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ABSTRACT          

 

  

 

STUDIES ON BIOBASED MATERIALS FROM BIODEGRADABLE PLASTICS AND LIGNIN 

 
  

 

Benjamin Adams       Advisor: 

University of Guelph, 2014      Amar K Mohanty 

         Manjusri Misra 

 
  

      

Biodegradable polymers, such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and 

poly(ε-caprolactone) (PCL), have been shown to be effective in solving many end of life issues 

with certain current commodity plastics. Lignin has received attention in biomaterials and 

chemical applications due to its favorable polyphenolic structure and large quantity of available 

functional groups. Blends of bioplastic and lignin have been prepared through extrusion and 

injection molding. These processing techniques have been adopted to manufacture test samples 

for performance evaluations. Effects of lignin content as well as bioplastics in blend formulations 

have been studied for their tensile, flexural, impact, and thermomechanical properties. Through 

rheological studies, the processing aspects of the blend systems in presence of ENR were 

evaluated. The morphologies of select formulations were studied through scanning electron 

microscopy. In order to improve the impact performance of the blends, the effects of several 

concentrations of epoxidized natural rubber (ENR) on the resulting blend were studied.  
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1.0 Introduction 

1.1 Research Problem 

In research, as well as industrial enterprise, a slow transition has been taking place from fossil 

fuel based resources to those obtained from increasingly sustainable sources. There are a number 

of factors that have influenced this shift, such as: rising oil prices, unsustainable use of synthetic 

materials derived from fossil fuels, increased amount of materials being placed in landfill, and 

concerns over CO2 driven climate change. These factors, along with others have caused a 

growing realization that the current paradigm is unsustainable. This has triggered many 

initiatives across multiple fields to find solutions to this mounting problem.  The goal of many of 

these initiatives is to create a closed-loop cycle of carbon use and materials production that 

encourages sustainable development, with reduced of dependence on petroleum and other fossil 

fuels.  In the polymer research sector the solution is clear: bio-based plastics. The development 

of bio-based polymers such as polyhydroxyalkanoates and polylactic acid indicates a demand for 

these types of materials. PLA in particular has experienced some success commercially in 

consumer applications.  Whereas other biopolymers such as the PHA polymer PHBV has seen 

some success in specialty applications, particularly within the medical field [1]. 

The plastics market as a whole is currently experiencing a period of growth.  Dedicated research 

and increasing numbers of applications have increased production of plastics by approximately 

10 million tonnes between 2010 and 2011, leading to a total global annual production of 280 

million tonnes of plastic [1] in 2011. This market requires the input of vast amounts of fossil fuel 

material to meet its needs. Unfortunately, the importance of fossil fuels to this industry has 

caused prices and production to be highly dependent upon oil prices.  Commodity plastics, such 

as polyethylene and polypropylene, are particularly affected by instability in petroleum costs [2]. 
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In addition to the production costs stemming from feedstock markets, traditional polymers also 

face problems related to life-cycle. Although thermoplastic materials may be recycled, the 

majority of end of life plastic products either end up in landfills, or are disposed through other 

improper means.  Worse, many materials are simply discarded and left in the environment [3].  

While methods such as landfilling allow for containment of waste plastic materials, simply 

burying end of life plastic materials in the ground is becoming an ineffective solution due to the 

sheer volume of material being produced annually and discarded [4]. Carbonization allows 

disintegration of plastic products; however in today’s world this is also simply not feasible.  Due 

to their hydrocarbon makeup, many plastic products release a large amount of carbon dioxide 

into the air. Increased levels of atmospheric carbon dioxide are undesirable because it is accepted 

that carbon dioxide is a greenhouse gas causing significantly to the threat of climate change.  

Lastly, plastic wastes are simply disposed of, leading to destruction of animal habitats and 

damage to wildlife [4]. This effect is most apparent in marine ecosystems, where plastic is worn 

into small fragments.  The oceans current draws these fragments into large clusters at central 

locations referred to as ocean gyres. [5]. 

The adoption of renewable resource based, and biodegradable synthetic bioplastics is a step 

towards combatting some of these concerns. The use of renewable resources, and processes to 

produce new plastic materials creates a more sustainable supply chain because these resources 

are ultimately derived from carbon dioxide present in the atmosphere, whether it be through 

photosynthetic activities of plants, or the sugars used as nutrients in a bacterial fermentation 

system these processed do not add additional carbon dioxide to the atmosphere upon disposal 

[4].  In addition to these properties of carbon neutral polymers, biodegradable polymers 

generated from petroleum sources can also be useful to reduce the quantity of material that ends 
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up in landfills. In some cases when these plastic are discarded in the environment they can be 

considered to be properly disposed of, provided the polymer can degrade in those conditions, 

photodegradation, microbial activity, and hydrolytic processes contribute to this degradation 

[4],[5],[6]. 

The biggest obstacle facing the widespread application of renewable resourced bioplastics is the 

cost of production of plastics generated from sugars and starches when compared to synthetic 

polymers produced from other means [7]. To address these concerns, an approach that has been 

taken to reduce the material costs is the addition of additives such as talc, glass fibers, clays, or 

other similar materials [8]. A sustainable alternative to currently adopted fillers such as those 

previously mentioned is the utilization of agricultural residues and industrial byproducts such as 

lignin and various natural fibres [8]. In addition to lowering the costs of the resulting material, 

this approach adds value to the product in use, creating a more economically supported end 

product, and bolstering the profits of the source industries. Of primary interest in this work is the 

biomaterial lignin [9]. 

Lignin is a naturally occurring polymer that is synthesized in the cell walls of vascular plants to 

aid in water transport and act as a binding material between the other major components of the 

cell wall; cellulose and hemicellulose [9]. Due to the prevalence of plants on the planet, it can be 

quickly understood why lignin is one of the most abundant biomaterials available today.  From 

an industrial perspective, lignin is a by-product of the paper industry and the second generation 

biofuel industry [9]. The quantity of lignin from woody material available as a by-product from 

the pulp and paper industrial processes can vary between 15% and 30% depending on the type of 

process utilized.  Currently most of the lignin produced is applied in an inefficient enterprise, 

powering the boilers in the paper mills through the use of combustion [10]. Due to its natural 
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abundance, availability in the commercial market, and it’s naturally occurring chemical structure, 

lignin has great potential to be utilized as a low-cost filler in many plastic systems. Unfortunately 

this potential has not yet been realized in many areas of research, despite a large number of 

attempts.   

