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ABSTRACT 

Development of Bio-based and Biodegradable Film from Carbon Dioxide Based 
Polymer and Poly(Lactic acid) 

 
Qirui Sun                                                                              Advisor: Dr.Amar Mohanty 
University of Guelph, 2015                                         Co-advisor: Dr.Manjusri Misra 
 

In order to develop bioplastic alternative to conventional petro-based flexible packaging, this 

study focused on the fabrication and evaluation of a bio-based and biodegradable cast film. The 

material chosen for the matrix of film is a blend of poly(lactic acid) (PLA) and poly(propylene 

carbonate) (PPC). The effect of a chain extender at different loading levels on the mechanical, 

thermal and barrier properties of the films were investigated. With the chain extender, the 

compatibility and interfacial adhesion between the two polymer phases significantly improved. 

It is hypothesized that a PLA-chain extender-PPC copolymer is being formed during the 

reactive extrusion process, which was revealed by characterization studies. The elongation at 

break of the film with optimal amount of chain extender showed dramatic increase by more than 

2000%. Differential Scanning Calorimetry (DSC) studies demonstrated that chain extender 

hindered the crystallization of the film which explained the decrease in both water and oxygen 

barrier. 
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Chapter 1 Introduction 
 

The flexible plastic packaging industry has been dominated by petro-based plastics in recent 

years. Because of the poor degradability of petro-based plastics, huge consumption of these 

plastic packaging solutions has posed great problems in terms of waste disposal. Massive 

amounts of post-consumer plastic packaging are either placed in the landfill sites or processed 

through incineration, with only a small amount being recycled and reused. Landfilling is 

continuously producing hazards to the environment, while incineration emits large amounts of 

carbon dioxide, causing immeasurable damage to the environment. In addition, petroleum 

resources are depleting, which further comprises the sustainable development of the plastic 

packaging industry.   

With the intention to establish the long-term sustainability of flexible plastic packaging industry, 

more sustainable alternatives to conventional petro-based plastic flexible packaging solutions 

need to be developed. Bioplastics are promising candidates because of their either bio-based or 

biodegradable nature, which can potentially help alleviate the disposal problem and heavy 

reliance on the fossil fuel.  

In this study, two bioplastics were chosen as the matrix to develop a bio-based and 

biodegradable film, which are poly(lactic acid) (PLA) and poly(propylene carbonate) (PPC), 

respectively. Poly(propylene carbonate) (PPC) is a biodegradable polymer which can be 

synthesized using propylene oxide and carbon dioxide. It can contain more than 50wt% of 

sequestered CO2. It exhibits excellent elongation at break, which can be utilized to modify 

plastics with low toughness. However, its strength and thermal stability are weaknesses that 
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require improvement. Poly(lactic acid) (PLA) is currently the most commercially available 

bioplastic globally, which is produced from corn.  PLA possesses superior strength, but lacks 

elongation at break. It also presents reasonable barrier performances (oxygen and water vapor), 

which allows PLA to be applied in the flexible packaging field.  

A preblend of PLA and PPC with optimal blending ratio was prepared as the matrix for 

developing the film. A chain extender was incorporated into the film system to enhance the 

compatibility between the two bioplastics, aiming for improved overall performance (thermal, 

mechanical and barrier). By combining the advantages of PPC and PLA along with proper 

compatibilization from introducing the chain extender, a bio-based and biodegradable flexible 

plastic film with high performance could be achieved. This study explored the fabrication of 

this film and characterized various performances of the developed films.  

1.1 Overview of Plastics 

One of the most profound aspects in our human daily lives is the material. Materials give us the 

foundation to make tools, build structures, design products, etc. The advancement of materials 

has continuously provided humanity with more and better choices and improving the quality of 

our lives. The advent of plastics was a significant breakthrough in the history of materials 

advancement
1
. Given the advantages of light weight, superior mechanical properties, and cost 

competitiveness, plastics displaced metals and wood in many applications and took up a huge 

share of the material market. The development of plastics has made them increasingly attractive.  

Currently, plastics are widely used throughout the world in different fields for various 

applications, such as automotive parts, electronic devices, construction, and packaging. These 

plastics are polymeric materials that consist of a large number of polymer chains. They are 
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synthesized via condensations or polymerizations of organic monomers.
2
 Most of the plastics 

are derived from petroleum sources and majority of the plastics cannot be composted.  

The global consumption of petroleum-based plastics in 2012 was reported to be more than 288 

million tons with an annual increase of 5%3. Such dependence demonstrates how much effects 

the fluctuation of oil price would have on the cost of petroleum-based plastics. In addition, the 

depleting source of the oil also is emphasizing the unsustainable nature of the modern plastic 

industry.  

Over time, using petroleum-based plastics produces problems from an ecological and 

environmental point of view. Production of petroleum-based plastics involves carbon dioxide 

emission which contributes to global warming4. In addition, because of their inherently poor 

biodegradability and compostability, most petroleum-based plastics are very resistant to being 

degraded over a long time period. The disposal of plastics has become a severe problem. Up 

until recently, landfilling and incineration have been the two major means of disposing the 

waste plastics  and  have been causing massive damage to the environment this whole time
5ï7

. 

Landfill sites have been continuously expending due to the large consumption of plastics for the 

last decade. Massive quantities of plastic debris remain in landfill sites, producing harmful 

chemicals and gases to the environment. Incineration is emitting enormous amount of carbon 

dioxide to the atmosphere, which poses great threats to the environment in terms of escalating 

the global warming.  

As such, in order to provide alternative materials to these petroleum-based plastics, great 

interest has been drawn towards developing functional bio-based or biodegradable plastics. One 

class of these plastics can be made from renewable sources like agriculture feedstock. The 
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application of these bioplastics can be greatly helpful with reducing the large consumption of 

petroleum
4,8,9

. Another class of bioplastics is either biodegradable or compostable, allowing 

them to be disposed without leaving hazards to the environment. The implementation of these 

bio-based or biodegradable plastics is the future trend of the plastic industry
10ï12

.  

1.2 Bioplastics  

Due to concerns regarding the current reliance of the plastic industry on petroleum and the 

environmental problems raised by the mass consumption of conventional plastics, bioplastics 

are of great current interest to academic researchers as well as industry managers13.   

Bioplastics are produced using biopolymers or their blends and composites. In regards to the 

definition of biopolymer, there has been some misunderstanding about it. A biopolymer is not 

necessarily both bio-based and biodegradable
14

. Some biopolymers are bio-based but not 

biodegradable, whereas some biopolymers are biodegradable but not bio-based. Based on the 

source of the raw material and the biodegradability, biopolymers can be classified into three 

categories, which include petro-based biodegradable polymers, renewable source based 

polymers, and polymers from mixed sources (renewable and non-renewable)
14,15

. The 

categorizations of different biopolymers are depicted in Figure 1.1. 

As for the petro-based biodegradable polymers, they are synthesized using raw materials 

derived from petroleum resources
16

. This class of polymers takes up the major share of the 

market as their superior properties and broad application fields. Examples of polymers in this 

class are poly(butylene adipate-co-terephthalate) (PBAT) and polycaprolactone (PCL). 
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Renewable source based polymers are polymers that are synthesized using completely 

renewable resources, such as, agricultural feedstock or by-products of biotechnological 

processes
8
. As advancements in technology, the production of this class of biopolymers already 

starts to grow rapidly. Some popular members in this class are poly(lactic acid) (PLA), bio-

based polypropylene (PP) and bio-based polyethylene (PE).  

Those polymers from mixed sources are synthesized using a combination of both petro-based 

and bio-based monomers
8
. Some examples are poly(trimethylene terephthalate) (PTT) and bio-

based thermosets. 

The main objective of bioplastic development is conservation of fossil resources and air quality
3
. 

Since many bioplastics are derived from renewable sources, the use of these bioplastics can help 

to diminish the heavy dependence on the petroleum raw materials that are consumed by 

manufacturing the conventional plastics. In the case of bio-based bioplastics, the production 

contributes less carbon dioxide emission to the environment than that of the petroleum-based 

plastics, resulting in reducing the carbon footprint during the manufacturing. In other words, by 

using bioplastics, fossil-based raw materials are preserved and carbon dioxide emissions are 

reduced, resulting in the mitigation of global warming17. Moreover, the biodegradability and 

compostability of some bioplastics can greatly help in reducing the garbage volume and the 

impact from the over-landfilled areas. 
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Figure 1.1 Classification of Biopolymers  

(Modified after reference - Endres, H.-J.; Siebert-Raths, A. Engineering Biopolymers. Eng. 

Biopolym. 2011.) 
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1.3 Flexible Plastic Films for Packaging 

The flexible packaging industry has had two major breakthroughs in its history. In the 1920s, 

the introduction of cellophane became a better alternative to traditional packaging materials. A 

significant fraction of the packaging material for various products was shifted from metals and 

glass to cellophane since cellophane provided much more convenient and lighter weight flexible 

packages
18

. Flexible packages also require less material, resulting in reducing cost. Additionally, 

flexible packages are beneficial in terms of providing economic savings in storage space and 

transportation. All of these advantages made the flexible packaging industry grow dramatically 

fast. In the early 1950s, another revolution took place due to the commercialization of plastic 

films. Better properties and lower cost made plastic films a superior flexible packaging material 

as compared to cellophane. Ever since then, the flexible packaging industry has been dominated 

by plastic films
1
.  

There are two common forms of the flexible packages, which are wraps and bags. Wraps are 

plastic films which have not been made into package shapes. With this method, the product is 

simply wound up in the plastic film and stored. In regards to bags, plastic films are formed in 

shapes either before or at the same time as when the product is being packaged. The most 

commonly applied technique for the shaping of these plastic films is the heat-sealing of the 

edges. 

Two plastic resins which are majorly being used to produce flexible plastic films for packaging 

are chosen to be listed and discussed below. 

Low-Density Polyethylene (LDPE) and Linear Low-Density Polyethylene (LLDPE) 
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Low-density polyethylene and linear low-density polyethylene are widely used for the flexible 

packaging films in various applications. LDPE has a long molecular chain branching structure 

that is produced by a high pressure and high temperature copolymerization process. LLDPE is 

produced through a high temperature but low pressure copolymerization process in the presence 

of few monomer, such as butane, hexane or octane
19

. It has a linear structure consisting of 

polyethylene backbones that possess branches of  short chains or monomer units
20

.  LDPE and 

LLDPE are flexible materials with excellent mechanical properties and good processability. 

Due to LLDPEôs branching structure, its crystallization is hindered, resulting in lower 

crystallinity than LDPE. As such, LLDPE presents higher tensile strength, puncture resistance 

and impact strength than LDPE. On the other hand, LDPE is superior to LLDPE in terms of 

processability as the extrusion of LLDPE requires higher screw speed and pressure
21

. In 

addition, LDPE can be sealed at lower temperature with a wide temperature range, exhibiting 

better heat-sealing properties than LLDPE.  LDPE and LLDPE have very good water vapor 

barrier properties while being poor barriers to gases like oxygen and carbon dioxide
1
. They can 

also maintain their excellent flexibility at very low temperatures thanks to their sub-zero glass 

transition temperatures. However when being exposed to heat, they cannot retain their good 

performance. Furthermore, blending LDPE and LLPDE is a promising approach to obtain 

flexible packaging material with superior performance
22

. Because of their excellent 

processability, they are suitable for either film casting processing or film blowing processing. In 

current industry, they are mostly produced with film blowing processing techniques. 

Polypropylene (PP) 

Polypropylene is synthesized via polymerization of propylene monomers. Most of the currently 

used PP has an isotactic structure
23

. The density of the PP is only 0.88-0.91g/mol, which is the 
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lowest density among the commodity plastics. The stiffness of PP is better than that of LDPE, 

which gives it the advantage to be applied in the high-speed packaging applications where 

demand stiffer materials
1
. The clarity of PP is another advantage and can also be further 

enhanced by incorporation of polymer that consists of ethylene monomers to decrease the 

crystallinity. Unorientated PP films present insufficient strength (30 MPa), particularly under 

low temperature condition. To deal with its lack of strength, PP produced from biaxial extension 

film process like film blowing process exhibits much better strength than that of the 

unorientated film
1,24

. It also has superior water vapor barrier properties. However, the heat-

sealing property of PP film is not favorable. Typically, coating or coextruded with sealants is 

needed to help PP film seal well.  

