calculated using Equation A1. 

𝐴𝑁 = (
𝑉∗56.1∗𝑀

𝑚
) ∗ 100   (A1) 

Where: AN is the acid number, V is the volume of KOH (mL) used to titrate the sample, 

M is the molarity of KOH (0.03 M) and m is the mass of the sample (g).  

Sample preparation for SEM 

Figure A.1. The three-dimensional image of sample geometry fixed on puck for SEM 

imaging. 

Fracture surface Fixed on a puck 

cut 
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Characteristics of the two compost sets and samples 

Table A.1. Carbon and nitrogen content of samples. 

Name Carbon (%) Nitrogen (%) 

Compost 1st set 11.5 0.8 

Compost 2nd set 25.7 1.3 

PBS 59.7 0.02 

PBG 60.1 0.02 

PLA 52.5 0.03 

90%PLA+15%PBG 53.3 0.01 

Biogas production calculations 

The evolved biogas of each sample was calculated daily by the difference in CO2 

production (in mg) of each sample compared to the daily average CO2 contribution from 

blank controls as described by Equation A2.  

𝑆𝑎𝑚𝑝𝑙𝑒𝐶𝑂2
= 𝑅𝑒𝑎𝑐𝑡𝑜𝑟𝐶𝑂2

− 𝐵𝑙𝑎𝑛𝑘𝐶𝑂2
                     (A2)

The sample mass and the percent organic carbon content was used to determine the carbon 

contributions to CO2 for each sample. The dimensionless value of 44/12 was used to 

account for the carbon mass of the mass of CO2 generated from each reactor for each day. 

The calculated evolved CO2 for each sample was then used to calculate the daily absolute 

biodegradation according to Equation A3. 

 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) = (
𝑆𝑎𝑚𝑝𝑙𝑒𝐶𝑂2

𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑎𝑠𝑠 𝑋 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%)𝑋 44/12
) ∗ 100     (A3) 
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Table A.2. Cumulative CO2, % composting biodegradation, and % relative Biodegradation 

of PBS and PBGa 

aThe results of blank, cellulose, PBS and PBG are from three replicated reactors. 

Modified Gompertz kinetics 

To investigate the composting degradation kinetics of materials, the experimental 

data of carbon loss in aerobic biodegradation were modeled using a modified Gompertz 

equation (Equation A4) as shown in previous studies. Cumulative CO2 evolution for all 

samples, including the cellulose positive control were fitting using a Modified Gompertz.  

𝑉𝑛𝐶𝑂2
= 𝑃𝑚 × exp (− exp [

𝑅𝑚×𝑒

𝑃𝑚
(𝜆 − 𝑡) + 1])  (A4) 

Where VnCO2
 is the net cumulative CO2 production from tested samples on the nth day (mL).

Pm is the CO2 production potential (mL CO2 ⸱ g
-1 sample); Rm is the maximum specific CO2 

production rate (mL CO2 ⸱ day-1); e is 2.718282; 𝜆 is the lag phase time (days); and t is the 

nth day of operation. 

Name 

Cumulative CO
2
 (g) % Composting 

biodegradation 

% Relative 

biodegradation 

30 

days 

60 

days 

90 

days 

30 

days 

60 

days 

90 

days 

30 

days 

60 

days 

90 

days 

1. Blank 6.9 9.7 12.1 - - - - - - 

2. Cellulose 12.6 16.2 19.0 72.1 83.6 87.4 - - - 

3. PBS 11.9 17.9 22.0 45.1 74.1 90.6 62.5 88.6 103.7 

4. PBG 15.5 19.5 22.5 77.7 89.0 94.0 107.7 106.4 107.6 
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Structural Analysis and thermal properties of Poly(butylene glutarate) 

 

Figure A.2. 1H NMR spectra of PBG, where A and B protons are the butylene sub-unit 

resonance signals and a and b protons are the glutarate sub-unit resonance signals. 

 

 

Figure A.3. TGA thermogram of PBG. 
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Figure A.4. DSC thermograms of the melting curve of PBG and PBS. 

 

Thermal properties of PLA/PBG blends 

Table A.3. DSC data of PLA/ PBG blends. 