Various studies have been conducted to utilize lignin as an additive in polymer blend systems, 

especially with polymers that are able to form hydrogen bonds with the plentiful lignin hydroxyl 

groups. Most bioplastics have the proper functional groups to properly form hydrogen bonds 

with hydroxyl groups, such as PHB [11]. Many attempts to form blends with this naturally 

occurring polymer have been made, however in most of the studies the addition of lignin causes 

a reduction in the mechanical properties of the PHB matrix. This loss of mechanical strength has 

been observed in studies with poly(lactic acid), another biopolymer, to be caused by the 

combined efforts of two factors: disruption of the PLA continuous phase through the addition of 

lignin, and accelerated thermal degradation of the PLA in the blending stage due to the presence 

of lignin [12]. Similar behaviour has been shown in the work of Mousavioun et al. on blends of 

PHB, one of the homo-polymers of PHBV, and lignin. This trend can be observed of PHB and 

Lignin blends, where the Tg of the material increases with the addition of lignin [11]. Lignin and 

PCL blends have also been investigated previously in the literature, and did not show these 

changes in DSC curve, however strength and % elongation were shown to gradually decrease 

while the modulus improved as lignin content was added [13]. 

The blending of polymers has long been utilized as a method of combining the strengths of two 

different types of polymer matrices.  Most blending partners are selected in such a way that one 

polymer’s strengths match the other polymers weaknesses [14,15,16]  In many cases a tough and 

stiff polymer are combined in order to improve the impact or tensile/flexural strength of a given 
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product. PHBV has been blended with PBS in order to toughen the initial PHBV matrix [14]. It 

was observed that the addition of PBS into the PHBV matrix resulted in improved tensile 

strength up until 20% PBS loading, and an improvement of Impact energy with increased 

concentrations of PBS. This suggests that the melt blending of the two polymers has improved 

the overall mechanical properties of the final product [14]. 

This work expands upon the exploration of lignin and bioplastics blends that have been 

conducted by previous researchers at this institution. Experiments involving blends of PBAT, 

PLA and Lignin were conducted in order to determine the effect of a commercial chain extender 

as a compatibilizing agent between the lignin and matrix phases of the material were conducted 

with interesting results [15].  Additionally, the effect of fractionating the lignin to improve the 

overall homogeneity of the material has been explored to determine its effect on the properties of 

the bioplastic blends [16]. 

The end goal of this particular research began as the creation of a bio-based blend focusing on 

value added uses lignin. The initial blends involved the compounding of PHBV and Lignin. 

These blends were carried out at loading of lignin at 10, 20 and 30 wt%. The biodegradable 

polymer PCL was added at a later date due to the necessity increasing the impact properties of 

this blend; this polymer was selected for a variety of reasons, but primarily as it was a 

biodegradable polymer providing the correct stiffness-toughness balance for materials that was 

needed.  PHBV and PCL were blended at ratios (by wt%) of 70% PHBV/30%PCL, 50%/50%, 

and 30%/70%. These blends of PHBV and PCL were then compounded with 20 wt% kraft lignin 

to determine its effect on the mechanical properties of the binary blend.  Later, epoxidized 

natural rubber was added at small concentrations as a toughening agent to further increase the 
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impact properties of the blend. ENR was added to the PHBV/PCL/Lignin ternary blend at 

loadings of 1, 3 and 5 wt%. 

1.2 Literature Review 

1.1.1 Lignin 

Lignin is the second most abundant renewable polymer found on the planet.  This abundance is 

due to lignin being found in the component at varying concentrations in all vascular plants.  In 

nature, lignin plays a role as a binder for the cellulose and hemicellulose components of the wall. 

This behaviour allows lignin to provide additional strength and flexibility to the composite-like 

makeup of the cell wall. Lignin in the cell wall exists as a two dimensional polymer network 

with thickness of approximately 2nm that is chemically bound by benzyl ether linkages to 

hemicellulose components in the cell wall [18]. The hemicellulose wraps around the cellulose 

fibers. The implication of this is that lignin does not directly adhere to cellulose microfibrils, due 

to the fact that they are incompatible [13]. It requires other components to provide reinforcement 

to the cellulose system. Lignin can be found in other sections of the cell wall as well. The middle 

lamella portion of plants also contains a high concentration compared to the other components.  

This is due to the fact that, in contrasts to lignin in the cell wall, lignin in the middle lamella 

exists in the three-dimensional network with the thickness on the nm scale [19]. This three 

dimensional setup provides a different sort of reinforcement to the cell wall. The outer layers 

which contain two dimensional orientations of lignin do not require the extra support offered by 

the third dimension to maintain stability [20]. It should be noted that lignin does not exist at 

uniform quantities throughout the cell wall.  The cell wall contains several layers. In the 

outermost of these layers, primary wall the arrangement of the microfibrils is disordered where 

the subsequent layers gain increasing level of organization in cellulose micro fibril orientation 
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[19].  Additionally, lignin content increases as the structure moves from the outer layers to the 

inner layers. This is due to the fact that increasing degrees of reinforcement become more 

necessary towards the centre of the cellular wall structure [19,20].  Apart from structural 

benefits, native lignin has been noted to provide some toxic resistance to damage caused by 

insect attacks, as well as improve resilience to damage caused by damp environments by 

reducing dimensional changes in wood [20].  

The cell wall found in plant cells has an interesting makeup.  The three primary materials, 

cellulose, hemicellulose, and lignin, interact with each other in a complex manner due to the 

compatibilities of the various components in the material. Lignin does not react directly with 

cellulose because the two polymers are incompatible [18,19]. Though some indirect interaction 

(such as hydrogen bonding) may exist between the two, there is no covalent bonding [18].  

However, lignin is theorized to form bonds with hemicellulose.  These bonds may occur through 

ether bonding at the phenolic side chains [19].   The hemicellulose exists in a thin layer 

surrounding a bundle of cellulose fibers for, which allows lignin to indirectly interact with 

cellulose via the hemicellulose.  This results in cellulose fibers and lignin running parallel 

throughout the lignocellulosic material, with hemicellulose forming a network that wraps the 

cellulose fibers and connects to the lignin to promote structural integrity [19]. 