Ethylene vinyl alcohol (EVOH), poly(ethylene terephthalate) (PET) and polyvinyl chloride 

(PVC) are also widely used as flexible packaging materials. They either possess favorable 

barrier properties in terms of oxygen or water or show superior mechanical properties. Currently, 

the majority of the flexible packaging market is taken by these conventional petro-based plastics. 

Since flexible packaging is a substantial component of modern society and a mostly short-lived 

product, the consumption of packaging materials is huge and shows a continuously uptrend. 

This enormous consumption of petro-based plastics raises great environment concern in terms 

of the disposal of these materials. Landfilling has been commonly used for the disposal of 

flexible packaging materials, which are continuously accumulating large quantities of waste 

plastic debris in the environment as contaminants and toxicities to nature.  

Reuse and recycling are critical actions that are being undertaken to reduce the impact from the 

landfilling problem. However, post-consumer packaging material is challenging to reuse and 

recycle as there is often a variety of plastics in each composition. For example, packages with 
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multi-layered structures and packages with an aluminum foil center layer, which are designed to 

achieve favorable barrier properties, are extremely difficult to be recycled in terms of separating 

the individual layers respectively. The separation, identification and recycling of each individual 

layer requires more steps and energy than that for recycling traditional plastics. In addition, 

many flexible packages are contaminated by food products, which become another obstacle for 

reuse and recycling of flexible packaging materials.  

As such, it is imperative to develop an alternative way to make the flexible packaging solutions 

more sustainable and eco-friendly. Bioplastics are considered to be promising candidates as 

packaging materials to help the sustainable growth of the flexible packaging industry.  

1.4 Importance of Research on the Development of Bioplastics Films 

for Flexible Packaging Application  

As mentioned previously, the flexible packaging industry needs to provide more sustainable and 

eco-friendly solutions in order to attain long-term sustainability of its growth. Therefore, the 

development of bioplastics for packaging applications is of great interest to researchers, 

industrial managers and government. In Europe, the entire flexible packaging market, which 

includes both the manufacturer and consumer, is moving towards ñgreenerò solutions, such as 

reusable and recyclable packaging, bio-based packaging and biodegradable or compostable 

packaging. This trend has been promoted by EU directives as well. Several world-wide 

initiatives have been launched with a mutual focus on developing bioplastics to replace 

conventional petro-based flexible packaging materials
25

. Europe is currently leading the 

movement in advancing bioplastics packaging across the globe. It can be seen that the future 

trend is to turn the flexible packaging market from petro-based material dominant to bioplastics 
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dominant. Moreover, the bioplastic industry has started to grow in an increasing rate recent 

years, which can be seen by the rising annual production and demand of the plastics over the 

world
26,27

, which will continue to promote the development of the bioplastic packaging. 

However, even though the bioplastic packaging industry is growing rapidly and has all sorts of 

factors promoting it, it still falls far behind conventional plastic packaging industry.  

Insufficient performance of bioplastics as compared to the conventional plastics is one 

important issue that limits the growth of the bioplastic packaging industry. Despite the 

biodegradability or bio-based nature of bioplastics, they also possess their own drawbacks when 

being applied as flexible packaging materials.  

Mechanical and thermal performance are two critical factors that determine materialsô viability 

of being processed and manufactured in a large scale and applied in different packaging solution 

fields. Many bioplastics are deficient in some aspects of these two performances when 

compared to the conventional petro-based plastics. For instance, in this study, PPC presents 

large elongation but low strength, whereas, PLA owns high strength with almost no elongation. 

PPC is also lack of thermal stability and shows very low glass transition temperature.  

In addition, the barrier performance of the material is another pronounced factor for flexible 

packaging in terms of maintaining the shelf-life of the packaged products.  Most of bioplastics 

can be efficient in one barrier property either for oxygen or water barrier but deficient in the 

other one. For example, the oxygen barrier property of PLA surpasses that of PP and PE, 

whereas, the water barrier property of PP and PE are much better than that of PLA. 

As a result of aforementioned economic trend of flexible packaging industry and insufficient 

performance of bioplastics, the development of bioplastic film is increasingly important in 
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terms of achieving bioplastic flexible packaging with optimum performance that can be 

comparable to the conventional plastics and be able to meet various requirements of flexible 

packaging industry. 
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Chapter 2 Literature Review 
 

2.1 Polypropylene Carbonate (PPC) 

Polypropylene carbonate (PPC) is a bio-based amorphous, thermoplastic polymer, which can be 

synthesized from CO2 and PO using a supported catalyst.
12

 More than 50% of CO2 by weight 

can be converted into PPC, showing the cost competitiveness and environmental friendly 

advantages of PPC. In addition, PPC is a biodegradable polymer; its degradation and 

decomposition can easily occur in the soil, in some solvents and under weathering conditions. 

These factors demonstrate its potential to be a substitute for petroleum-based plastics and 

resolve the major landfill issue caused by the low degradability of petroleum-based plastics
13

.
 

  Moreover, PPC can also provide some favorable properties as a thermoplastic polymer when 

applied in industrial products. One of the favorable properties is its good melt flow 

characteristics. The ester units in PPCôs structure provide chain flexibility, resulting in the 

feasible melting process-ability of PPC. However, the poor thermal stability of PPC limits the 

maximum process temperature to some degree, as PPC may begin to decompose during the 

process
14

. Currently, many studies have been conducted to improve the thermal stability of PPC, 

and to further enhance the process-ability of PPC when applying into large scale applications. 

  Another favorable property of PPC is the large elongation at break, which gives opportunities 

to add fillers into PPC or blend PPC with other polymers to enhance its poor stiffness (tensile 

strength and Youngôs modulus) to a useful range to be eligible for many industrial uses, while 

maintaining the acceptable toughness.
13

 Many PPC-based biodegradable blends and composites 

have been proposed for applications as industrial products, such as films and automotive parts.  
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  According to the aforementioned considerations, the conversion of CO2 to PPC is a feasible 

way to utilize waste CO2 instead of emitting it into the atmosphere and reduce the 

environmental burden. This polymeric material PPC can also store CO2 during the life of the 

products and provide means for longer CO2 sequestration. The non-toxicity and good 

biodegradability of PPC also provides a choice of an environmentally friendly material, rather 

than conventional plastics.  

2.2 Poly (Lactic acid) (PLA) 

Poly (Lactic acid) (PLA) is an aliphatic polyester thermoplastic derived from renewable sources, 

which are primarily sugar and starch.  PLA is compostable and non-toxic. It possesses excellent 

strength and modulus, but poor ductility and HDT. Because of these advantages, PLA has been 

considered to be the most promising and practical biopolymer. The earlier application of PLA 

was limited to only medical products, such as stitches and implanted devices
28

. With the 

advancing of PLA technology, its uses are expanding in packaging to a number of new 

industrial products.  

The synthesis of PLA can be accomplished by the polymerization of lactic acids. The raw 

material used to produce lactic acid is mainly derived from sugar, corn and starch, which is 

inexpensive and easy to obtain. The basic synthesis of lactic acid involves a biotechnical 

process, which starts with the fermentation of dextrose. After the fermentation, low Mw PLA is 

produced via a condensing reaction process. Lactic acid enantiomers are obtained through the 

conversion of low molecular weight PLA, which is followed by purifications. At last, the high 

Mw PLA is produced through a ring-opening polymerization process
28,29

. The monomer of PLA, 

lactic acid, can exist in both D- and L- enantiomers. The ratio of these two enantiomers in the 
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PLA can provide materials with variable properties
30

. This advantage allows PLA to be 

designed and produced specifically to match different requirements.  

The superior properties of PLA are the main reason that makes it such an attractive biopolymer. 

It presents good biodegradability and biocompatibility. Unoriented PLA provides considerably 

good strength and modulus. Orientated PLA shows even better performance than many 

conventional plastics, such as PS
28

. Its tensile and flexural strength and modulus surpass high 

density polyethylene and propylene, whereas its impact strength and strain at break are much 

lower than those of HDPE and PP. It has a relatively low heat deflection temperature, which 

also limits its application in high temperature environment
30ï32

. PLA also possesses reasonable 

barrier properties in regards to oxygen and water vapor, which is comparable to some of the 

conventional plastics, like PET, PS and etc. Since PLA lacks toughness, numerous studies have 

been focused on enhancing its toughness. In addition, through proper modification, the barrier 

performance of PLA can be good enough to fulfill the requirements for many packaging 

applications
3,4,33

. 

2.3 Polymer Blends 

Polymer blends are usually referred to ñpolyblendsò and sometimes as ñalloysò to get an idea 

from metallurgy
34

. Polymer blends are defined as any combination of two or more polymers 

resulting from physical blending. Nowadays, polymer blends are attracting more global interest 

in academic research as well as industries. Their current and potential technological significance 

is remarkable, which can be proved by their ubiquitous presence in consumer products 
35

.  In 

comparison with copolymerization, polymer blends are able to provide a means of combining 

useful properties of different polymers and substances through physical process steps instead of 
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chemical approaches. Moreover, the pursuit of further understanding of the physical properties 

and mechanical performances of polymer blends has developed new principles and revealed 

new opportunities for research and addressing practical issues. 

There are two major factors of the polymer blends that have been studied most in recent 

research
36

. One of them is the immiscibility. Due to the thermodynamic issues, the polymer 

blend system is generally not miscible, and the degree of compatibility varies in a wide range. 

Since the compatibility and miscibility of polymer blends has critical significance to 

morphology and properties, numerous studies have been conducted to modify and improve the 

immiscibility of the blends.  

Along with the immiscibility, the interaction of melt flow with the interfacial behavior and the 

viscosities of the blend system is another major factor. This factor can also be identified as the 

morphology of the blends. The morphology highly depends on the blend concentration
36,37

. 

When at low concentration of either component, the dispersed phases form nearly spherical 

drops, whereas at high loading cylinders, fibers, and sheets form. It is said that at both ends of 

the concentration scale, the blend is dispersed, and in the middle, it is co-continuous. Overall, 

the polymer blends can provide an incredibly wide range of various morphological states from 

coarse to fine, which are being intensively studied and investigated.  Since the tension transfer 

inside the polymer blends is greatly affected by the states of morphology, it is of great 

importance to modify and control the morphology of polymer blends. 

2.3.1 Physical Blending 

 

The physical blending is referred to the simple compounding of polymeric materials through 

melt-processing without any chemical reactions taking place
35

. The outcome of physical 
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blending is called a polymer blend. Physical blending is reported as a convenient route to create 

new materials with improved properties. Additionally, this process also has its advantages in 

terms of cost competitiveness and time-saving. Since physical blending can be accomplished 

with conventional machinery in a short time period without expensive investment, it is much 

preferred by industries.    

The goal of physical blending is defined as to improve or tailor the properties of polymeric 

materials to certain desired applications; in most cases, to maximize the performance of the 

materials. To be more specific, physical blending is able to accomplish diverse objectives in 

light of obtaining desired materials, such as cost reduction, general improvement of mechanical 

properties, impact resistance, decrease of sensitivity to water, increase of barrier properties, 

improved biocompatibility, etc. Many successful cases of employing physical blending as a 

materials modification approach can be seen in current research and industry.  

2.4 Development of PPC-based Bioplastics 

As a biodegradable and bio-based polymeric material, PPC is considered to be a good candidate 

to complement and replace some of the petroleum-based plastics in various applications. 

Additionally, its large elongation at break is useful for many applications. Numerous studies 

have highlighted the benefits of producing PPC in terms of helping to mitigate the CO2 

emission while reducing the current reliance on the conventional fossil-based plastics
38.

 

However, the property profile of neat PPC cannot fulfill many requirements, as it is neither 

typical for engineering plastics nor rubbers.  

PPC presents an amorphous structure and a relatively low glass transition temperature which is 

within the range of human body temperature. Additionally, the inherent low stiffness and poor 
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thermal stability also limit PPCôs industrial application to a large extent
39ï41

. Many studies have 

been conducted focusing on improving the properties of PPC and exploring new applications of 

PPC.  

PPC/Inorganic Nano-filler Composites 

ZnO nano-filler has been employed to improve the stiffness of PPC. It was reported that PPC 

and ZnO nano-filler were prepared through melt compounding in a rotary mixer at 180 Ņ. 