 

Sample 
PLA/PBG 

content (wt%) 

Tg 

(°C) 

Tcc 

(°C) 

∆Hcc 

(J/g) 

Tm 

(°C) 

∆Hm 

(J/g) 

XC % 

of PLA 

1 100/0 57.5 105.9 37.9 169.0 40.8 3.1 

2 99/1 57.2 99.9 35.0 168.4 38.9 4.3 

3 97/3 56.8 96.8 34.1 168.4 38.7 5.1 

4 95/5 56.7 95.7 31.8 168.2 37.3 6.3 

5 90/10 55.4 94.6 29.4 168.0 35.1 6.8 

6 85/15 54.9 94.3 27.2 167.7 33.0 7.5 
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Thermal history of PLA and PLA/PBG blends 

Figure A.5. DSC thermograms of first heating cycle of PLA and PLA/PBG blends. 

Figure A.6. DSC thermograms of first cooling cycle of PLA and PLA/PBG blends. 
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Viscoelastic behavior of PLA/PBG blends 

Figure A.7. Dynamic mechanical curves of storage modulus, loss modulus, and tan delta 

of (a) neat PLA, (b) 1% PBG + 99% PLA, (c) 3% PBG + 97% PLA, (d) 5% PBG + 95% 

PLA, (e) 10% PBG + 90% PLA, (f) 15% PBG + 85% PLA. 

a) b) 

c) d) 

e) 

f)



 

129 

  

Miscibility of PLA/PBG blends 

Table A.4. Surface characterizations of PLA and PLA/PBG blends. 

 

Sample 

PLA/PBG 

content 

(wt%) 

Thickness 

(nm) 

Mean Diameter 

(nm) 

Mean Height 

(nm) 

1 100/0 191.1 N/A N/A 

2 99/1 186.1 N/A N/A 

3 97/3 186.6 N/A N/A 

4 95/5 186.1 29.3 -1.3 

5 90/10 186.3 43.2 -4.2 

6 85/15 177.0 60.8 -7.8 

 

 

            

 

            

 

Figure A.8. AFM height images of 15% PBG + 85% PLA (a and c) with the corresponding 

AFM-IR images at 1730 cm−1 (b) and 1760 cm−1 (d).           

a) 

c) d) 

b) 
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Figure A.9. FTIR spectra of PLA and PBG. 

Tensile properties of PLA/PBG blends    

Table A.5. Tensile data of PLA/ PBG blends and PLA/PBS blends. 

 

Sample 
Content 

(wt%) 

Tensile Modulus 

(GPa) 

Tensile strength 

(MPa) 

Elongation 

at break 

(%) 

1 PLA 3.4 ± 0.1 46.1 ± 1.6 2.5 ± 0.3 

2 PLA + PBG (99:1) 3.0 ± 0.3 41.8 ± 0.8 3.2 ± 0.4 

3 PLA + PBG (99:3) 2.9 ± 0.0 40.9 ± 1.2 10.1 ± 1.4 

4 PLA + PBG (99:5) 2.9 ± 0.1 32.4 ± 2.9 14.9 ± 1.3 

5 PLA + PBG (99:10) 2.6 ± 0.0 31.6 ± 0.1 18.9 ± 0.9 

6 PLA + PBG (99:15) 2.3 ± 0.2 26.9 ± 1.4 21.6 ± 1.2 

7 PLA + PBS (99:1) 3.0 ± 0.2 50.2 ± 2.1 3.9 ± 0.2 

8 PLA + PBS (99:3) 2.7 ± 0.2 49.7 ± 2.0 4.9 ± 0.6 

9 PLA + PBS (99:5) 2.7 ± 0.2 48.6 ± 1.8 5.0 ± 0.5 

10 PLA + PBS (99:10) 2.6 ± 0.0 47.6 ± 1.0 7.9 ± 0.9 

11 PLA + PBS (99:15) 2.3 ± 0.1 41.4 ± 4.7 13.2 ± 1.6 
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Figure A.10. Fractured tensile bars of PLA and PLA/PBG blends after stress-strain 

analysis. 

Figure A.11. Fractured tensile bars of PLA and PLA/PBS blends after stress-strain 

analysis. 