For many years, lignin has been something of a nuisance in the pulp and paper industry.  The 

pulp and paper industry is interested in cellulose fibres, as they can be processed in order to 

produce paper.  The other components of wood are considered a waste and are removed from the 

wood during many types of pulping [20]. In order to utilize the desired cellulosic material the 

other materials found in wood must be separated. The low-value materials which must be 

separated from the cellulose are lignin and hemicellulose.  Removal of these chemicals yields a 



8 
 

liquid known as black liquor.  This product consists of approximately 10% waste chemicals that 

enter the mixture as a part of the pulping process. (Sulphates, OH
-
 ions, Na

+
 ions) as well as 40-

45 % lignin and 45-50% other organic materials [22]. Once removed from the pulping process, 

black liquor is primarily used in order to recover the sulphate used in the cooking phase of the 

pulping process; though many mills do not have the capacity to recover sulphates from the 

entirety of the volume of black liquor they generate. The left over material is often used to 

generate kraft lignin, which can be utilized inefficiently as a low-cost fuel in the mill. Contrary to 

the limited nature of its current use, lignin has potential for use in higher valued applications. 

The structure of lignin contains many phenolic groups, which can be isolated to create valuable 

chemicals, though currently the process for this chemical isolation costs more than the resulting 

chemicals as available today through comparable petroleum based processes [18]. Promise has 

also been shown relating to the use of lignin in blends with other polymers to modify their 

properties. Unfortunately many attempts to create value-added biomaterials using lignin as a 

component have been unsuccessful [12],[13],[16]. 

Currently despite significant research, the overall structure of lignin is not entirely understood.  

This is because lignin forms a complex, highly cross-linked network in a natural setting, which 

many methods of isolation disrupt or modify in some other way [18].  Despite these unfortunate 

gaps, lignin structure has actually been quite extensively studied.  Researchers have identified 

and defined three different “building blocks” of lignin known as monolignols [21].  The 

monolignols are known as: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.  These 

monomers are converted during polymerization to derivative structures. The names of these 

chemicals are: para-hydroxyphenyl, guaiacyl residue, and syringyl residue [21].  The structures 

of the monolignols can be seen in Figure 1. Interestingly, the different monolignols occur with 
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different frequencies depending on the variety of plant [21].  Hardwood lignin is composed 

primarily of guaiacyl and syringyl residue, softwood lignin is mainly composed of guaiacyl 

residue. Grass lignin contains all mostly para-hydroxyphenyl alcohol, with quantities of guaiacyl 

and syringyl residue also present in the structure [21,23].  These monomers are bonded through 

six different types of primary linkages in order to produce the non-repeating structure of lignin 

[18]. 

 

Figure 1: Sample structure of lignin monomers, redrawn from reference [18] 

From the structures presented in Figure 1 it becomes apparent how different ratios monolignols 

could potentially lead to materials possessing a range of different possible structure [18].   

Therefore when studying lignin it is necessary to ensure the material is taken from a uniform 

source because lignin isolated from different sources will likely have a slightly different structure 

and therefore slightly different properties.   One of the challenges of using lignin in value-added 

processes is the need for consistency [19,24]. There exist several methods of causing the samples 

of lignin to adopt structure of increased uniformity; these methods are commonly referred to as 

fractionation.  There are drawbacks to utilizing fractionation methods when processing lignin, 

the largest of which concerns the molecular weight of the sample [24]. Molecular weight is a 

very important property to consider when working with polymers, often influencing the 
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individual properties of the polymer and in some cases ability of the polymer to blend with other 

polymers [13].   

The source of lignin which will be most vital in this research is wood-based Kraft lignin, 

meaning that this particular lignin is a by-product of the pulp and paper industry and likely 

contains a moderate number of hydroxyl groups in its structure as well as trace amounts of 

sulphur, though the quantity of sulphur is often less than one percent and does not traditionally 

show up in many diagrams despite making up a small part of the structure [22]. A sample kraft 

lignin network structure can be seen in Figure 2. 

 

Figure 2: Sample lignin structure, redrawn from reference [19] 

A challenge of working with lignin is its resistance to melt processing.  The glass transition 

temperature of lignin is very close in terms of temperature to its thermal degradation onset 
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temperature [11]. As part of a study conducted to measure the behaviour of lignin on the thermal 

stability of PHB after processing it was observed from DSC data that the Tg of lignin shifted 

after melt processing upwards after melt processing. This particular study was conducted to 

determine the thermal behaviour of soda lignin and PHB blends. Once the lignin has been melt 

processed its glass transition temperature often increases above its thermal degradation 

temperature due to the formation of additional crosslinks [11]. 

1.2.2 Bioplastics 

 

Bioplastics are an emerging class of materials commonly understood to originate entirely from 

biologically produced materials and exhibit biodegradable properties. This is actually the 

definition of the term biodegradable bio-based plastics, which are only one category of material 

that can properly be called a bioplastic.  First, the term bioplastics extends to the plastics 

generated from petroleum sources that conform to ASTM standards for biodegradability [25]. 

This means that the material must be 90% degraded after 180 days in order to be labeled as a 

biodegradable plastic.  Second, not all bioplastics are biodegradable.  Some plastics derived from 

biological sources do not conform to the ASTM standard for biodegradability and therefore 

cannot be labelled as biodegradable materials [25].  An example of this sort of material is 

biologically derived polyethylene.  This material is produced from dehydrated ethanol generated 

from sugars present in sugar cane by Braskem, a company based in Brazil [26].  This material is 

polyethylene which does not conform to ASTM standards for biodegradability regardless of the 

source, yet due to biological origin this bio-polyethylene can be considered to be a bioplastic [8].  

Therefore, bioplastics can be considered to be polymers that are derived from biological 

resources and biodegrade, polymers derived from biological resources that do not biodegrade, 
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and polymers derived from petroleum resources that biodegrade.  These classifications can be 

seen with examples in Table 1. 