Good dispersion of the nano-size filler in the PPC matrix was observed, indicating good binding 

between the PPC matrix and particles, which was suggested to partially contribute to the 

improvement of the stiffness of PPC
42

. The tensile strength and the elastic modulus were 

improved to 32 MPa and 1700 MPa with 10% wt filler in the composites compared to the neat 

PPC. Moreover, the increase of these two properties remained constant with more content of 

filler in the composites. However, the elongation at break was reduced with the addition of filler 

and showed a constant decreasing trend with an increasing level of filler content
43

. In addition, 

it was observed that the smaller the filler particle, the better the dispersion of the filler in the 

PPC matrix, consequently resulting in further improved stiffness. Along with the mechanical 

properties, both the oxygen and water barrier properties of the composites were greatly 

enhanced compared to neat PPC
44

. Based on the aforementioned improvements and advantages, 

PPC and ZnO nano-filler composite is considered to be an excellent candidate to be applied in 

the packaging field. More noticeably, good antibacterial properties were also obtained, which 

further solids the feasibility of implementing this composites for packaging application. 

However, all the process and test results are only at the laboratory scale. Future study on the 

large-scale production and implementation of this material needs to be conducted.  
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PPC/Corn Starch Composites 

Blending PPC with natural corn starch has been implemented and studied by several research 

groups. In the research, PPC and the corn starch were blended through melt compounding at 

150 Ņ42
.During the process, no obvious degradations of PPC in molecular weight were 

observed, which indicates the feasibility of processing these blends. It was reported that the 

tensile strength of the composites was improved with no more than 40% starch content. When 

the starch content went above 40%, the tensile strength slowly decreased. However, as soon as 

the starch content exceeds 60%, the tensile strength decreases dramatically, even below the 

value of neat PPC. This is probably caused by a good compatibility between PPC and the OH 

groups in corn starch
45

. On the contrary, the elongation at break shows a decreasing trend with 

the addition of the starch from 1.5% to 35%, resulting in brittle samples. The thermal properties 

of the composites (glass transition temperature and thermal decomposition onset temperature) 

have little dependence on the composition of the composites; however the overall thermal 

properties of PPC still improved in the composites
42,45

. The PPC- starch composites are totally 

bio-based and biodegradable, which gives favorable environmental friendly properties. In 

addition, the improved mechanical and thermal properties of the composites give this material 

great potential to be applied in automotive parts. However, further studies on preventing the 

decrease of the ductility are still requested.      

PPC/PHB Blends 

Poly (3-hydroxybutyrate) (PHB) is biodegradable thermoplastic polyester. Its superior 

biodegradability and bio-compatibility makes it a favorable material under the circumstances of 

global warming. Additionally, PHB also has very similar properties to polypropylene, which is 
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a commonly used petroleum-based plastic. But, the brittleness and high price of PHB limits its 

commercial application
47

. Since PPC is a ductile material with high elongation at break, it was 

proposed that blending PPC with PHB could be an applicable routine to produce polymer 

blends with improved and optimized properties.  

The blend of PHB and PPC was prepared through solution blending with the chloroform as the 

solvent at room temperature. After that, the blends were cast into film samples
47

. Two 

independent glass transition temperatures in the blends were observed, indicating the 

immiscibility between PPC and PHB. Additionally, no changes were detected in the two 

independent glass transition temperatures. The crystallization behavior of PHB did not show 

any significant changes as PPC was added into the system. The SEM observation of the blends 

showed a clear phase separation between the PPC and PHB phases. All of the above 

observations demonstrated that there was no miscibility between the two polymers. However, 

the elongation at break of PHB was significantly enhanced with little decrease in the tensile 

strength, which is considered to a favorable characteristic of the blends. Although, the blend of 

PPC and PHB presented no miscibility, the properties of the blends were improved compared to 

the two original 
47,48

. Thus, it is worthwhile to generate more future studies to modify and 

improve the miscibility of the PPC/PHB blends so that a new green material with favorable 

properties can be provided. 

PPC/PHA Blends 

Polyhydroxyalkanoate (PHA) is a bio-based and biodegradable polymer, which has great 

potential application in a wide range, including the packaging and biomedical fields. The issue 

with PHA is its fragile mechanical behavior, which results in extremely brittle materials
48

. With 
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the intention of utilizing the ductility of PPC to modify the brittleness of PHA, the blend of PPC 

and PHA was prepared through extrusion blending at 170 Ņ. Then, the blends were 

transformed into tensile samples by injection molding at 170 Ņ̆and films were also prepared 

by extrusion
49

. After the characterization, it was reported that the fragile mechanical behavior of 

PHA was modified by PPC, as improved elongation at break was observed. The impact strength 

of the blends also significantly increased compared to the neat PHA, which is a significant 

improvement in terms of being utilized in packaging applications. Moreover, the barrier 

properties of PPC for both oxygen and water were enhanced due to the high crystalline content 

of PHA. This study demonstrated that blending PHA and PPC could be a practical and feasible 

way to extend their application field as bioplastics, especially in the packaging field. Achieving 

phase compatibilization would be the next objective of this study. Also, the feasibility of large 

scale production of the blends requires further investigation.  

PPC/PLA Blends 

Poly (Lactic acid) (PLA) is a brittle polymer with high stiffness, which can be derived from 

fully renewable feedstocks
48

. In one study, a blend of PPC and PLA was prepared through 

extrusion blending at only 110-120 Ņ50
. Two independent glass transition temperatures 

assigned to PLA and PPC respectively were observed. It was reported that the Tg of PPC phase 

increased from 22 to 34 Ņ with increasing PLA component in the blends, whereas the Tg of 

PLA phase decreased slightly by 3 Ņ as increasing the addition of PPC in the blends. The 

changes of the Tg of both polymers indicated the partial miscibility between PLA and PPC. The 

Youngôs modulus changed linearly with the increasing PLA content in the blends from 100 to 

3200 MPa for pure PPC; meanwhile, the yield strength was enhanced from 4 to 60 MPa. It was 
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proposed that a substantial interfacial adhesion existed between the PLA and PPC phases, 

resulting in the linear behavior of the Youngôs modulus and yield strength. Two rubbery 

plateaus were observed on the stress-strain curves when the PLA content changed from 30% to 

60%. It was suggested that a reversal of the continuous phase from PLA to PPC occurs at 

approximate 30% PPC content, giving the explanation for the various mechanical behaviors. It 

was also mentioned that the thermal stability of PPC was improved in the blends compared to 

neat PPC.  

However, another study on the PLA/PPC blends gave different experimental data and 

conclusions from the aforementioned study. In this study, the blend of PPC and PLA was also 

prepared through extrusion blending, but at a temperature of 170 Ņ48
. There were no changes 

observed in the Tg of the two polymer phases. Moreover, it was reported that a good dispersion 

of the components in the matrix was detected, illustrating a good compatibility. The Youngôs 

modulus ranged from 600 to about 3800 MPa, and the yield strength linearly changed from 4 to 

80 MPa. 

One possible reason for the different experimental data can be the various sources of the 

polymers which these two studies used. However, the inconsistent results and conclusions 

from these two studies still demonstrate the lack of thorough understanding of the PLA/PPC 

blend system. Thus, there is a strong need for further study to analyze and investigate the 

PLA/PPC blend system in order to obtain optimal blends for future applications as a bio-based 

and biodegradable material.   
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2.5 Incorporation of Chain Extender in the Biopolymer System 

Despite the advantages of biopolymers, their inherent deficiency in mechanical properties, melt 

flow, melt strength and thermal stability limit their processing window and large scale 

applications.  Great efforts have been dedicated to the modification of biopolymers in terms of 

tailoring their properties to meet different requirements for various applications, such as 

packaging and automotive applications. PLA is currently the most commonly used and 

commercially available biopolymer. With the intention of enhancing its melt strength and 

thermal stability and to maintain its high molecular weight during the melt extrusion and 

molding process, chain extenders are of great interest in being applied in the PLA system.  

Chain extenders are normally low molecular weight multifunctional compounds. They 

consist of different multiple functional groups in the molecule chains. Poly-functionality and 

thermal stability are generally merits of these chain extenders. Several chain extenders were 

reported in the literature, and are listed in Table 2-1 here.  
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Table 2-1 List of typical chain extenders
32,51,58 

Classifications Chain extenders 

Diisocyanate compound Hexamethylene diisocyanate (HDI)  

Dianhydride compound Pyromellitic dianhydride (PMDA) 

Bisoxazolines compound 1,3-Phenylene bis(2-oxazoline-2) (PBO) 

Multi -functional epoxy compound Joncryl
R
 ADR 4368F; 

Joncryl
R
 ADR 4368C 

Diimide compound Polycarbodiimide (PCDI) 

Tris(nonyl-phenyl) compound Tris(nonyl-phenyl) phosphate (TNPP)  

 

It is suggested that the addition of chain extenders help reconnect the polymer chains that 

break down during the processing, resulting in improved molecular weight in the polymers
51

. 

This is caused by the reaction between the chain ends of the polymer and the functional 

groups of chain extenders. Since the reduction of the molecular weight of polymers 

(degradation), especially for some biopolymers, always occurs during the processing i.e. melt 

extrusion, injection molding, the presence of chain extenders can maintain the high molecular 

weight of processed polymers or even increase the molecular weight, which always leads to 

more stability and better properties
52,53

. In addition, the reactions between polymers and 

chain extenders usually happen fast enough to be done during the extrusion of polymers 

without the need of extra residence time, which is preferable when processing polymers
54

. 

Because of the multiple functional groups in chain extenders, it is proven that polymer chains 

can form long chain branch structures and crosslinking structures during processing with 

chain extenders. The formation of long chain branch structures further controls the 
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degradation of polymers while enhancing the melt strength of polymers as well as the 

mechanical properties of polymers, such as tensile strength and elongation55. As for the 

occurrence of crosslinking, strength and thermal stability gain further improvement as a 

result of decreased polymer chain mobility. It was also noted that the incorporation of chain 

extenders can be used as a reactive compatibilizer in polymer blends
55,56

. However, with 

increased molecular weight induced by chain extenders, the viscosity of melt polymers 

increased, causing a dramatic reduction of the melt flow index (MFI) of the polymers56,57. 

Hence, the processing window can be limited since many of the processes cannot be 

accomplished with the polymers having a very low melt flow rate, i.e. injection molding.  

In many cases, chain extenders are used in poly (ethylene terephthalate) (PET) products. PET is 

widely used in bottles and films for packaging applications as it provides outstanding 

mechanical performance, barrier performance and chemical resistance
59

. However, degradation 

always takes place during the processing of PET. The application of chain extenders has proven 

to be successful in preserving the high molecular weight of PET through reconnecting the chain 

fragments during the melt processing
52,54,56

. Better recyclability and mechanical performance 

are also achieved with the application of chain extenders
60,61

.  

In recent years, as the development of biopolymers has increased, PLA has been of great 

interest for tailoring into applicable products. Because the degradation of PLA during the melt 

extrusion is one of the issues that prevent PLA from being widely manufactured, avoiding 

degradation and maintaining the high molecular weight as well as the mechanical properties are 

subjects to be extensively studied
62,63,64

. Many researchers found it might be promising to apply 

chain extenders in the PLA system
55,62,65

. One study shows that the thermal stability as well as 

the molecular weight of the PLA was enhanced through the melt extrusion with chain extenders. 
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Three types of chain extenders were studied: TNPP, PCDI and Joncryl ADR4368-R
63

. The 

occurrence of chain extension was suggested to be the mechanism for improvement. In TNPP 

and PCDI, formations of long linear chains were found. As for Joncryl, long chain branched 

structures and cross-linking contributed to the chain extension. In another study, a 

multifunctional chain extender (CESA) was applied in the PLA/PBAT blend system
53

. The melt 

strength and elongation at break of the blend were reported to be largely improved due to the 

incorporation of chain extender. The thermal stability was enhanced as well. It was also 

mentioned that the improved compatibility between the PLA and PBAT could be one of the 

main reasons that led to those improvements. Hence, the chain extender also revealed its 

function as a compatibilizer. 

To conclude based on many studies done by other researchers, the application of chain 

extenders in the biopolymer system can be a promising way to enhance the processibility and 

performance of the polymers. This gives a greater chance for biopolymers to be used in large 

scale applications in various fields. 
 

2.6 Film Processing 

Packaging application has been taking up a huge share of the plastic industry. Plastic films are 

seen everywhere in the daily life as being used for packaging material. Millions of tons of 

plastic films are being manufactured every day.  The two most commonly applied techniques 

for plastic film processing are film casting processing and film blowing. 