 

132 

  

Morphology of PLA/PBG blends 

 

 

                 
 

                     
 

                 
 

Figure A.12. SEM cross-section images of the fracture surface of tensile bars of PLA and 

PLA/PBG blends (a) neat PLA, (b) 1% PBG + 99% PLA, (c) 3% PBG + 97% PLA, (d) 5% 

PBG + 95% PLA, (e) 10% PBG + 90% PLA, (f) 15% PBG + 85% PLA. 

 

 

c) d)    

e) f)    

a) b)    
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APPENDIX B 

Supporting Information for PHA/PBG blends 

Rheological test 

Viscosity was measured directly in the MiniLab. The backflow (recirculating) 

channel equipped with two pressure sensors allows to obtain the rheological information. 

Shear stress (τ) can be calculated form the pressure drop by using Equation B1.  

                                               𝜏 = (
ℎ

2𝛥𝑙
) ∗ 𝛥𝑃                                                                 (B1) 

Where: h is the depth of the flow channel (mm), Δl is the distance between the 

pressure sensors (mm), ΔP is the pressure drop (Pa).  

By using the geometry of the backflow channel, the screw speed (n) and the calibration 

constant (c), the shear rate (γ) can be calculated as. 

                                              𝛾 = (
6

𝑤.ℎ2) ∗ 𝑐 ∗ 𝑛                                                             (B2) 

Where: w is the width of the flow channel (mm), c is equal to 8 x 10-7 (According 

to the manufacture) 

The calculated τ and γ values were then used to calculate the viscosity (η) 

according to Equation B3. 

                                                     𝜂 = (
𝜏

𝛾
)                                                                      (B3) 
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Viscoelastic properties 

Figure B.1. Dynamic mechanical curves of storage modulus, loss modulus, and tan delta 

of (a) neat PLA, (b) 5% PBG + 95% PHA, (c) 10% PBG + 90% PHA, (d) 15% PBG + 85% 

PLA, (e) 20% PBG + 80% PHA. 

a) b) 

c) d) 

e)
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Thermal properties 

Table B.1. Glass transition temperatures (Tg), crystallization temperatures (Tc), and 

melting temperatures (Tm) of PHA/PBG blends. 

Sample Tg (°C) Tc (°C) Tm (°C) 

PHA 2.7 79.7 129.2 142.7 

PHA + PBG (95:5) 2.2 87.5 37.2 131.4 143.8 

PHA + PBG (90:10) 1.6 88.8 37.3 131.5 144.1 

PHA + PBG (85:15) 1.0 -16.5 87.5 26.5 37.3 131.6 143.5 

PHA + PBG (80:20) 0.5 -16.4 86.7 26.5 37.4 131.4 143.3 

Phase morphology 

Figure B.2. AFM height images (a) of 15% PBG + 85% PHA with the corresponding 

AFM-IR images at 1730 cm−1 (b)  

a) b) 
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Figure B.3. AFM height images (a) of 20% PBG + 85% PHA with the corresponding 

AFM-IR images at 1170 cm−1 (b)  

 

 

 

 
 

                                               
Figure B.4. Accumulation of films on the extruder wall during the extrusion of (a) 10% 

PBG + 90% PHA, (b) 15%PBG + 85% PHA, (c) 20% PBG + 80% PHA.  

 

 

 

 

 

 

 

 

 

 

 

a) b) c) 

a) b)  
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Tensile testing  
 
 

 

 
 

Figure B.5. Stress-strain curves for PHA/PBG blends. 

 

Table B.2. Tensile data of PHA/ PBG blends. 

 
 
 

 

       

 

 

 

 

Sample 
Content 

(wt%) 

Tensile 

Modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Elongation 

at break 

(%) 

1 PHA 0.9 ± 0.08 32.7 ± 0.6 17.8 ± 0.3 

2 PHA + PBG (95:5) 0.7 ± 0.06 26.5 ± 1.6 45.4 ± 1.5 

3 PHA + PBG (90:10) 0.6 ± 0.02 24.2 ± 0.3 39.6 ± 2.8 

4 PHA + PBG (85:15) 0.6 ± 0.02 21.6 ± 0.6  7.7 ± 1.0 

5 PHA + PBG (80:20) 0.6 ± 0.02 20.5 ± 0.4  5.3 ± 0.5 
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APPENDIX C 

Supporting Information for PHA/PHB blends 

Material characterizations 

Table C.1. Characteristics of the neat PHBHx and PHB. 