Table 1: Bioplatic identification chart with examples, modified after reference [8] 

 

The main advantage of using biodegrable biologically-derived plastics in favour of alternatives is 

their carbon cycle.  Carbon dioxide is a greenhouse gas which has been shown to have an impact 

on the climate when it accumulates in the atmosphere.  It is important to control and if possible 

reduce, the quantity of CO2 in the environment.  When plastics are made from petroleum 

resources the carbon used to produce them is locked up in the fossil fuel, thus it is not currently 

present in the atmosphere. Therefore the production and use of these is causing a net gain of 

carbon at the end of their life cycle through incineration.  This is an open loop carbon cycle, as it 

means that more and more carbon is being added to the atmosphere through the production of 

these materials.  In contrast, a biologically based plastic is derived from a plant that requires 

carbon dioxide to grow.  Therefore, when the plastic is produced from materials obtained from 

plant sugars, the carbon has already been offset.  No extra carbon is added to the atmosphere that 

was not removed prior to the production of the plastic.  When biodegradable plastics degrade 
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they release carbon dioxide back into the atmosphere, as well as some other materials which 

depend on the plastic.  Because of their life cycle does not lead to a net change in the quantity of 

environmental carbon the use of bio-based biodegradable plastics can be considered to be a 

closed loop carbon cycle [8].  It should also be noted that biologically based plastics that do not 

biodegrade are not considered part of a closed loop system because they do not return their 

carbon to the system. When these plastics are produced they draw carbon from plant sugars, 

which are created from atmospheric carbon.  This means that these plastics do not return carbon 

to the system through similar degradation methods. It is however possible to return the carbon of 

such these non-biodegradable biopolymers through methods such as incineration like petroleum 

based non-biodegradable polymers. Unlike their petroleum based counterparts, the incineration 

returns carbon to the atmosphere that was previously extracted by the plant source.  Assuming 

the incineration of these materials does not release any additional toxins upon incineration this 

can be considered a method of returning carbon to the atmosphere as part of a closed loop cycle 

[8]. 

1.2.3 Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 

 

PHBV is a member of the polyhydroxyalkanoates (PHAs) family of polymers.  These polymers 

are produced from the metabolic processes of bacteria from sugars and occasionally lipids [9,27].  

Unfortunately due their bacteria sources, the time and cost involved are often quite high 

compared to available alternatives. As a result PHAs are often overlooked when a project is 

seeking out a new material to use. This is unfortunate, because many PHAs have properties 

which would make them suited to a large number of applications; particularly those where 

polypropylene (PP) is currently being utilized due to similar mechanical properties [29].   
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PHAs are produced through extraction from bacterial cultures after undergoing a fermentation 

process.  These polymers are produced in the interstitial area occurring between bacterial cells in 

the culture [28].  As the input of nutrients to the bacterial culture exceed the quantity of that can 

be metabolized, the bacterial cells produce PHAs as energy storage compounds [28]. When this 

reaction is controlled in a fermentation process, the PHA can then be harvested in order to access 

the material. 

Structurally PHBV consists of polymerized 3-hydroxybutanoic acid and 3-hydroxypentanoic 

acid joined together by a series of ester bonds.  These two monomers are not evenly distributed 

within the overall polymer; different samples of PHBV can be produced with different contents 

3-hydroxybutanoid acid and 3-hydroxypentaoic acid depending on the desired properties.  One 

significant effect that is governed by the quantity of hydroxyvalerate (HV) in the polymer is the 

melting point, as the quantity of HV increases several of the properties of PHBV have been 

shown to change.  The melting point, as well as stiffness related properties such as tensile and 

flexural strength tends to decrease with higher HV content. However toughness related 

properties such as impact modification and % elongation are shown to increase with the addition 

of HV [9]. 

 

Figure 3: Chemical Structure of PHBV 
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PHBV has few features that make it an interesting candidate for blending with other polymers 

and organic fillers; it has a mostly linear structure, which suggests it isn’t likely to disrupt the 

structure of the materials it interacts with [31].  In addition, each unit of PHBV contains two 

possible hydrogen bonding sites.  The ketone group and the ester bonds between mer units both 

form potential hydrogen bond acceptor sites, which allow for the theoretical possibility of 

significant interactions between PHBV and another polymer with high quantities of hydrogen 

donor sites [28]. 

PHBV is synthesized by fermentation facilitated by the metabolic processes bacteria such as 

paracoccus denitrificans and ralstonia eutropha. As in many bacteria processes, the bacterium 

Escherichia coli has also been used, but it should be noted that E. coli is not currently the 

industry standard [28].  PHBV is secreted in these bacteria as an energy storage mechanism in 

the event that their environment becomes deficient in sufficient nutrients. This material is 

expensive to harvest in large quantities due to this limitation, with current prices at 

approximately $6/kg [32]. 

PHBV exhibits mechanical properties similar to those of commodity plastics such as 

polypropylene and polyethylene.  The degree of similarity actually depends on the ratio of the 

copolymers utilized in the sample of PHBV [31].  Therefore it is important to know the makeup 

of the material being worked with.  Increasing the quantity of HV in the blend has the effect of 

increasing the impact strength of the polymer; however it loses thermal stability, tensile strength 

and permeability when this is done [31].  Therefore, while PHBV can be a useful material, it can 

also be unsuitable for certain applications depending on the ratio of the copolymers. Care must 

be taken to ensure that the correct grade of PHBV is used for the correct system.  This feature 

allows PHBV to be used in a greater number of applications. 
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1.2.4 Poly(caprolactone) 

 

Poly(caprolactone) (PCL) is one of the polymers which can be produced from a caprolactone 

molecule. Unlike PHBV, PCL is a petroleum based biodegrable polymer. This means that PCL 

cannot be considered a bio-based plastic [34].  However, PCL is biodegradable under compost 

conditions, causing it to be considered a bioplastic under the quadrant of Table 1: Petroleum 

based biodegradable polymers. Unlike Nylon, also shares a base in the caprolactone structure, 

PCL requires only the caprolactone ring to polymerize [35].  When this occurs the ring of the 

material is opened in the presence of a catalyst, resulting in the formation of a polymer. The 

process leading to the formation of PCL can be seen in Figure 4.  This particular schematic 

involves the use of a tin octanoate catalyst; however other potentially industrial catalysts can be 

used in this process as well [36].  

 

Figure 4: Synthesis and Polymerization of PCL, redrawn from reference [36] 

PCL has a number of applications in industry and science.  Common applications of PCL lie in 

some applications in the medical industry, through the formation of drug delivery and creation of 

biodegradable sutures; as well as some applications in the polymer science field involving the 

formation of polyurethanes [36].  This is possible because, in addition to displaying properties of 

biodegradability, PCL also displays capacity for, making it a potential candidate for use as 
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components implantable medical devices or drug delivery systems of several sorts as the body 

will reduce the degrade to harmless components that can be  given time [36]. PCL is often used 

to manufacture components of medical devices.  In polymer research, PCL are often added to a 

blend system and utilized to toughen other polymer blends and composites.  PCL has also been 

demonstrated to form mechanically compatible, yet chemical immiscible structures with 

thermoplastic starch materials [37].  This information can be utilized in order to generate a cost-

effective PCL-based material, or to improve the impact properties of another blend that allows 

the use of thermoplastic starch as a compatibilizing agent.   