2.6.1 Film Casting Processing 
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Film casting processing is a conventional way to produce thermoplastic films. Many of the 

thermoplastic films that are being used in different packaging applications are manufactured 

using this technique
66

. The basic components and principles of the process is portrayed in 

Figure 1. This processing typically involves a single-screw extruder in the first stage, which 

melts and extrudes the polymer pellets fed from the feeder. Right after the extrusion, molten 

polymer is casted into film through a flat die which is attached to the end of the extruder 

barrel
34,67

.  After the film is stretched in the air by the roll, it is then solidified and quenched on 

a chill roll while retaining the filmôs shape.  Typically, air knives are applied when the film 

reaches the chill roll to gain better formation and cooling of the cast films
25,34

. The schematic of 

film casting processing is shown in Figure 2.1. In most cases, after this casting process, films 

are subjected to further processing, such as thermoforming, stretching to develop biaxial 

orientation or coating on other products to obtain the final product
68ï70

. There are several 

important factors in this film casting process that have been reported: 

1) Draw ratio  

2) Air gap length  

3) Roll temperature  

Draw ratio is defined as the ratio of velocity of the chill roll to the velocity of the film coming 

out from the flat die. Draw ratio is critical in determining the thickness and physical structure of 

the forming film. In addition, it is also important to understand the draw ratio and manipulate it 

since changing processing material requires relative adjustment to the draw ratio
67,71,72

. 

Increasing the draw ratio has always been a means to enhance the productivity. However, lack 

of proper understanding of the role of draw ratio in the film casting processing will always lead 

to undesirable consequences, such as the formation of neck-in and edge bead of the film or film 
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breakage
73-75

. The air gap length is defined as the length between the flat die exit and the point 

where the film touch the first take-up chill roll. This air gap length determines the how long the 

film is kept in the air, affecting the cooling and strain rate experience, crystallization and 

physical appearance of the films
76ï78

. In terms of avoiding trapping air and eliminating the film 

defects, shorter air gap length is recommended for most of the material. It was found in one 

study that longer air gap length arose more formation of neck-in of the film
79

. The increase of 

neck-in appearance may lead to formation of thicker films
45,46

.  Roll temperature also has an 

effect on the film forming when the film is cooled and solidified on the chill roll. The effect is 

varied depending on the properties of the material
80

. Some studies reported that in regards to the 

film casting process of PLA, the condensation and slippage of the film need to be avoided by a 

relatively high roll temperature (25-50 ᴈ)
28

.  
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Figure 2.1 Cast film Processing 
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2.6.2 Film Blowing Processing 

 

Film blowing processing is an industrial technique to manufacture plastic films. The majority of 

plastic films are produced with this film blowing process. The cross-section of the typical 

elements of the process is depicted in Figure 2.2. It involves an extruder, an annular die, a tube 

(also called bubble) formed by the polymer, air suppliers and several rolls (nip rolls and guide 

rolls)
81

. The polymer pellets are firstly fed in the hopper and melt extruded through the extruder. 

The molten polymer then exits from the annular die and forms a bubble with the assistant of the 

supplied cooling air. Compressed air is supplied in the center of the bubble. The cooling air 

supply surrounds the middle to the upper part of the bubble. The polymer formed bubble then 

solidifies and is collected by the guide rolls and nip rolls into flat sheet or film. The place that is 

above the die at which the solidification occurs is called the freeze line
81

. The cooling air can be 

used to control where the freeze line occurs. Above the freeze line, the deformation of the 

polymer formed bubble is negligible. Three important factors during this film blowing process 

are the thickness reduction (TR), draw ratio (DR) and blow-up ratio (BUR). The thickness ratio 

(TR) is defined as the ratio of the space between the annular die and the bubble to the thickness 

of the film at the freeze line, which is normally around 20-200. The draw ratio (DR) is defined 

as the ratio of the velocity of the polymer at the freeze line to the velocity of the polymer at die, 

which is reported typically within the range of 10-40. As for the blow-up ratio (BUR), it is the 

ratio of the diameter of the polymer formed bubble at the freeze line to the diameter of the inner 

die, which typically falls in the range of 1-5
82

. The blowing and drawing process of the polymer 

film during the film blowing process can shape the film into a biaxial orientation non-uniformly. 

Films with biaxial orientation exhibit much better properties compared to those films with only 

one axial orientation in terms of mechanical properties, barrier properties, etc
83,84

. Hence, 
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achieving films with biaxial orientation is the primary attractive characteristic of this film 

blowing processing.  

 

 

Figure 2.2 Film Blowing Process 
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2.7 Water Vapor and Oxygen Permeability 

The permeation of water vapor and gas through the polymer film mainly consists of three 

processes, which are listed below: 

1. Sorption of the permeant molecules into the polymer film (adsorption and absorption) 

2. The diffusion of permeant molecules inside the polymer matrix throughout the film. 

3. The desorption of the permeant molecules from the other side of the film surface. 

Thus, the permeability of the certain permeants is affected by the solubility of the permeant in 

and the diffusion coefficient of the permeant in regards to the polymer film, which can be 

expressed with the equation: 

P = DS  

where P stands for permeability, D represents diffusion coefficient and S is the solubility 

coefficient, respectively. 

The solubility coefficient is related to the variance between solubility parameters of polymer 

and the permeant, molar volume of the permeant, temperature and major characteristic of 

polymer. The solubility coefficient of different permeants as to different films can vary in a 

large range. 

The diffusion coefficient can be affected by the activation energy of the permeant in the 

polymer matrix, the fraction free volume of the polymer structure, the crystallinity of the 

polymer, polarity of the molecular chains of the polymer, pressure difference of the permeants 

between the two sides of the film and temperature. 
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Therefore, the permeation of the water vapor and gases is a complicated process, which can be 

affected by too many variables, resulting in the unpredictability of the permeability of water 

vapor and gases. There has been great interest recent years in attempting to diminish the 

permeability of water vapor and oxygen as lower permeability means less mass transfer 

between the packaged products and outside environment. Frequent mass transfer of oxygen and 

water between the packaged products and outside environment can greatly compromise or 

deteriorate the quality of the products in many ways, leading to shorter shell-life.  

The term ñbarrier propertyò is always used in the packaging field, which represents the ability 

of the material to prevent certain permeants from permeating through, such as water vapor or 

gas. The barrier property is just an expression without actual value whereas permeability 

coefficients of the permeants can be used to quantify the barrier property. Higher permeability 

indicates poorer barrier property in terms of certain permeant; and better barrier property comes 

with lower permeability.  Hence, water vapor and gases permeability coefficients of various 

polymer films have been extensively studied. Biopolymers are currently of increasing interest in 

the plastic industry. In order to develop possible candidate for packaging industry with 

biopolymers, numerous studies have been conducted on the permeability of biopolymers, such 

as PLA and PPC. 

Auras and his group studied the oxygen and water vapor permeability of poly (lactic acid) (PLA) 

under different temperature and relative humidity
31

. The results showed that higher temperature 

led to higher oxygen permeability whereas lower water permeability was detected with 

increasing temperature. The relative humidity did not have significant impact on both oxygen 

and water permeability. It was also reported that the oxygen permeability of PLA was lower 

than that of PS but higher that of PET; and the water permeability of PLA was higher than both 
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PET and PS but in a comparable range. Their study indicated that PLA has the competitive 

performance as the conventional plastics in terms of oxygen and water barrier.  

Another study conducted by Weber and coworkers have compared the biopolymers and 

conventional polymers in terms of their water vapor transmission rate (WVTR) and oxygen 

transmission rate as a low to high range. The OTR of PLA was reported to be lower than PS and 

PE but higher than PHA, PVDC and EVOH. The WVTR of PLA was claimed to be lower than 

EVOH but higher than PS PE and PHA
29

. Studies also showed that the higher degree of 

crystallinity the PLA led to the lower permeability of both oxygen and water vapor
85

. 

There has also been some research focusing on studying the barrier performance of PPC. 

However, the results with regards to the oxygen and water vapor permeability of PPC from 

different research are not considerable consistent; and sometimes are contradicting. One study 

completed by Seo and his coworkers showed that the oxygen permeability of PPC is 25.3288        

cc*mil/100in
2
-day-atm (calculated by myself in regards to their reported OTR)

44
. Another study 

found the oxygen permeability of PPC to be 7.117 cc*mil/100in
2
-day-atm. It can be noted that 

the oxygen permeability coefficients from these two studies have large difference
86

. There is 

also one study that claimed the oxygen permeability of PPC to be 0.00304 cc*mil/100in
2
-day-

atm, which is even much lower than that of EVOH (0.0254 cc*mil/100in^2-day-atm)
49

. The 

reason for all these inconsistent results for the permeability of PPC could be the difference of 

the PPC they used as there is no specific grade designated for each PPC. And the properties of 

PPC from different manufactures can be significantly different because of the variance in the 

choice of catalysts and copolymerization processes
87

. The various test equipment and test 

conditions seem not to be the reason for the inconsistency of the results as the calculation of 

permeability already takes those variables into consideration. 
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Chapter 3 Problem Statement and Hypothesis  

3.1 Problem Statement 

As the biggest contributor to the global warming, carbon dioxide (CO2) emissions have largely 

been focused on. The major concern is to address the massive emission of CO2. Direct 

utilization of CO2 in making industrial products is a novel way to sequestrate CO2. Poly 

(propylene carbonate) (PPC), which is a biodegradable polymer, can be synthesized by the co-

polymerization of CO2 and propylene carbonate. This polymer is a possible alternative for 

synthetic polymers; however, it has its own drawbacks. It has low thermal stability, which 

makes it difficult to process. Its poor stiffness also limits its applications. Poly (lactic acid) 

(PLA), also as a promising biopolymer, has been extensively studied due to its favorable 

properties. Blending PPC with PLA can be an effective way to minimize the drawbacks of both 

parent polymers. The blend of PLA and PPC is a biodegradable system with possibility to be 

applied for packaging applications. However, in order to obtain more favorable mechanical, 

thermal and barrier performances, the appropriate blending ratio for PPC and PLA in the blends 

and proper compatibilization of the blends still need to be investigated. 

3.2 Hypothesis 

1. A biopolymer blend can be produced from physical blending PLA with PPC in an optimal 

blending ratio that is able to demonstrate enhanced mechanical, thermal and barrier 

performances as compared to the individual parent polymers. 

2. The incorporation of the chain extender, in this case Joncryl ADR 4368-C, can achieve in 

improving the compatibility between PLA and PPC in the PLA/PPC blend, resulting in 
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enhanced mechanical, thermal and barrier performance. The compatibilized blend aims to 

be utilized for the packaging applications.  

 

3.3 Objectives  

The overall objective of this project is to develop a new class of bio-based and biodegradable 

green polymer film by combination of CO2-based polymer PPC with PLA. The main challenges 

can be to achieve the balanced mechanical properties, especially toughness and strength and 

reasonable barrier properties of the final product as well as favorable thermal properties in 

comparison with the respective properties of the petroleum-based composites currently used in 

the industry. The developed bio-based polymer film is targeted to substitute for a class of 

petroleum-based composites currently used in flexible packaging applications. 

Specific objectives are: 

1. Determine the optimal blending ratio between the PLA and PPC to achieve blends with 

balanced mechanical performance in terms of ductility and strength as well as enhanced 

thermal performance in regards to PPC. 

2. Prepare PLA/PPC blends with different concentration of Joncryl. Then, blends with 

different formulation are processed into cast films with the optimized film casting 

processing parameters. 

3. Determine the mechanical, thermal and barrier performances of the produced films. 

Explore the effect of the incorporation of chain extender on the PLA/PPC blend films.  
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Chapter 4 Materials and Methods  

4.1 Materials 

4.1.1 Poly(propylene Carbonate) 

 

One of the biopolymers used in this study was poly(propylene carbonate) (PPC). The chemical 

structure of PPC is portrayed in Figure 4.1. This PPC resin was obtained from Henan Tianguan 

Enterprise Group Co. Ltd. (China). It was synthesized by the copolymerization of carbon 

dioxide and propylene oxide in the presence of catalyst. It has a density of 1.20-1.28 g/mol. PPC 

does not present any melting temperature sine the polymer has a totally amorphous structure. 

Some of the properties of PPC are presented in Table 4-1. 