Preparation method of compost 

The compost was collected from industrial-scale compost facility located at the 

University of Georgia, Athens, GA. This compost was about 4-5 months old derived from 

composting the organic fraction of green waste, forest residue, food waste, and livestock 

manure. The temperature in the composting pile (50 cm depth) while collecting was 58°C. 

The collected compost was sieved using a 4.75 mm screen (Sieve No.4) to discard any 

large items such as stone, wood, and glass. The properties of fine and homogeneous 

Characteristics PHBHx PHB 

% Hx comonomer unit 5.6 0.07 

Tc (°C) 80.0 121.5 

Tm (°C) 130.3, 143.9 174.2 

Enthalpy (J/g) 53.6 94.4 

% Crystallinity 36.7 64.7 

Weight average molecular weight, Mw 

(kg/mol) 

1,253.0 1,436.5 

Number average molecular weight, Mn

(kg/mol) 

902.6 866.0 

Polydispersity index 1.4 1.7 
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compost such as pH, volatiles and total solids were measured by pH probe and 

thermogravimetric analysis. Carbon and nitrogen content of the compost were measured 

using the method described in Kristen.1 

Table C.2. Properties of compost. 

Properties Value 

Total dry solid (%) 43.3 

Volatile solid (%) 19.8 

pH of compost 8.0 

Total carbon amount 12.6 

Total nitrogen amount 0.7 

C/N ratio 18 

Biogas production calculations 

The evolved biogas of each sample was calculated daily by the difference in CO2 

production (in mg) of each sample compared to the daily average CO2 contribution from 

blank controls as described by Equation C1.  

𝑆𝑎𝑚𝑝𝑙𝑒𝐶𝑂2
= 𝑅𝑒𝑎𝑐𝑡𝑜𝑟𝐶𝑂2

− 𝐵𝑙𝑎𝑛𝑘𝐶𝑂2
(C1) 

The sample mass and the percent organic carbon content was used to determine the 

carbon contributions to CO2 for each sample. The dimensionless value of 44/12 was used 

to account for the carbon mass of the mass of CO2 generated from each reactor for each 

day. The calculated evolved CO2 for each sample was then used to calculate the daily 

absolute biodegradation according to Equation C2. 
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   𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%) = (
𝑆𝑎𝑚𝑝𝑙𝑒𝐶𝑂2

𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑎𝑠𝑠 𝑋 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%)𝑋 44/12
) ∗ 100     (C2) 

The isothermal and non-isothermal crystallization kinetics 

In both isothermal and non-isothermal crystallization experiment, crystallinity 

occurred during the cooling process from the polymer melt. The degree of crystallinity is 

related to the amount of heat flow which releases during the transition process from liquid 

to solid. Crystallization is an exothermic process which has often been recorded as a 

function of time or temperature by DSC. In the isothermal crystallization process, the 

crystallinity at time t can be expressed as relative crystallinity (Xt). This Xt value is 

calculated based on experimental data according to Equation C3 which explains the 

fractional area of crystallization exotherm normalized to the entire exotherm area. 

                                         𝑋𝑡 =
∫ (

𝑑𝐻𝑐
𝑑𝑡

)
𝑡

𝑡0
𝑑𝑡

∫ (
𝑑𝐻𝑐

𝑑𝑡
)

𝑡∞
𝑡0

𝑑𝑡
=  

∫ (
𝑑𝐻𝑐

𝑑𝑡
)

𝑡

𝑡0
𝑑𝑡

𝛥𝐻𝑐
                                          (C3) 

Where Xt is relative crystallinity at time t. dHC/dt is the enthalpy measured by the 

DSC as a function of time. ΔHC is the total enthalpy of crystallization process. t0 and t∞ are 

the onset and the end crystallization time. t is the time during crystallization process.  

On the other hand, in the non-isothemal crystallization experiment, the crystallization 

ocurred at a set cooling rate and can be rewrited as Equation C4. The crystallinity at 

temperature T can be expressed as relative crystallinity (XT).  