1.2.5 Polymer Blending 

 

In polymer engineering, one way to modify the properties is to mix one polymer with another.  

Although this practice is similar to the metallurgic concept of alloys in a number of ways, with 

polymer blends sometimes actually being referred to as alloys, there are some differences which 

must be considered [8]. For example, even whole alloys often have a range of melting 

temperatures.  The start of the melting phase is referred to as the solidus, at this stage some of the 

material will have melted, but the entire substance will not melt into a liquid phase without an 

increase in temperature.  The temperature at which the entire substance has melted is referred to 

as the liquidus.  A similar effect can be observed in some polymer blends; however this occurs 

primarily in a blend of polymers that do not blend properly with one another [23]. In addition, 

the mechanism by which alloys are formed differs from the mechanism that leads to successful 

polymer blends. 

When two molten metals interact with one another, the two materials do not always form bonds 

in the same sense that polymer blends do.  Metals reacting to other elements form ionic bonds 
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and metallic bonds, forming covalent bonds only in some very rare cases [37]. In contrast 

polymer blends interact with one another through the use of covalent bonding and hydrogen 

bonding. Because metals most commonly consist of a lattice of single atoms, when two metals 

are mixed the resulting alloy undergoes a change in its lattice structure.  There are three possible 

configurations in a successful alloy: substitutional alloys, interstitial alloys, and mixed alloys.  

Substitutional alloys occur when the atoms of the two metals replace one another, forming a 

lattice more or less resembling the original lattice except now consisting of two different 

elements [37].  In an interstitial alloy the atoms of one metal fit into the spaces in the lattice of 

the other, and in a mixed alloy both occur to a degree [38].  Unlike metal alloys, polymer blends 

interact with one another on a physical molecular scale. This is because polymers form chains, 

where metals exist as a field of atoms [39]. 

Polymers interact with one another primarily through the formation of covalent and hydrogen 

bonds [40].  Like other types of bonding these bonds are facilitated by electrons, however unlike 

in ionic bonding electrons are not permanently exchanged in either type.   

Covalent bonding involves the sharing of electrons between two atoms.  If two atoms fill their 

valences by sharing an electron with another atom the two can be considered covalently bonded.  

It is also possible for two atoms to share more than one electron. This is why organic molecules 

can be said to have double bonds or triple bonds in some cases [42]. 

Hydrogen bonding on the other hand is defined as an attractive bond between a hydrogen atom 

that is covalently bonded to an electronegative atom and another electronegative atom on either 

the same molecule or another molecule altogether.  The strength of the bond is dependent on the 

difference in electronegativity of the donor site and the acceptor site. The hydrogen atom is 
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referred to as the electron donor, and the atom to which it is bonded is referred to as the electron 

acceptor. Unfortunately hydrogen bond in polymers are not limited to intermolecular bonds, 

intramolecular bonds are also quite common.  This feature can cause detrimental behaviour in 

the polymer melt processing as the added bonds can cause the viscosity of the polymer to 

increase in some systems [39].  

While intermolecular hydrogen bonds are beneficial in polymer blends, when thermplasticity is a 

desired property of the blend, intramolecular bonds are often a detriment rather than a 

contributing factor.  This is because a high degree of crosslinking and rigidity is characteristic of 

thermosetting polymers rather than thermoplastics [43]. This presents a challenge in polymer 

blending that has been partially addressed through the use of various types of surface 

modifications. Unfortunately even with the surface modifications, when there are a large number 

of acceptor and donor sites on both molecules involved in bonding there is a degree of 

unpredictability in how the molecules will interact [42].  The theory that intramolecular 

hydrogen bonds play a role in the thermoplasticity of polymers has been investigated in lignin by 

Cui et al. [44]. This group hypothesized that some of the hydrogen bonding donor sites, 

particularly the phenolic hydroxyl groups, could be masked in order to reduce the rigidity and 

improve the thermal stability of the whole lignin polymers they generated [44].  This method 

showed some success by significantly improving the thermal stability of lignin.  The glass 

transition temperature of the samples, a property influencing thermal behaviour did not 

significantly increase during subsequent heating cycles in the masked samples. However in the 

pure samples the Tg increased by approximately 20
o
C [44]. Unfortunately this methodology was 

not applied to lignin blended with other polymers.  It is probable that there would have been 

some effect due to the lack of phenolic hydrogen donor sites. Depending on a variety of 
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characteristics polymers can exhibit properties that make them suited to a variety of different 

applications. Polymers such as PHBV exhibit stiff characteristics, whereas other polymers such 

as PCL display toughened characteristics.  Both of these characteristics can be beneficial, for 

example stiff polymers tend to have higher tensile properties, whereas tough polymers tend to 

exhibit higher percentages of elongation during tensile testing, as well as better impact 

resistance.  The basic principle of this can be depicted graphically in Figure 5 using an example 

from Abdelwahab et al. [15].  Here it can be seen that blending PLA with PHBV resulted in an 

improvement of tensile strength in the resulting blend, as well as an improvement of the notched 

izod impact properties. The N.B. that appears in place of a value for PBAT notched izod impact 

energy indicates that the sample did not break during testing.  Therefore, the improvement in 

impact energy that can be seen in the blend reveals impact resistance has been transferred to the 

blend by the PBAT phases. 

 

Figure 5: Stiff and Tough Polymer Properties drawn from data in reference [15] 
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Unfortunately, this process does not always occur as intended. It is often the case that the 

polymers involved in the blending system will not be chemically or mechanically compatible in 

one way or another. This results in polymers that will not form a single uniform phase during 

processing [46]. Therefore it is likely that the polymers will form one of several morphologies 

during processing.  This includes behaviour such as the formation of micelles. The dominance of 

different phases of the polymer blend are primarily influenced by concentration, but can also be 

influenced by the viscosities of the involved polymers [46]. The progression of basic 

morphologies can be seen in Figure 6 below.   