 

 

Figure 4.1 Chemical structure of Poly(propylene carbonate) (PPC) 
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Table 4-1 Typical Properties of Poly(propylene Carbonate) (PPC) 

Density (25ᴈ)  (g/ml) 1.20-1.28 

Number-Average Molecular Weight (g/mol) 200,000-500,000 

Notch Izod Impact Strength (J/m) >25 

Glass Transition Temperature (ᴈ) 25-39 

5% Weight Loss Temperature (ᴈ) > 250 

Ash content (%) Less than 3 

Hardness (Shore) 20-50 

Melt Flow Index (g/10min) 0.5-1 

PC (propylene carbonate) content (%) Less than 1 

Tensile Strength (MPa) 10-20 

Elongation at Break (%) >300 

Polydispersity 4-6 

*Data was obtained from the Henan Tianguan Enterprise Group Co. Ltd. 
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4.1.2 Poly (lactic acid) 

 

The other biopolymer used in this study was poly (lactic acid) (PLA). The chemical structure of 

PLA is depicted in Figure 4.2. This PLA resin was purchased from NatureWorks LLC (United 

States). The grade of PLA used was 3001D. It has a density of 1.24 g/mol and a melting 

temperature around 170-180ᴈ .Some of the typical properties of PLA are presented in Table 4.2. 

 

 

 

Figure 4.2 Chemical structure of Poly (lactic acid) (PLA) 
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Table 4-2 Typical Properties of Poly (lactic acid) (PLA) 

Density (25ᴈ)  (g/ml) 1.24 

Clarity Transparent 

Flexural Strength (MPa) 108 

Heat Deflection Temperature (ᴈ) 55 

Flexural Modulus (MPa) 3600 

Melt Flow Index (g/10min) (210ᴈ, 2.16kg)  22 

Tensile Strength (MPa) 62 

Elongation at Break (%) 3.5 

Notch Izod Impact Strength (J/m) 16 

 

4.1.3 Joncryl ADR 4368-C 

 

The Chain extender used in this study was the Joncryl ADR 4368-C supplied by BASF. In this 

study, this chain extender is represented by the term ñJoncrylò. Joncryl has a very high 

functionality and has been reported as an extremely effective chain extender. It can facilitate the 

formation of long chain branched and cross-linking structures to achieve the chain extension.  

Figure 4.3 portrays the typical structure of the Joncryl multifunctional chain extenders, which 

are styrene-acrylic oligomers. In the structure, R1-R6 represents alkyl groups, such as H, CH3 or 

higher alkyl groups. X, Y and Z are in the range of 1-20. The characteristics of Joncryl are 

depicted in Table 4-3.
88
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Figure 4.3 Chemical structure of Joncryl ADR 4368-R  

(Redrawn after the data sheet from BASF) 

 

 

 

Table 4-3 Charateristics of Joncryl ADR 4368-R 

Functionality (f)  9 

Appearance Solid flake  

Density (25ᴈ)  (g/ml) 1.08 

Glass Transition Temperature 

(ᴈ) 

54 

Epoxy equivalent weight 

(g/mol) 

285 

Molecular weight (Mw) 

(g/mol) 

6800 

                      *Data was obtained from the BASF. 
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4.2 Methodology 

4.2.1 Base Line Study 

 

Injection Molding Blend Samples Preparation  

In order to determine the optimal blending composition between PPC and PLA blends, melt 

blending and injection molding of PLA and PPC at different weight percent (wt%) PLA/PPC 

ratios were conducted. For this, (neat PPC, 40%PLA/60%PPC, 50/%PLA/50%PPC, 

70%PLA/30%PPC and neat PLA) were prepared and their mechanical properties were 

evaluated.  Prior to blending, the neat polymers were dried in an oven at 80Ņ for 15 h to avoid 

hydrolysis during processing. After drying, the neat polymers and blend samples with different 

compositions of PLA/PPC were processed in a DSM Xplore micro-extruder (Netherlands) 

equipped with a co- rotating twin screw. The melt processing parameters: Extruder temperature, 

residence time and screw speed were set at 175 Ņ, 2 min and 100 RPM, respectively based on 

preliminary trial optimization of parameters. After extrusion, the melted materials were 

injection molded with a DSM Xplore micro-injection molding equipment at 175Ņ to form 

tensile and flexural bars in accordance with ASTM D638.  

Mechanical Properties Characterization   

Tensile strength, modulus and percent elongation at break of the neat PLA, PPC and their blend 

injection molded samples were measured using an Instron Universal Testing Machine 

(Instron3382, 10 kN load cell) with a strain rate of 5 mm/min according to ASTM D638 method. 
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For all the reported results, at least five specimens for every formulation were measured and the 

averages of the values were reported.   

Based on the mechanical performance, PLA/PPC 40/60 blend exhibited the best performance 

compared to the other formulations. (shown in see results and discussion section).  

4.2.2 Primary Study 

 

In regard to the conclusion from the base line study, PLA/PPC 40/60 blend was selected as a 

base blend for conducting further films study. To produce films, PLA, PPC and Joncryl pellets 

were dried prior to blending process. Then PLA and PPC were blended in 40/60 ratio with the 

addition of 0.0, 0.2phr, 0.5phr and 1.0phr Joncryl using a Leistriz twin screw extruder 

(Germany). The processing parameters on the extruder were kept constant at a temperature, 

residence time and screw speed of 175Ņ, 2min, 100 rpm, respectively. The extruded blend 

strands were then pelletized immediately after the extrusion. Film casting process was 

performed using a cast film extruder, Microtruder RCP-0625, Randcastle, New Jersey, USA. 

The processing parameters for film making were set to a temperature at 180Ņ and screw speed 

of 23.2 rpm, based on preliminary experimentation trials. The outcome film has a thickness in 

the range of 0.09-0.12mm.  

4.2.3 Tensile Properties Test 

 

For the PLA/PPC blend films with 0, 0.2phr, 0.5phr and 1phr of Joncryl, the ASTM D882 

method was followed to perform the tensile testing. The method employed in this study is 

different from previous base line study as the ASTM D882 is specifically designed for film 

testing. Specimens were cut into strips from the extruded films. The dimension of the specimen 
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strips were 0.09-0.11mm in thickness, 9.90-10.00 mm in width and 150 mm in length. The 

initial distance between the two grips was set to be 100mm according to ASTM D882. The 

cross-head speed of the test was set to be 25mm/min. According to ASTM D882, the film 

sample which fails due to a tear failure will give anomalous data and cannot be compared with 

the data from normal failure.  As for tear failure, ASTM D882 defined it as a failure that is 

initiated by the fracture at the edge of the sample and is completed by the progress of the 

fracture across the sample
89

.  In such a case, ten samples were tested for each formulation to 

account for the potential of the tear failure during the test. Five results for each formulation with 

normal failure were recorded and the average value was reported.  

4.2.4 Differential Scanning Calorimetry (DSC) 

 

A thermal analysis (TA) instrument Q200 was used to perform the DSC analysis in nitrogen 

atmosphere. For every specimen, the sample mass was accurately measured between 5-10 mg. 

An aluminum pan was used to hold the specimens and was loaded into the instrument. After 

loading the specimen, the instrument started to scan and heat up. The specimens were scanned 

from room temperature to 200Ņ with a heating rate of 10Ņ/min. When the temperature 

reached 200Ņ, the specimen was cooled down from 200Ņ to -40Ņ with a cooling rate of 5Ņ

/min. Then, a second heating scan was performed on the specimens from -40 Ņ to 200Ņ with 

the heating rate of 10Ņ/min. The first cooling cycle was used to analyze the melt crystallization 

behavior of the specimens and the second heating cycle was used to investigate the glass 

transition temperature (Tg), and melting temperatures of the specimens. The results were 

analyzed using TA instrument Universal Analysis software. 
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4.2.5 Fourier Transform Infrared Spectroscopy (FTIR)  

 

The infrared (IR) spectra of PLA, PPC, Joncryl and the blend plastic films was were analyzed 

using FTIR  (Thermo Scientific Nicolet, 6700 ATR-FTIR) at room temperature. Finely milled 

dried samples of PLA, PPC, Joncryl, and dried blend film specimens with and without Joncryl 

were used for the analysis. 100 scans were conducted with 4 cm-1 resolution for the FTIR. The 

measurements between 4500 and 400 cm-1 were recorded. For the background, the same 

conditions were applied. 

4.2.6 Scanning Electron Microscope (SEM) 

 

The morphologies of PLA/PPC 40/60 blend films with and without Joncryl were examined 

using a HITACHI S-570 (Tokyo, Japan) scanning electron microscope (SEM) under an 

acceleration voltage of 8-10 kV. Before examining the films, a layer of gold and palladium 

particles with a thickness of 20 nm was coated on the surface of the films to enhance the 

electron conductivity of the sample while reducing the chances of heat accumulation on the 

surface of the sample, which will possibly lead to deformation of the film surface. 

4.2.7 Thermogravimetric Analysis (TGA) 

 

TGA was performed on the specimens by using a TA Instrument Q500 with a flow rate of 60 

ml/min nitrogen atmosphere. The specimens were heated up from 26 Ņ (room temperature) to 

450Ņ at a rate of 20Ņ/min. The temperature at which the maximum degradation rate occurred 

was detected with derivative thermogram (DTG). 
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4.2.8 Water Vapor Transmission Rate (WVTR) Measurements 

 

The water vapor transmission rate values of the blend films were obtained from a Permatran-

W
®
 Model 3/33 (USA, MOCON). All the test films were placed between two aluminum foil 

masks with the test area of 5 cm
2
 and the two foil masks were sealed together with vacuum 

grease. Before testing, calibrations of the equipment were performed using calibration films 

from MOCON. Also, after every 3 to 4 experiments, the calibration process was repeated using 

a reference film supplied by MOCON to ensure the validity of the results. After masking the 

film sample with aluminum foils, the sample was placed in a test cell and was clamped between 

two chambers. As such, the chamber which is filled with test gas (water vapor) is the outer 

chamber. The other side is the inner chamber which is filled with carrier gas (nitrogen). There 

are two test cells on the equipment; therefore, each time two samples are being tested at the 

same time. The test was performed according to ASTM F 1249 standard. Referring to the 

standard, the test condition was set to a temperature of 37.82 + 0.1 ᴈ and a relative humidity of 

100%. In order to generate 100% relative humidity, a sponge filled with HPLC water was 

attached to the inside wall of the outer chamber. Temperature was controlled by the equipment. 

Nitrogen flow rate was set to 100 SCCM (standard cubic centimeter per minute) for cell A, B, Z 

and 50 SCCM for R. Cell Z is the zero cell and Cell R is the reference cell. A reference film is 

placed in the cell R. The Illustration of water vapor transmission rate test principles is 

demonstrated in Figure 4.4. The test principle is basically that the water vapor molecules 

generated by the wet sponge permeate through the film from the outer chamber to the inner 

chamber. After permeation, the water vapor molecules is taken by the dried nitrogen in the inner 

chamber and carried to the sensor of the equipment. The sensor is able to quantify how much 

water vapor is being taken to the sensor by the nitrogen. The test period was set to be 45 
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minutes every cycle for each cell. As such, every 45 minutes, the computer gives a data point 

calculated by the sensor about how much water vapor in quantity diffuses through the sample 

and reaches the sensor.  The sensor automatically takes the test area of the sample and the time 

into calculation, giving data with unit of g/m
2
-day. The data will be recorded by the computer 

continuously. Since testing barrier properties of films is a delicate work (no matter water vapor 

or oxygen), the entire system which the test is performed in has to be free of water vapor 

molecules from outside sources. In light of this, prior to starting every test, a two-hour 

conditioning process, which only uses dried nitrogen to flush the entire system to clear out any 

existing water vapor molecules, was performed for each test cell. Another process called rezero 

is performed throughout the whole test. This process happens every 45 minutes when the test is 

switched to the other cell after finishing the test in previous cell. This process is to make sure no 

water vapor exists in the next cell before testing by flushing with nitrogen. After the recorded 

data value reached a steady state, this value was reported and the test was stopped. For every 

test, it normally took 8-12 hours to reach a steady state. At least four experiments were repeated 

for each film formulation. The average value and standard deviation were reported.   
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Figure 4.4 Illustration of water vapor transmission rate test principles 

(Redrawn after Permatran-W® Model 3/33 operation manual from MOCON Inc.) 

 

 

 

 



49 
 

4.2.9 Water Vapor Permeability Measurements using Dish Method 

 

As aforementioned, the testing of barrier properties is a delicate test that requires strictly 

controlled test conditions to obtain accurate and valid results. Therefore, another measurement 

of water barrier properties of my film samples was conducted using a different method named 

dish method to confirm the water vapor permeability results acquired from the previous method. 