                                    𝑋𝑇 =
∫ (

𝑑𝐻𝑐
𝑑𝑇

)
𝑇

𝑇0
𝑑𝑇

∫ (
𝑑𝐻𝑐
𝑑𝑇

)
𝑇∞

𝑇0
𝑑𝑇

=  
∫ (

𝑑𝐻𝑐
𝑑𝑇

)
𝑇

𝑇0
𝑑𝑇

𝛥𝐻𝑐
                                                     (C4) 
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Where XT is relative crystallinity at temperature T. dHC/dT is the enthalpy mesured 

by the DSC as a function of temperature. T0 and T∞ are the onset and the end crystallization 

temperature. T is the temperture(s) during crystallization process. This relative crystallinity 

(XT) as a function of temperature can be convert to relative crystallinity (Xt) as a function 

of time by using the following relationship: 

                                             𝑡 =
𝑇0 − 𝑇   

∅
                                                                        (C5) 

Where ϕ is a cooling rate in °C /min.   

The crystallization kinetics of polymer under isothermal and non-isothermal 

conditions can be well described by the Avrami equation (Equation C6). This equation has 

been derived for the specific description of primary crystallization occurred under constant 

temperature. Primary crystallization involves a constant nucleation rate and a linear growth 

of lamellae with time. It assumes that the development of Xt increases with increasing 

crystallization time. The Avrami equation is defined as.  

                                      1 − 𝑋𝑡 = exp(−𝑘𝑡𝑛)                                                   (C6) 

Where k is the overall crystallization rate constant involving both nucleation and 

growth rate of the crystals. n is the Avrami exponent describing the growth geometry of 

the crystals summarized in Table C.3.  

Table C.3. Simplified Avrami exponent interpretation. 

Avrami exponent Growth geometry 

1<n<2 One-dimensional, rod-like 

2<n<3 Two-dimensional, disc-like 

3<n<4 Three-dimensional, spherulitic-like 
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Since no polymers undergo complete crystallization to achieved 100% crystallinity, 

Muller et al.2 modified the Avrami equation by describing as a two-phase model and 

considered the densities of the crystalline and amorphous phases which can be expressed 

by Equation C7.   

1 − 𝑉𝑐 = exp(−𝑘𝑡𝑛) (C7) 

Where Vc is the relative volumetric fraction and can be calculated as. 

  𝑉𝑐 =
𝑋𝑡

𝑋𝑡+(
𝜌𝑐
𝜌𝑎 

)(1−𝑋𝑡)
    (C8)   

Where ρc is the fully crystalline polymer density and ρa is the fully amorphous 

polymer density. The crystalline PHB has a density of 1.25 g/mL and the amorphous 

PHB has a density of 1.17 g/mL.3 

By applying logarithmic properties to both sides and rearranging of equation C7, 

the linear from of the Modified Avrami equation can be obtained as follows. 

log (−ln(1 − 𝑉𝑐)) = log 𝑘 + 𝑛log t (C9) 

From the slope and intercept of this linear equation, the value of n and k and can 

be determined, respectively. Another important parameter is the crystallization half-time 

(t1/2) which is the time at which the crystallization process reaches 50% completion. The 

value of t1/2 can be calculated from n and k using Equation C10.  

𝑡1/2 = (
ln 2

𝑘
)

1/𝑛

 (C10) 
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Effect of isothermal treatment on crystallization behavior of PHBHx/PHB 

 

 

                

              

   

Figure C.1. Isothermal DSC cooling curves at various crystallization temperatures (a) 

100% PHBHx, (b) 1% PHB + 99% PHBHx, (c) 3% PHB + 97% PHBHx, (d) 5%PHB + 

95% PHBHx, (e) 10% PHB + 90% PHBHx. 

 

a) b)  

c) d)  

e) 
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Figure C.2. Isothermal DSC cooling curves at various concentrations of PHB (a) 

crystallization temperature at 95 °C, (b) crystallization temperature at 100 °C, (c) 

crystallization temperature at 105 °C.  

 

 

a) 

b) 

c) 
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Figure C.3. Relative Crystallinity (Xt) versus crystallization time (t) curves of different 

crystallization temperature and content of PHB (a) 100% PHBHx, (b) 1% PHB + 99% 

PHBHx, (c) 3% PHB + 97% PHBHx, (d) 5%PHB + 95% PHBHxx, (e) 10% PHB + 90% 

PHBHx. 