 

Figure 6: Basic Morphologies of Immiscible Polymers, redrawn and modified from [46] 
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In Figure 6, common possible polymer blending morphologies can be seen.  Here two 

incompatible polymers entitled A and B. These polymers are displayed as red and blue colours 

respectively. A completely miscible blend of these polymers is drawn as purple. In incompatible 

phases it is seen that that there is no “purple” forming in the figure, in experimental systems 

there may be some slight interactions between these phases which would most accurately be 

drawn as a green border between the two phases.  

1.2.6 Thermoplastic Blends of Lignin 

 

There have been many attempts to include lignin in blends with thermoplastic polymers over the 

years.  These attempts have been motivated by a combination of several factors, generally a 

desire to reduce costs of an otherwise expensive polymer [47], or the need to increase the 

mechanical properties of a weak one [48].  Unfortunately these attempts have not been largely 

successful.  Lignin has not been shown to be compatible with a large number of polymers.  

Successful blends have incorporated roughly 5-10% lignin, but could not incorporate any more 

without causing an unacceptable loss of mechanical properties [47,49]. 

Many blends involving lignin have shown a reduction in mechanical properties with the increase 

in lignin content. Although it is often the case that the Young’s modulus of the blend will 

increase given additional lignin [50,51], this happens with a variety of other fillers as well and is 

not necessarily indicative of any properties added by the presence of lignin specifically.  In a 

study conducted by Li and Sarkanen [51], lignin was methylated and propylated to determine the 

effect of these modifications on the mechanical property of the blends.  A plotted stress-strain 

curve of a blend of lignin and poly(1,4-butylene adipate) (PBA) showed that adding large 

amount of PBA plasticized the lignin, modifying its stress-strain behaviour to include a shift 
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towards elastic behaviour as the content of PBA increased [51].  This demonstrates that the 

properties of lignin can be affected to a major degree by the addition of another polymer. 

Treating lignin has led to some interesting thermoplastics results as well.  A group composed of 

Saito et al. [52] examined the results of using dimethyl sulphate to methylated the phenolic 

hydroxyl groups on the lignin molecule [52]. The goal of this modification was to affect the 

intramolecular bonds found in lignin particles.  The hypothesis of the research was that lignin 

would form a material with similar properties to thermoplastic rubber if it was copolymerized 

with a polymer that would affect its intramolecular hydrogen bonding [52].  Interestingly, a 

similar hypothesis was used in the lignin masking experiment conducted by Sadeghifar et al. 

[44,45]. 

Doherty et al [11] conducted a number of studies on the nature of PHB/Lignin blends.  They 

reported a higher blend success rate than many of the other studies that have been reviewed.  

There was still a decrease in mechanical properties; however concentration of lignin in the blend 

was much higher.  The blend that exhibited signs of compatibility on a morphological level with 

the highest concentration of lignin to PHB consisted of 60/40% PHB/Lignin without any form of 

surface treatment or modification [11].  In addition, these properties exhibited the ability to be 

melt processed, implying that the blends had thermoplastic properties [11].    

PHB and PHBV are chemically very similar. PHB contains only the hydroxybutyrate copolymer, 

where PHBV also contains a hydroxyvalerate copolymer. The hydroxyvalerate copolymer differs 

from butyrate by possessing an ethyl side chain instead of a methyl one.   

Despite the inconsistent configuration of the monolignol monomers within the lignin molecules, 

one constant is a large quantity of hydroxyl groups. These hydroxyl groups can be divided into 
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two categories, depending on their location on the molecule. Hydroxyl groups that appear on the 

aromatic portions of the lignin molecule are referred to as phenolic hydroxyl groups, whereas 

those found on the aliphatic chains that link the phenolic portions of the structures are referred to 

as aliphatic hydroxyl groups. When trying to improve the compatibility of the polymer matrix 

with the lignin additive the primary method of interaction with lignin is through its hydrogen 

bonds. Therefore, it is desirable to form bonds with the lignin molecules that exploit one or both 

these types of hydroxyl groups.  In agreement with this particular statement, many of the current 

additive modifications used form ester or ether bonds with the lignin molecule.  Ghosh et al. [48] 

modified lignin through the use of acid anhydrides to add chains of acetate, butyrate, hexanoate, 

and laurate. The researchers then blended the lignin with a Cellulose Acetate Butyrate (CAB), 

PHB, and Starch-Caproacetone blends [48]. The findings of this study showed that lignin-

butyrate and lignin-acetate, lowered the glass transition temperature of the PHBV towards the 

glass transition temperature of lignin to a greater degree than neat lignin blends. This coupled 

with the greater change of enthalpy of melting suggest that these modifications may have shown 

a higher degree of miscibility with PHB than with raw lignin. This was reflected in the 

mechanical properties of the lignin-based blends formed, blends containing shorter chain lengths 

Similarly, Thielemans and Wool [49] conducted a study on butyration and methacrylation of 

lignin. These two studies differ also in the type of lignin used. Where Ghosh et al. used 

organosolve lignin, Thielemans and Wool utilized kraft lignin.  Acid anhydrides were once again 

used as a solvent for the reaction to take place.  This study utilized both kraft and hardwood 

lignins. Interestingly, the softwood lignin esters showed a higher molecular weight than those 

derived from hardwood lignin. While this particular study was intended for use with 

thermosetting polymers, the effectiveness of similar modifications with CAB and PHB polymers 
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has been demonstrated to an extent by Ghosh et al [48], thereby giving sufficient cause to 

consider these methodologies as a possibility for application with thermoplastic polymers. 

Lignin esters are not the only means of modifying the lignin molecule through additive 

methodologies.  Yu et al. [53] used graft polymerization to add additional groups to the surface 

of the lignin.  These researchers chose to add a phosphorous-nitrogen compound with the goal of 

improving the thermal stability and flame retardant properties of the resulting polymer blend.  

This was accomplished through the use of graft polymerization.  This graft polymerization 

showed an improvement of thermal properties, reducing the thermal degradation by 

approximately 20% of the initial lignin mass [53].   

Many of the additive based lignin modification examples described thus far have been conducted 

with the goal of improving the ability of the lignin to form interactions with other molecules.  

Occasionally chains can be added onto the lignin molecule for other reasons.  Sadeghifar et al. 