This test is performed according to ASTM E96 standard. The basic principle of this test is to 

cover a dish, which is impermeable to the water vapor, with the film specimen; and the dish is 

filled with desiccants. Then, the film covered dish is placed into environment with controlled 

temperature and relative humidity. At last, the water vapor transmission rate can be obtained by 

measuring the weight gain of the dish every hour. Because the weight gain only depends on the 

how much moisture permeates through the film specimen and is absorbed by the desiccants. 

The steps of performing this test are portrayed in Figure 4.5. In this study, steel cups were used 

as the dish with a test area of 19.625 cm
2
 and the silica gel was used as the desiccants. Prior to 

starting the test, the silica gel was dried in the over at 105ᴈ for 24 hours.  
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Figure 4.5 Shematic of Dish Method 
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4.2.10 Oxygen Transmission Rate (OTR) Measurements 

 

The oxygen transmission rate values of the blend films were obtained on an OX-TRAN® 

Model 2/21 (USA, MOCON). The equipment was connected with oxygen and 

nitrogen/hydrogen cylinders. The installation of samples is the same procedure as the water 

transmission rate test. As such, the chamber which is filled with test gas (oxygen) is the outer 

chamber. The other side is the inner chamber which is filled with carrier gas (nitrogen and 

hydrogen). There are two test cells on the equipment; therefore, each time two samples are 

being tested at the same time. The test was performed according to ASTM D 3985 standard. 

Referring to the standard, the test condition was set to be a temperature at 23 + 0.1 Ņ and a 

relative humidity of 0%. Temperature was controlled by the equipment. Oxygen flow rate was 

set to 20 SCCM (standard cubic centimeter per minute). Nitrogen/Hydrogen flow rate was set to 

10 SCCM. The Illustration of oxgyen transmission rate test principles was depicted in Figure 

4.6. The test principle is basically that the 100% concentration of oxygen flows into the outer 

chamber and permeates through the specimen to the inner chamber. After the permeation, the 

oxygen molecules will be taken by the nitrogen/hydrogen mixed gas in the inner chamber and 

carried to the sensor of the equipment. The sensor is able to quantify how much oxygen is being 

taken to the sensor by the carrier gas. The test period was set to be 45 minutes every cycle for 

each cell. As such, every 45 minutes, the computer gives a data point calculated by the sensor 

about how much water in quantity (cc) diffuses through the sample and reaches the sensor.  The 

sensor automatically takes the test area of sample and the time into calculation, giving a data 

with unit of cc/m
2
-day. The data will be recorded by the computer continuously. The entire 

system which the test is performed in has to be free of water vapor molecules from outside 

sources. In light of this, prior to starting every test, a two-hour conditioning process, which only 
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uses the carrier gas to flush the entire system to clear out any existing oxygen, was performed 

for each test cell. The rezero process is the same as the water vapor transmission test to ensure 

no oxygen exists in the next cell before testing. As the sensor for this oxygen transmission rate 

is super sensitive, the test will be stopped automatically when there is large amount of oxygen 

reaching the sensor, which is called over-range. Masking the film with aluminum foils to 

minimize the test area is a precaution to prevent this over-range situation from occurring. 

Another precaution is the application of individual zero process, which is to test the specimen 

without oxygen flow (test gas) prior to starting actual test. The actual test begins only until the 

sensor gives an OTR value extremely close to zero. However, even these precaution processes, 

some poor oxygen barrier material still cannot be tested on this machine, which in our cases is 

the neat PPC film. Several trials have been done to reproduce the PPC film and measure its 

oxygen transmission rate. Although the optimization of the film casting process of neat PPC 

film has been done multiple times and the PPC film is obtained with homogenous appearance, 

the oxygen transmission rate test on PPC film still kept reaching over-range state and provided 

no results. As for the end of the test, after the recorded data value reached a steady state, this 

value was reported and the test was stopped. For every test, it typically took 12-30 hours for the 

individual zero process and 10-12 hours for the actual to reach a steady state. At least three 

experiments were repeated for each film formulation. The average value and standard deviation 

were reported.   
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Figure 4.6  Illustration of oxgyen transmission rate test principles 

(Redrawn after OX-TRAN® Model 2/21 operation manual from MOCON Inc.) 
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4.2.9 Statistical Analysis 

 

The experiment was conducted with a completely random design with 4 factors which are 

treating the PLA/PPC blend with 0, 0.2, 0.5, 1phr concentration of Joncryl. All the mechanical 

properties for each formulation were assessed with at least 5 replicates. As for the oxygen 

permeability, at least 3 replicates for each formulation were prepared and investigated, while in 

the case of water vapor permeability, testing was performed on at least 4 replicates. The results 

from these experiments were statistically analyzed using the ANOVA one-way variance 

analysis procedure on the Minitab Ver. 16 (Minitab Inc., State College, PA). A significance of 

0.05 for all the analysis was used. The means and standard deviations were analyzed and 

compared with the Tukey Pairwise comparison test.  
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Chapter 5 Results and Discussions 

 5.1 Tensile Properties Analysis 

Mechanical property testing of PLA/PPC blends was performed to determine the optimum 

blend composition for further processing and development of the blend based films. As such, 

blends with 70PLA/30PPC, 50PLA/50PPC and 40PLA/60PPC were prepared and tested. As 

shown in Figure 5.1 and 5.3, it was observed that neat PLA showed high tensile yield strength 

with very low elongation at break. Samples failed without necking at a strain of around 5%. On 

the other hand, studies have reported that neat PPC exhibited much higher elongation at break 

with apparent long necking before break
50

, indicating that the inherent brittleness of PLA could 

be modified by blending with PPC. As for the binary PPC/PLA blends, it was noted that the 

elongation at break of the blend shows significant increase while the tensile strength at yield 

decreased with increasing  PPC content in the blend. The maximum value of elongation at break, 

216%, was obtained from the blend of 40PLA/60PPC, with tensile strength around 50 MPa. It 

was also observed that the Youngôs modulus value of the blend was lower than that of neat PLA 

but much higher than that of neat PPC. (Figure 5.2) The Youngôs modulus value was gradually 

reduced with increased loading of PPC and varies significantly with different formulations 

compared to tensile strength and elongation at break. The 40PLA/60PPC blend showed a 

significant increment in the elongation at break with slight decrease from 52MPa to 48MPa in 

tensile yield strength, compared to the blend composed of 50PLA/50PPC. Also, as the 

concentration of PPC in the blend increased, a further loss in tensile modulus was observed.  
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Figure 5.1 Tensile Strength of PPC, PLA and PPC/PLA blends: (A) neat PPC, (B) neat PLA, (C) 

PPC/PLA (30/70), (D) PPC/PLA (50/50), (E) PPC/PLA (60/40). 
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Figure 5.2 Young's Modulus of PPC, PLA and PPC/PLA blends: (A) neat PPC, (B) neat PLA, 

(C) PPC/PLA (30/70), (D) PPC/PLA (50/50), (E) PPC/PLA (60/40). 
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Figure 5.3 Elongation at Break of PPC, PLA and PPC/PLA blends: (A) neat PPC, (B) neat PLA, 

(C) PPC/PLA (30/70), (D) PPC/PLA (50/50), (E) PPC/PLA (60/40). 

 

Figure 5.4 shows the typical stress-strain curves of PLA/PPC blends with different formulations. 

From the stress-strain curve, it can be noted that PLA/PPC with 40/60 formulation presents 

balanced stiffness while gives a large rise to the toughness, making it an optimal formulation for 

PLA/PPC blend in terms of increasing ductility without losing much strength.  Additionally, a 

narrower processing temperature window is expected with higher content of PPC in the blend, 

because of relatively poor thermal stability of PPC. As such, the mechanical property testing of 

the blend exhibited that 40PLA/60PPC blend could be considered as the optimal composition 

for film development taking the tensile strength, Youngôs modulus and elongation into account.  
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Figure 5.4 Stress-strain curves of PPC, PLA and PPC/PLA blends 

 

Figure 5.8 illustrates typical stress-strain curves of 40PLA/60PPC blend films with different 

level of Joncryl: 0, 0.2, 0.5 and 1phr. For all films, three main regions were discernible: elastic 

deformation, yielding, and stress hardening. It is noted that for the PPC/PLA blend without 

Joncryl, the elastic deformation region ended quickly as strain increased, but this region was 

extended significantly with the inclusion of Joncryl into the blend. This extension revealed large 

increment in the strength of the films, giving promise to reversible deformation of the films 

under certain load. The curve showed significant yielding region followed by intense stress 

hardening for all films. With more Joncryl in the blend, the area of stress hardening region is 
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becoming larger, indicating increased elongation at break. However, when Joncryl reached 1phr 

in the blend, the stress hardening region ended at much lower stain percentage than that of blend 

with 5phr Joncryl. 

 

Figure 5.5 Stress-strain curves of PPC/PLA blend films with and without Joncryl 

 

As presented in Table 5-1, mechanical properties in terms of tensile properties of 

PLA/PPC/Joncryl with increasing concentration of Joncryl. The means and standard deviations 

of all the properties are reported in the table. A statistical analysis was performed on all the 

reported data by using Tukeyôs method in with a one-way ANOVA variance analysis. A 

significance of 0.05 was used in all the tests. The statistical results are represented with 
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alphabetical letters for each value of mean in the table. Within a same column (presenting the 

same property), each different letter signifies a statistical range of value that it falls into and is 

statistically different from other values from dissimilar ranges represented by other letters. For 

each column, the highest value for that particular property is represented by the letter ñAò. As 

the value decreases, the representation letter changes from ñAò to ñBò to ñCò and so on.  

Table 5-1. Means, Standard deviation and statistical analysis of the tensile properties of 

PLA/PPC/Chain extender blend film 

Joncryl 

concentration(phr) 

in the PLA/PPC 

blend films 

Tensile 

Strength 

At Yield 

(MPa) 

Standard 

Deviation 

Secant 

Modulus at 

1% strain 

(MPa) 

Standard 

Deviation 

Elongation at 

break 

(%) 

Standard 

Deviation 

 

0phr 

25.80 

(B) 

1.58 1567.3 

(B) 

169.4 12.80 

(C) 

2.59 

 

0.2phr 

33.64 

(A) 

2.97 1917.6 

(A) 

94.7 132.60 

(B) 

28.1 

 

0.5phr 

35.38 

(A) 

3.32 1832.4 

(A) 

91.3 262.20 

(A) 

57.3 

 

1phr 

36.08 

(A) 

3.40 1921.6 

(A) 

163.6 21.00 

(C) 

8.94 

 

 

As shown in Figure 5.5, 5.6 and 5.7 and Table 5-1, increasing Joncryl content from 0.2 to 1phr 

in the PPC/PLA blend films resulted in higher tensile strength and Youngôs modulus values as 
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compared with PPC/PLA blend films without Joncryl. Also, the elongation at break of the films 

was largely enhanced with the loading of Joncryl. Specifically, at 0.2phr Joncryl content, the 

films showed a 140% increment in tensile yield strength and 122% in secant modulus while the 

elongation at break was enhanced by 1035%. The films with 0.5phr Joncryl exhibited a 137% 

increment in both tensile strength and 116% in secant modulus, along with a huge increase by 

2040 % in the elongation at break as compared to the film without Joncryl. Interestingly, as for 

the films with 1phr Joncryl, the tensile strength and secant modulus showed a 140% and 123% 

increase as compared with the pure blend, but the elongation at break did not display any 

significantly difference according to the statistical analysis. The lower elongation at break of 

film with 1% Joncryl as compared with 0.2 and 0.5phr Joncryl samples could be related to the 

occurrences of more cross-linkings between the polymer chains when loading more Joncryl was 

added into to the blend system
90-92

. Moreover, it was suggested that the incorporation of Joncryl 

does not only extend the polymer chains but also was able to resulting in forming a long chain 

branched structure
93

. With higher concentration of higher Joncryl content in the blend, there is a 

higher probability of a more frequent cross-linking by joining chain ends with functional groups. 