 

a) b)  

c) d) 

e) 
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Effect of non-isothermal treatment on crystallization behavior of PHBHx/PHB 

Table C.4. Crystallization Temperature at different concentration PHB and cooling rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Names 

Crystallization temperature, T
C
 (°C) at cooling rate of 

1°C/min 5°C/min 10°C/min 20°C/min 40°C/min 

100% PHBHx 105.4 89.9 80.1 67.2 52.8 

1% PHB+ 99% PHBHx 112.0 98.1 91.2 82.5 71.7 

3% PHB+ 97% PHBHx 114.2 100.3 93.6 86.1 74.4 

5% PHB+ 95% PHBHx 116.2 101.5 95.7 87.9 78.4 

10% PHB+ 90% PHBHx 119.0 103.8 98.1 90.8 82.2 
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Table C.5. Kinetics parameters obtained from non-isothermal crystallization experiment 

and Avrami analysis of PHBHx and PHBHx/PHB. 

Sample Cooling 

rate, ϕ 

(°C/min) 

n k 

(min-n) 

ln kc

(min-n) 

t1/2 

(min) 

100% PHBHx 1 4.5 6.3 x10-6 -12.0 12.9 

5 4.4 4.8 x10-3 -1.1 3.1 

10 4.1 5.9 x10-2 -0.3 1.8 

20 3.1 3.9 x10-1 -0.05 1.2 

40 2.8 1.4 0.01 0.8 

1% PHB+ 99% PHBHx 1 4.7 2.1 x10-6 -13.1 14.8 

5 4.5 5.9 x10-3 -1.0 2.9 

10 4.2 1.5 x10-1 -0.2 1.5 

20 3.9 1.3 0.01 0.9 

40 3.7 5.3 0.04 0.6 

3% PHB+ 97% PHBHx 1 4.6 8.5 x10-7 -14.0 18.8 

5 4.4 5.1 x10-3 -1.1 3.1 

10 3.9 1.2 x10-1 -0.2 1.6 

20 3.8 1.3 0.01 0.9 

40 3.5 5.4 0.04 0.6 

5% PHB+ 95% PHBHx 1 4.5 8.2 x10-7 -14.0 21.3 

5 4.0 3.9 x10-3 -1.1 3.6 

10 3.8 9.2 x10-2 -0.2 1.7 

20 3.6 9.8 x10-1 -0.001 0.9 

40 3.5 5.2 0.04 0.7 

10% PHB+ 90% PHBHx 1 4.2 6.9 x10-7 -14.2 27.6 

5 4.0 3.6 x10-3 -1.1 3.7 

10 3.4 1.1x10-1 -0.2 1.7 

20 3.4 6.9x10-1 -0.02 1.0 

40 3.3 4.8 0.04 0.6 
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Figure C.4. Relative Crystallinity, XT versus crystallization temperature, T curves of 

different cooling rate and content of PHB (a) 100% PHBHx, (b) 1% PHB + 99% PHBHx, 

(c) 3% PHB + 97% PHBHx, (d) 5%PHB + 95% PHBHxx, (e) 10% PHB + 90% PHBHx. 

 

a) b)  

c) d)  

e) 
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Figure C.5. Relative Crystallinity, Xt versus crystallization time, t curves of different 

cooling rate and content of PHB (a) 100% PHBHx, (b) 1% PHB + 99% PHBHx, (c) 3% 

PHB + 97% PHBHx, (d) 5%PHB + 95% PHBHxx, (e) 10% PHB + 90% PHBHx.  

a) b) 

c) d) 

e)
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Modulated Differential Scanning Calorimetry (MDSC) 
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Figure C.6. MDSC thermograms of (a) 100% PHBHx, (b) 1% PHB + 99% PHBHx, 

(c) 3% PHB + 97% PHBHx, (d) 5%PHB + 95% PHBHxx, (e) 10% PHB + 90% PHBHx.

a) b) 

c) d) 

e)
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Determination of crystallinity 

The crystallinity of PHBHx (XC%) was calculated from DSC curves using the 

following equation: 

      XC%= (ΔHm / ΔH0
m) x100      (C11) 

where ΔHm was the enthalpy of melting, ΔH0
m was the melting enthalpy of 100% 

crystalline PHB, which is 146 J/g.4

Table C.6. Values of T1 and T2 during the second heating DSC of the neat PHBHx and 

PHBHx/PHB.  