[45] made the decision to methylate the phenolic hydroxyl groups in order to reduce the 

intramolecular hydrogen bonding that occurs in the lignin molecule. This was done with the 

intention of improving the thermal stability of the lignin molecules. Lignin naturally forms cross 

links during heating cycles.  This, coupled with an increase in glass transition temperature after 

heating, imply that raw lignin exhibits thermoset-like behaviour.  Reducing the hydrogen 

bonding capability of the lignin molecule causes a shift in these properties.  The cross-links were 

demonstrated to no longer form to the same extent due to a reduction of molecular weight of the 

lignin sample after heating cycles [45].   This implies that given suitable treatment, lignin itself 

can potentially be adapted to function as a workable thermoplastic.   
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Though the research goals that led to its discovery were different, the product arboform has been 

a commercial available thermoplastic lignin-based material since 1996.  This product consists of 

plasticized lignin, cellulose fibers, and a few undisclosed additives [54]. Unfortunately the 

producers have elected not to disclose the nature of the involved plasticizers in an apparent way.  

The advantage offered by thermoplastic portions of lignin is that the compatibility with other 

polymers is likely to be increased in a material also exhibiting thermoplastic properties.  It is 

however possible to take advantage of the rigid thermal properties of neat lignin and other 

similar polymers to form thermoplastic elastomers, which exhibit thermoplastic properties and 

structurally consist of alternating ductile and rigid elements.   

It is known that lignin particles often induce brittle behaviour in the blendss where they are 

embedded.  In addition to adding a compatiblizing agent it is also prudent to make use of an 

impact modifier in order to negate some of this added brittle behaviour [55].   

1.2.7 Epoxidized Natural Rubber 

Natural Rubber has been known as a useful product in polymer science for a number of years, 

particularly in the area of polymer blends and composites. Natural rubber is a product consisting 

of the polymerized isoprene extracted from the fluids found in the rubber tree (hevea brasiliensis) 

and several other plants such as guayule [56].  This material has been of interest as polymeric 

material because of its useful mechanical properties. Historically NR has been applied as a 

matrix material for polymer systems, as well as a blending partner in systems involving other 

polymers.  In one study, by Jacob et al. [57] NR was blended with sisal/oil palm fibres in order to 

demonstrate that these materials could improve the mechanical properties of the NR matrix. In 

their study it was revealed that alkali treatment improved the adhesion of the fibres to the NR 

matrix, causing an overall improvement in the tensile strength of the material. This was 
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attributed to increased adhesion.  Similarly, Ismail et al [58] blended NR with bamboo fibres.  

This study was conducted with and without the presence of phenol formaldehyde bonding 

agents.  It was observed that the presence of these bonding agents had a significant effect on the 

cure time, hardness, and tensile modulus of the NR/Bamboo composites.  NR has also been 

compounded with polyethylene in a study conducted by Abdelmouleh et al. [59]. In their study 

the PE/NR composite was reinforced with 50 wt% cellulose fibres.  It was observed that the 

presence of NR and cellulose fibre has a significant positive impact on the modulus and relative 

loss factor.  

When the Natural rubber couple is modified to contain and extra epoxy group, it is known as 

Epoxidized Natural Rubber (ENR). Much like NR, ENR has been used as a complete matrix, as 

an additive, and as a blending partner to improve the characteristics of a polymer. As a 

commercial product, ENR is marketed as ENR-#, where the # symbol represents the percentage 

of isoprene monomer units that have epoxy functionality [60].  For example 25% of the 

monomer groups in ENR-25 contain epoxy functionality.  The structure of this polymer can be 

seen in Figure 7 below, where m represents the epoxidized unit, and n represents the 

concentration of unmodified isoprene. 

 

Figure 7: Epoxidized Natural Rubber Structure 
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ENR is produced through a reaction taking place in solution with hydrogen peroxide/acetic acid 

mixtures catalyzed through the addition of a p-toluenesulfonic acid catalyst [60].  Burfield et al. 

demonstrated alternative catalysts that could also be used in its production [60]. However it 

should be noted that the implications of this suggest that ENR is not as green a material as its NR 

derivative. Therefore in this work the goal was to minimize the presence of ENR in order to 

generate a system with greener potential [61,62]. Many experiments presented here determine 

whether ENR is useful as a compatiblizing agent in high concentrations.  However it is entirely 

possible that small concentrations of the material may yield useful results as well.  

Ismail et al. [63] experimented on a species of epoxidized natural rubber compounded with paper 

sludge byproduct as a filler material.  They noted that the addition of paper sludge decreased the 

tensile strength of their product, yet improved the modulus.  This behaviour is comparable with 

what is experienced when Lignin is blended with a polymer system. Ismail et al attempted to 

compensate for this loss by adding maleated natural rubber (isophrene backbone, with malaeic 

anhydride grafted onto a percentage of its monomer units).  This provided a small improvement 

in tensile strength [63]. Geethamma et al. [64] experienced similar difficulties in their 

experiments with an epoxidized natural rubber composite with short coir fibres. They 

approached this problem in a different manner than Ismail’s group. They attempted to modify the 

fibres blending.  Alkali was blended with the coir fibre in order to improve the interfacial 

adhesion with the NR matrix.  In this work it was concluded that surface modifying the coir with 

alkali, and controlling the orientation of the fibers both had positive impacts on the tear 

resistance and tensile strength of the overall material.   

Epoxidized Natural rubber has also been utilized as a blending partner in a composite system.  In 

an experiment performed by Wang et al. [65], natural rubber formed the larger component of the 
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matrix, with esterified starch composing the lower concentration phase of the blend. In this work 

it was noted that the thermoplastic esterified starch and natural rubber phases of the blend were 

chemically incompatible.  In this work it was shown that addition of esterified starch improves 

the tensile strength, flexural strength and impact resistances of the blend in concentrations below 

20% esterified starch content [65]. Parulekar et al [66] utilized Epoxidized natural rubber 

coupled with maleated polybutadiene as a two stage impact modifier/compatiblizer system for 

neat PHBV systems.  In this paper it was demonstrated that epoxidized natural rubber alone did 

little to modify the impact properties of PHBV systems, however the addition of maleated rubber 

had a significant impact on the impact properties of the blend.  It was also demonstrated through 

the use of SEM microscopy that there was no significant adhesion between the PHBV and ENR 

polymer system without the presence of a compatibilizer or alternative compatible material [66].  