With the presence of more cross-linking and long chain branching structures, the mobility of the 

polymer chain in the blend system is expected to decrease significantly. Thus, during the strain 

hardening period, it would be difficult for the polymer chains to move and rearrange, resulting 

in low elongation at break. Similar observation was reported in the study conducted by 

Khonakdar et al
94

. In their case, with more inclusion of chain extender in HDPE, increased 

cross-linking between the polymer chains imposed more restriction on the elongation behavior 

of the polymer, resulting significant decrease in elongation at break. Another possible reason for 

the drastic decrease in the elongation for film with 1phr Joncryl might be that the decrease in 
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the amount of molecular chain ends leads to the occurrence of stress concentrations as frequent 

chain extension largely reduces the number of chain ends
95

. These stress concentrations can be 

responsible for the reduction in the ductility of the film with 1phr Joncryl. Similar observation 

has been seen by other researchers when the PLA is the minor component in the blend, chain 

extended PLA dispersed phase acted as stress concentrators in the presence of Joncryl. The 

elongation at break was drastically decreased in their case as well
64

. The improvement in tensile 

strength and secant modulus of the films could mainly be due to the formation of higher 

molecular weight, longer chain structure and less cross-linking. However, there is only 

minimum increase in the strength and modulus from 26 to 33 after adding 0.2phr Joncryl into 

the PLA/PPC blend film. Moreover, no significant difference in the strength and modulus is 

observed when increasing the concentration of Joncryl to 0.5phr and 1phr according to the 

statistical analysis. This is attributed to the small amount of Joncryl in the blend system, which 

may not be sufficient to enhance the strength and modulus in a large extent. This has also been 

observed in other studies
31,96

. As for the elongation at break at lower concentration of Joncryl 

concentration, the increased elongation at break the improvement might be caused by two main 

factors. One of them can be the formation of PLA-Joncryl-PPC copolymer. Since PPC and PLA 

have similar chemical structure and they all have functional end groups, the Joncryl has the 

potential to react with both PLA and PPC, forming a copolymer. The formation of PLA-

Joncryl-PPC copolymer can greatly reduce the interfacial tension while increasing the 

interfacial adhesion, resulting in much better compatibility. The compatibilization function of 

Joncryl has been confirmed with several studies. It was reported in one study that the 

incorporation of Joncryl could increase the compatibility of the blend system through the 

formation of intensive ester linkages between the PLA/PBAT polymer chains
55

. Another study 
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also proposed the formation of copolymer PLA-Joncryl-PBAT with the compatbilization of 

Joncryl
64

. In such case, the compatibility of PLA/PPC blend system in the films could be 

improved by the addition of Joncryl due to the formation of copolymer between the PLA/PPC 

polymer chains and Joncryl chains, providing improvement in interfacial adhesion between the 

two polymer phases.  The ductility of the matrix (PPC) with improved compatibility with PLA 

promises the observed high elongation at break of the films. As a result, PLA/PPC/Joncryl films 

with highly improved mechanical properties were obtained and the optimal concentration of 

Joncryl for this blend film is 0.5phr. 
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Figure 5.6 Tensile Strength of PPC/PLA blend films with and without Joncryl: (A) PLA/PPC 

(40/60) blend films, (B) PLA/PPC/Joncryl (40/60/0.2) blend films, (C) PLA/PPC/Joncryl 

(40/60/0.5) blend films, (D) PLA/PPC/Joncryl (40/60/1) blend films. 
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Figure 5.7 Secant Modulus of PPC/PLA blend films with and without Joncryl: (A) PLA/PPC 

(40/60) blend films, (B) PLA/PPC/Joncryl (40/60/0.2) blend films, (C) PLA/PPC/Joncryl 

(40/60/0.5) blend films, (D) PLA/PPC/Joncryl (40/60/1) blend films. 
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Figure 5.8 Elongatio at Break of PPC/PLA blend films with and without Joncryl: (A) PLA/PPC 

(40/60) blend films, (B) PLA/PPC/Joncryl (40/60/0.2) blend films, (C) PLA/PPC/Joncryl 

(40/60/0.5) blend films, (D) PLA/PPC/Joncryl (40/60/1) blend films. 
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5.2 Fourier Transform Infrared Spectroscopy (FTIR) 

It is important to understand the interactions between the components of a polymer blend. If 

there are no recognizable changes in the IR spectra of the polymer blend in terms of the 

interactions between components, the polymers in the blend are considered to be completely 

immiscible. However, if there are some distinguished interactions (obvious changes in the 

specific bond stretching region) that can be observed from changes in IR spectra, the polymers 

in the blend can be considered to be compatible
97

. Therefore, the employment of FTIR is 

important to identify the interactions occurring in polymer blend systems, and also to 

investigate the dispersion behavior of the component polymers in the blend. It is imperative to 

note here that the compatibility and miscibility play a significant role on the mechanical 

properties, thermal properties and barrier properties of the polymer blend. In light of this, FTIR 

spectra of PPC, PLA, Joncryl, and PPC/PLA 60/40 blend film with and without Joncryl were 

collected. Since no apparent differences were observed between the IR spectra for PPC/PLA 

blend films with different concentration of Joncryl, a typical PPC/PLA blend film with 0.5% 

Joncryl was selected as representative sample in this research work for FTIR analysis.  

Figure 5.9 shows the FTIR spectra of neat polymers and their blend films. In the 1700-1800 cm-

1 region, the spectra of both PLA and PPC showed a strong carbonyl stretching. The peak of the 

carbonyl group in PPC was observed to shift towards higher wavenumbers with the addition of 

PLA in the blend, which gave a strong evidence that there was appreciable chemical interaction 

occurring between the two polymers
41

. An extensive investigation on poly (vinyl phenol)/PCL 

blends exhibited similar carbonyl absorption peak shift
98

. Another study suggested that the 

formation of a strong chemical interaction between the parent polymers could increase the 

stretching absorbance frequency of carbonyl C=O group while initiating a shift to higher 
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frequency
50

.  In light of this observation, it could be concluded that strong chemical interaction 

related to carbonyl groups took part in the PPC - PLA blend system. Another possibility is that a 

chemical reaction occurring between PPC and PLA that could result in co-polymer chains 

through ester-ester interchange reactions. As for the PPC/PLA blend film and the typical blend 

film with 0.5% Joncryl in the 1800-1700 cm-1 region, the stretching peak of Joncryl- 

compatibilized film (e) exhibited slight shift towards lower wavenumber compared with the 

neat blend (c). This could be ascribed to the reaction between the functional groups of Joncryl 

and carboxyl groups of PLA/PPC blend.This is also another indication of strong interaction 

occurring between the blend material and Joncryl functional groups.  

Absorbance peak at 1223 cm-1 could be correlated with the ïC-O-C- groups in the PPC
99

. With 

the addition of PLA, it could be observed that the ïC-O-C- stretching vibration peak shifted to 

lower wavenumbers for the PPC/PLA blend. This is another indication of chemical interaction 

taking place at the ïC-O-C- bond or around the ïC-O-C bond through the blending of the two 

polymers.  

The vibration peak appeared around 1180 cm-1, 915 cm-1, 860 cm-1, 760 cm-1 and 710 cm-1 

in the Joncryl spectra is attributed to the stretching peak of CH2ï O ï CH epoxy groups
55,99ï101

. 

After blending Joncryl with the PLA/PPC blend, the stretching peak of epoxy groups in Joncryl 

almost disappeared, indicating that the epoxy groups were consumed as a result of the chemical 

reactions with the two polymers in the blend system. Epoxy functional groups, being very 

reactive at high temperatures, can trigger the formation of a carbonyl-hydroxyl covalent bond 

within the polyesters
102

.  The aforementioned shift of carboxyl functional groups in both PLA 

and PPC is also possible in line with the reaction of the epoxy functional groups of Joncryl with 

the carboxyl groups of the polymers.   
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Based on the FTIR spectra of the neat polymer and their blends, the disappearances and shifting 

of several specific stretching absorption peaks, it can be deduced that several appreciable 

interactions between the molecular chains of PPC/PLA blend and Joncryl took place during the 

melt processing. This shows that Joncryl played a significant role in the interactions of the blend 

composition and increasing the compatibility of the blend, which also agrees with our result 

from morphology (SEM) studies. 

 

 

Figure 5.9 FTIR spectra of (A) PPC, (B) PLA, (C) PPC/PLA 60/40 blend film, (D) Joncryl and 

(E) PPC/PLA/Joncryl 60/40/0.5 blend film. 
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5.3 Thermogravimetric Analysis (TGA) 

TGA analysis was first performed in the presence of nitrogen on neat PPC film and neat PLA 

film to investigate the thermal degradation behavior of the neat polymer films. TGA and DTG 

curves showed the thermal degradation behavior of neat polymer films as a function of 

temperature and are presented in Figure 5.10 and 5.11. From the TGA test, four parameters 

were measured: the degradation temperature at which 5% weight loss occurs (T5%), the onset 

degradation temperature (Tonset), the degradation temperature at which the maximum 

degradation rate (first DTG peak) occurs (TMax), and the degradation temperature at which the 

second DTG peak occurs (Tsec). These are listed in Table 5-2.  
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 Table 5-2 Thermal properties obtained from TGA analysis of PLA/PPC/Chain extender blend films 

 T5%(ᴈ) TOnset(ᴈ) TMax(ᴈ) TSec(ᴈ) 

Material  

Neat PPC 224 267 302 342 

Neat PLA 325 324 367 N/A 

PLA/PPC 40/60 260 282 307 344 

PLA/PPC/Joncryl  

40/60/0.2phr 

261 280 307 343 

PLA/PPC/Joncryl  

40/60/0.5phr 

259 281 306 344 

PLA/PPC/Joncryl  

40/60/1phr 

260 280 307 345 
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Figure 5.10 TGA curves of PLA film and PPC film 

 

 

 



74 
 

 

Figure 5.11 DTG curves of PLA film and PPC film 

 

 

In the Figure 5.11, neat PLA film shows much better thermal stability than the neat PPC film. 

The T5% of PLA film is 100ᴈ higher than that of PPC film; and the onset degradation 

temperature of PLA film is also 57 ᴈ higher than that of PPC film (Table 5-2). The poor 

thermal stability of PPC has always been a great concern, as it greatly limits the application and 

processing window of PPC
103ï105

. It was reported that PPC can easily be decomposed between 

150-180ᴈ46,87. However, in our case, the onset degradation temperature and the T5% for neat 

PPC film is 267 and 224ᴈ, which is much higher than what has been reported. This could be 

attributed to the ultrahigh molecular weight of the PPC used in this study as it was reported that 

the PPC with high molecular weight can be more thermally stable below 200ᴈ than the PPC 

with low molecular weight
41,60,106

. In the Figure 5.12, it can be noted that there is only one peak 

in the DTG curve of PLA at 367ᴈ whereas two peaks are observed for the DTG curve of PPC 



75 
 

at 302 and 342ᴈ. The maximum degradation occurs at 367ᴈ for neat PLA, which is again 60ᴈ 

higher than that for PPC. As for the thermal degradation of PPC, there are two steps with 

different mechanisms involved in the process. One of them is reported as an unzipping reaction 

induced by backbone biting between the functional groups. The other one is suggested to be the 

random main chain scission reaction
107,108

. The main by-product produced from the unzipping 

process is cyclic propylene carbonate while the by-product from the random chain scission is 

carbon dioxide
109,110

. Studies showed that the unzipping process occurs first in the thermal 

degradation of PPC with low molecular weight, followed by the random chain scission reaction. 

On the contrary, for the thermal degradation of PPC with high molecular weight, the random 

chain scission takes place before the unzipping process. This is because that there are fewer 

reactive end groups in the high molecular weight PPC than in the low molecular weight PPC as 

the reactive end groups facilitate the unzipping process during the thermal degradation
110-112

. 

Hence, in our study, the ultrahigh molecular weight PPC most likely mainly underwent the 

random chain scission process first during the TGA test. Although there are few reactive groups 

in this PPC, the unzipping process could still take place afterwards since the product form the 

random chain scission process provided reactive end groups. As such, the first DTG peak could 

be correlated to the random chain scission process of the thermal degradation of PPC; and the 

second DTG peak could be assigned to the unzipping process
41,106

. The overall evaluation of 

thermal performance of neat PLA and PPC films gives the suggestion that PLA may be able to 

help improve the thermal stability of the blend when blended with PPC. Furthermore, with 

respect to the presence of the unzipping process during the thermal degradation of PPC, the 

incorporation of Joncryl has the potential to enhance the thermal stability of PPC by reducing 
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the occurrence of unzipping process since the multiple functional groups from Joncryl can react 

with the reactive end groups of PPC
51,52

.  