Cooling rate 

(°C/min) 

100%PHBHx 

1% PHB + 

99% PHBHx 

3% PHB + 

97% PHBHx 

5% PHB + 

95% PHBHx 

10% PHB + 

90% PHBHx 

T
1
(°C) T

2
(°C) T

1
(°C) T

2
(°C) T

1
(°C) T

2
(°C) T

1
(°C) T

2
(°C) T

1
(°C) T

2
(°C)

1 138.5 148.5 141.7 150.7 142.9 152.7 143.8 155.1 144.4 158.9 

5 132.9 145.0 135.8 146.2 137.1 146.9 137.8 147.7 139.0 149.4 

10 130.3 143.9 133.9 145.0 135.9 146.3 136.3 146.7 136.4 147.2 

20 127.5 143.5 131.8 144.5 133.3 145.1 134.5 145.9 135.1 146.1 

40 124.5 143.1 128.8 143.4 131.6 144.7 132.0 144.9 132.6 145.3 
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Table C.7. Values of ΔHm during the second heating DSC of the neat PHBHx and 

PHBHx/PHB.  

Cooling rate 

(°C/min) 

Enthalpy (J/g) 

100% 

PHBHx 

1% PHB + 

99% PHBHx 

3% PHB + 

97% PHBHx 

5% PHB + 

95% PHBHx 

10% PHB + 

90% PHBHx 

1 61.4 61.4 62.6 63.1 64.5 

5 55.6 55.8 60.6 61.1 64.4 

10 53.6 54.4 55.8 59.0 61.6 

20 50.0 53.0 54.6 55.6 60.9 

40 18.8 49.6 53.1 54.7 58.1 

Table C.8. Values of % crystallinity during the second heating DSC of the neat PHBHx and 

PHBHx/PHB.  

Cooling rate 
(°C/min) 

% Crystallinity 

100% 

PHBHx 

1% PHB + 

99% PHBHx 

3% PHB + 

97% PHBHx 

5% PHB + 

95% PHBHx 

10% PHB + 

90% PHBHx 

1 42.1 42.1 42.9 43.2 44.2 

5 38.1 38.2 41.5 41.8 44.1 

10 36.7 37.3 38.2 40.4 42.2 

20 34.2 36.3 37.4 38.1 41.7 

40 12.9 34.0 36.4 37.5 39.8 



 

153 

  

 

Crystal morphology observation by POM 

                      
                                     190°C, 0 s               120°C, 0 s                             120°C, 240 s   

                            
                                     190°C, 0 s               120°C, 0 s                             120°C, 240 s   

                       
                                     190°C, 0 s                             120°C, 0 s                            120°C, 240 s   

                       
                                    190°C, 0 s                             120°C, 0 s                             120°C, 240 s   

                         
                                   190°C, 0 s                             120°C, 0 s                              120°C, 240 s   

 

Figure C.7. POM images of PHBHx/PHB at various PHB content, isothermal crystallized 

at 120°C after melting at 190°C for 1 min. (a) 100% PHBHx, (b) 1% PHB+ 99% PHBHx, 

(c) 3% PHB+ 97% PHBHx, (d) 5% PHB+ 95% PHBHx, (e) 10% PHB+ 90% PHBHx. 

a)  

b)  

c)  

d)  

e)  
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                                  200°C, 0 s                                    120°C, 0 s                                120°C, 300 s   

Figure C.8. POM images of 10% PHB+ 90% PHBHx, isothermal crystallized at 120°C 

after melting at 200°C for 1 min.  

 

Spherulitic Morphology observation by AFM 

Table C.9. Film thickness of PHBHx/PHB at various PHB content. 

Samples Thickness (nm) 

100% PHBHx 183.6 

1% PHB+ 99% PHBHx 156.4 

3% PHB+ 97% PHBHx 169.2 

5% PHB+ 95% PHBHx 167.8 

10% PHB+ 90% PHBHx 148.9 
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