TGA analysis was also performed on the neat PLA/PPC blend films, in addition to films with 

the incorporation of 0.2phr, 0.5phr, 1phr Joncryl to investigate the effect of Joncryl on the 

thermal stability of the films. Figures 5.12 and 5.13 show the thermal degradation behavior of 

blend films as a function of temperature and the main parameters obtained from the TGA are 

presented in the Table 5-2. It is observed that blending PPC with PLA has enhanced the thermal 

stability in comparison with the neat PPC. Both the Tonset and T5% of the blend is higher than 

that of neat PPC, especially the T5%. Similar observation is also seen by other researchers
40,113

. 

However, the DTV curves show that the maximum degradation temperature for the PLA/PPC 

blend has no significant difference from that of the neat PPC, indicating the degradation of PPC 

still dominates the degradation. As for the blend with different concentration of Joncryl, no 

significant variation between the four blends was observed, illustrating that the addition of 

Joncryl did not affect the onset thermal degradation behavior of the PPC/PLA blends. Although 

all the TGA curves seem overlapped in Figure 5.13, indicating no apparent differences between 

the thermal degradation behaviors of different film formulations, the DTG curves reveal that the 

addition of Joncryl had an effect on the thermal degradation rate of the blend. It is observed that 

with increasing the Joncryl content in the blend system from 0phr to 1phr, thermal degradation 

rate of the blend has been reduced gradually. Hence, the incorporation of Joncryl enhanced the 

thermal stability of the PLA/PPC blend by slowing the degradation rate. This can be attributed 

to the reconnections of the molecule chains induced by Joncryl. Both PLA and PPC were 

reported to have random chain scission mechanism during their degradations
63,114

. The multiple 

functional groups on the molecular chains of Joncryl can react with those PLA and PPC chain 
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ends which are generated during the random chain scission and reconnect them onto one 

oligomer of Joncryl, preventing further degradation from proceeding
55,95

.  

 

 

Figure 5.12 TGA curves of PPC/PLA 60/40 blend films with and without Joncryl 
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Figure 5.13 DTG curves of PPC/PLA 60/40 blend films with and without Joncryl 

 

 

5.4 Differential Scanning Calorimetry (DSC) 

Non-isothermal differential scanning calorimetry (DSC) analysis was conducted on the film 

specimens to investigate the thermal properties of the PLA/PPC films with and without Joncryl. 

The non-isothermal DSC first cooling curves and second heating curves of PLA/PPC and 

PLA/PPC/Joncryl films are shown in Figure 5.14, 5.15 and Figure 5.16, respectively.  With the 

aim to investigate the crystallization behavior of the PLA/PPC and PLA/PPC/Joncryl films and 

the effect of the Joncryl on the crystallization of the films, it is important to compare the degree 

of crystallinity of these film samples
115,116

. As such, the degree of crystallinity (Xc,PLA) of the 
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PLA components for all the film samples was calculated, as PLA is the only crystal phase 

present in the films. The Xc,PLA was obtained by using the following equation 

ὢÃȟ0,!
Ў ȟ Ў ȟ

Ў ȟ
ρππ  

Where the ЎὌ ȟὖὒὃ is the heat of melting of the PLA crystal in different films obtained from 

the melting peak on the second DSC heating scan. The ЎὌ ȟὖὒὃ  is the heat of cold 

crystallization of the PLA components in different films. As on the second DSC heating scan 

for all the film samples, no cold crystallization was observed, ЎὌ ȟὖὒὃ  was zero in this study. 

The ЎὌ ȟὖὒὃ is the theoretical heat of melting of a 100% crystalline PLA, which is reported as 

93 J/g
117,118

. The ὡὖὒὃ is the weight fraction of PLA component in the formulation of all the 

films. All the DSC parameters obtained from the cooling and heating scan for PLA/PPC and 

PLA/PPC/Joncryl films were listed in Table 5-3.  
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Table 5-3 DSC parameters obtained from the DSC scan curves for PLA/PPC/Chain extender 

blend films 

Joncryl 
content 
(phr) in 
PLA/PPC 
(40/60) 
BLEND 

 
Melt 

crystallization 
temperature(ᴈ) 

 

 
ɲ Imc (J/g) 

 

 
Tg(ᴈ) 

 

 
First melting 
temperature 

(ᴈ) 

 

 
Melting 

temperature(
ᴈ) 

 

 
ɲ Im1 
(J/g) 

 

1 106.98 12.51 34.94 157.11 165.5 2.08 

0.5 108.44 13.43 37.47 158.33 166.49 2.27 

0.2 109.45 14.26 34.85 159.63 167.97 3.12 

0 110.96 15.59 38.79 161 169 5.01 

Neat PLA N/A N/A 60.1 N/A 168.7 N/A 

 

Joncryl 
content 
(phr) in 
PLA/PPC 
(40/60) 
BLEND 

 
ɲ Im2 
(J/g) 

 

 
ɲ IC 

 (J/g) 
 

 
Xc (%) 

 

1 6.34 N/A 23 

0.5 7.93 N/A 27 

0.2 8.73 N/A 32 

0 10.98 N/A 43 

Neat PLA 31.63 25.14 7.0 

 

The first DSC cooling scan (Figure 5.14) revealed that a uniform single exothermic peak was 

observed for all the films with different Joncryl concentration. These exothermic peaks were 

attributed to the melt crystallization of PLA component, as PPC presents a solely amorphous 
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structure. It was also observed that the melt crystallization temperature of the films shifted to 

lower values from 110ᴈ to 106ᴈ almost uniformly, with an increase of Joncryl concentration. 

This can be ascribed to the adverse effect from the addition of Joncryl on the crystallization of 

the films. It was suggested that the melt crystallization temperature is an indirect signal that 

indicates the crystallization rate and crystallinity, and a lower crystallization temperature always 

represents a lower crystallization rate as well as lower crystallinity
33,65,95,119

. As such, loading 

Joncryl into the blend system resulted in decreasing the crystallization rate and crystallinity
60

. 

This is again proved by the reduction of heat of melt crystallization of the PLA component in 

the film (ȹ Hmc) along with increasing Joncryl content as summarized in Table 5-3. The 

decreased crystallization temperature, rate and crystallinity can be caused by the formation of 

long molecular chains and branched structures in the polymer blend. Study showed that the 

addition of Joncryl could connect short chain polymer ends with its multiple-functional groups 

to form longer chains and also could branch multiple molecule chains to form branched 

structure
33, 120

 . In light of this, the presence of long chains and branched structures may reduce 

the mobility of the chains structure resulting in hindering the chain packing during the 

crystallization of PLA component in the blend
65,93

. 
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Figure 5.14 DSC first cooling curves (cooling rate of 5Ņ/min) of PPC/PLA films and PPC/PLA 

fi lms with 0.2%, 0.5% and 1% Joncryl 

 

The non-isothermal DSC second heating curves of the PPC/PLA blend film and films with 

0.2%, 0.5% and 1% Joncryl were also presented in Figure 5.15 and 5.16. From the DSC curves 

between 20 to 50ᴈ (Figure 5.15), it was noted that there was only one single glass transition 

temperature in all the blend films. Other researchers have reported that PPC has a Tg value of 

around 30-40ᴈ while PLA has a Tg value of around 55-60ᴈ, which was also observed from  

DSC analysis of neat PLA and PPC in the previous study
50,87,121

. The difference between Tg 

values of PLA and PPC is normally only around 10-15ᴈ. It was mentioned in one study
121

 that 

when blending PLA with PPC, the two individual glass transition temperatures corresponding to 
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the two parent polymers had a tendency to move towards each other, approaching the 

intermediate value. This finding was also confirmed by another study conducted by Ma at el
50

.  

In their study, when the amount of PLA and PPC component in the PLA/PPC blend were 

adjusted close to each other, the difference between their two individual Tg values decreased 

further and further. Especially for PPC, the Tg increased greatly from 22 to 43 ᴈ as the PPC 

content in the blend increased.  The occurrence of appreciable  Tg value convergence was 

considered as a strong evidence that there is partially miscibility between the two parent 

polymers
47,71,117

. Based on the discovery from these two studies, it can be suggested that the Tg 

convergence took place in our PLA/PPC/Joncryl blend films as well, especially with a blend 

formulation of 40% PLA and 60% PPC. Hence, because of the nature of neighboring Tg values 

of PLA and PPC and the Tg convergence in the blend, the observation of single Tg in this paper 

is probably due to the close proximity of Tg values of the PLA and PPC in the blend, which 

resulted in the overlapping of the Tg values. It can also be seen that the Tg of the blend slightly 

shifted to lower values from 38.79 to 35ᴈ with the addition of Joncryl in the blend system. This 

can be attributed to the reduced crystallinity of the PLA component in the blend induced by the 

incorporation of Joncryl as lower crystallinity leaves more amorphous fraction volume to the 

molecule chains. As such, higher chain mobility decreased the glass transition temperature. As 

the content of Joncryl in the blend increased, there was no significant variation in the Tg of the 

PLA/PPC/Joncryl blend films. The reason for this could be that increasing the amount of 

Joncryl developed more long chain branching structures and even cross-linking structures in the 

blend, which also limited the mobility of the molecule chains
122,123

. The increase of the chain 

mobility due to lower crystallinity could be counterbalanced by the depressing influence on the 
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chain mobility caused by long chain branching structure and cross-linking structures among the 

molecule chains. 

 

Figure 5.15 DSC second heating curves (heating rate of 10Ņ/min) of PPC/PLA blend films and 

PPC/PLA blend films with 0.2%, 0.5% and 1% Joncryl from 20Ņ to 50Ņ 

 

It was observed in Table 5-3 that PLA/PPC blend exhibited much higher crystallinity than neat 

PLA. This could be caused by the acceleration influence of PPC on the crystallization rate of 

PLA in the blend system. It was also observed in another study that PPC induced faster growth 

rate of the PLA spherulites, leading to accelerated crystallization rate of PLA
40

.  
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As shown in the Figure 5.16, all blend films displayed two melting temperature peaks between 

160ᴈ and 170 ᴈ. The first melting peak was considered to be caused by the melt re-

crystallization of the polymers, specifically the PLA polymer. The re-crystallization occurred 

during the second heating cycle while the existing crystals with less perfect PLA crystalline 

structure gained enough time to melt and produce more PLA crystals. This endothermic process 

was correlated to the first melting peak on the curves
124

. After the re-crystallization, the higher 

and more perfect PLA crystals which consisted of both the original crystals and crystals 

produced from re-crystallization were melted during the second melting peak. It was suggested 

that less structurally perfect crystals have a similar structure to high perfect ones, but the 

lamellar thickness of the less perfect ones is smaller
64,125

. Also, it could be observed that both 

melting peaks shifted to lower values with increased loading of Joncryl into the polymer blend 

system. For the first melting peak, a decrease in the melting temperature revealed that the 

nucleation of less structurally perfect PLA crystals occurred during the first cooling cycle. 

Additionally, these less perfect crystals were even less perfect than before due to the 

interruption effect on chain packing from the addition of Joncryl
64,122

. As for the second melting 

peak, the temperature was reduced due to the decreasing number of perfect PLA crystals and the 

decrease in perfection of the PLA crystals structure. Since Joncryl have an effect on interrupting 

the molecular chain packing, the crystallization of perfect PLA crystals was hindered.  

Therefore, with the addition of Joncryl, the overall crystallization behavior of PLA was 

interrupted and hindered resulting in a decrease of melting temperature of the polymer blends as 

shown in Figure 5.16. In addition, according to the calculated crystallinity of the four blend 

films, the crystallinity stayed in a downward trend consistently as the concentration of Joncryl 

increased, which is further evidence that Joncryl has an adverse impact on the crystallization of 
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PLA in the blend. Different from other chain extenders, Joncryl tends to form long chain 

branched structure with polymers instead of forming long chain linear structure. Moreover, with 

higher amount of Joncryl, the formation of cross-linking is also found
59ï61

. The presence of 

these two structures highly restrains the mobility of the molecular chains, which makes the 

packing of chains a slow and difficult  procedure. As such, the crystallization of PLA is hindered 

in our PLA/PPC blend. This has also been observed by many researchers when applying Joncryl 

into the polymer system
56,125

 . 

 

Figure 5.16 DSC second heating curves (heating rate of 10Ņ/min) of PPC/PLA blend films and 

PPC/PLA blend films with 0.2%, 0.5% and 1% Joncryl from 120Ņ and higher 






