Tanrattanakul et al. [67] attempted something similar with nylon 6 forming the polymer matrix 

to be impact modified through the addition of ENR.  Nylon 6 was blended with natural rubber 

and ENR in order to determine whether the presence of the epoxy groups offered any advantages 

over pure natural rubber.  This blending was conducted at loadings of 20%, 30%, 40%.  It was 

determined that ENR provided superior impact modification when compared to pure natural 

rubber.  This is because the epoxy portions of the material were providing better adhesion to the 

polymer matrix than pure NR [67].  This experiment did not distinguish between multiple grades 

of ENR.  It is not known how the material would react to blending with, for example ENR-25 vs 

ENR-50. 

1.3 Research Objectives and Hypothesis 

The main objectives of this project are to provide additional value added applications for lignin 

through the development of a PHBV/lignin blends. This work is directed towards possible 
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applications in the flexible packaging and consumer products industries. These materials require 

moderate tensile and flexural strengths, as the applications these products are involved in are not 

high-stress.  It can be seen from literature review that the properties and structures of lignin have 

been extensively studied, however its commercial applicability is still lacking to an optimal 

degree.  Lignin has been utilized in research as an organic filler since the 1970’s, however a 

commercially viable blend of biopolymers and lignin has yet to be observed [69,70].  The 

primary reason for this is that the addition of lignin into a stiff polymer matrix causes the 

resulting blend to lose strength and become brittle.  This reduction of mechanical properties is 

often seen as negative aspect.  This is not always the case however, as some polymers do possess 

an in-built affinity for lignin due to the presence of functional groups capable of reactions with 

the aliphatic and aromatic functional groups of the lignin molecule.  Therefore it can be assumed 

that some element of this reduction is caused by an incompatibility of phases between the lignin 

and its matrix, which induces voids in the material, that compromise stress transfer between the 

matrix and the filler.  Increasing the compatibility or interfacial adhesion of the matrix and 

polymer blends may demonstrate an increase of the mechanical properties in the initial blend. To 

this end, this research aims to combat this problem through two means.  Addition of 

polycaprolactone into the PHBV blend, and subsequent addition of small quantities of 

epoxidized natural rubber into the PHBV/PCL blend.   

PCL is chosen as the tough polymer in this blending system for a number of reasons.  Similar 

biopolymers that could be considered for use in this application are poly(butylene adipate-co-

terepthalate) and PBS, however these polymers do not offer some of the same features to PHBV 

that the other polymers provide [71-73]. Both PHBV and Lignin are noted to absorb water to 

high degrees, where PCL is noted to provide resistance to moisture absorption interactions with 
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water. PBS and PBAT have also been shown to improve resistance to moisture due to their 

hydrophobic natures. It is predicted that the combined toughening effect of PCL and ENR on the 

PHBV/lignin matrix will result in a lignin-based product with a superior degree of stiffness-

toughness balance. 

The objectives of this project are as follows: 

1. Lignin will be melt blended with two bioplastics in order to create a blend with good 

stiffness-toughness balance. To accomplish this, PHBV and PCL matrices in binary and 

ternary blends with lignin have been selected to determine any effects of lignin on the 

mechanical performance of these systems. From this data a formulation will be chosen to 

be examined in further detail through the addition of an impact modifier in subsequent 

objectives.  

2. In order to enhance the properties of the optimal blend, an impact modifying additive will 

be utilized. To that end, the chosen formulation of PHBV, PCL and Lignin will then be 

reacted with ENR-25 in and examined through the use of rheological analysis, FTIR and 

morphological analysis. The purpose of utilizing these methods is to determine whether 

any interactions take place within these blend that would improve the processability and 

physical properties of the polymer. This modified blend will then be analyzed for thermal 

and mechanical properties to determine the effectiveness of the impact modifier.  
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2 Materials and Methods: 

2.1 Materials 

During this experimentation, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) Biopol 

D411GN (specific gravity, melt flow index 35g/10min at 190ºC, and a relative viscosity of 2.5) 

from Monsanto Creve-Couer, Mississippi, USA.  Kraft Lignin was received from FPInnovations, 

Point-Claire, Quebec, Canada.   Injection grade Poly(caprolactone) (PCL) under the trade name 

Capa 6500 was purchased from Perstorp LTD, Perstorp, Sweden. The remaining solvents and 

reagents were purchased from Sigma-Aldrich Co.  Epoxidized Natural rubber with a 25% epoxy 

function group loading (ENR-25) was purchased from Muang Mai Guthrie Public Company 

Limited. 

2.2 Blend Preparation 

Prior to processing, PHBV and lignin were dried in a convection oven at 80ºC for 24 hours to 

remove excess moisture from the materials.  PCL was not dried, as it does not absorb a 

significant quantity of moisture. Compounding and injection molding of the blends were 

conducted using the DSM Xplore 15 mL Micro-Compounder and the accompanying 12mL 

Injection Molding machine.  Compounding of the blend was conducted using the DSM Xplore 

15 mL Micro-compounders co-rotating twin screw extruder at a processing temperature of 180ºC 

across all 3 of the equipment’s processing zones, using a mixing screw speed of 100RPM.  For 

all blends the overall residence time within the extruder was 2 minutes.  Injection Molding was 

conducted using the DSM Xplore 12mL Injection Molding Machine with a transfer cylinder 

temperature of 180ºC, and a mold temperature of 30ºC. These properties were selected in order 

to minimize the period of time the material was subject to raised temperatures to minimize 

thermal degradation.  The injection pressure was set to 5 bars for a time of 6 seconds and a 
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holding and packing pressure of 4 bars for 7 seconds each, leading to a total injection time of 20 

seconds. 

2.3 Mechanical Properties 

Tensile and Flexural data was obtained under the room temperature and humidity conditions 

using Instron Universal Testing Instrument Model 3382.  The flexural tests were conducted 

according to ASTM D790.  Tensile tests however deviated from ASTM D638 due to the brittle 

nature of PHBV, and the PHBV/Lignin blends.  Tensile tests were conducted at a crosshead 

speed of 1mm/min and flexural tests were conducted at a crosshead speed of 1.40mm/min (as 

was recommended by ASTM D790).  Notched Izod Impact Energy of the blends were measured 

based on the recommendations of ASTM D256 using a TMI 43-02 Impact Testing device using a 

5ft-lb pendulum. 

2.4 Thermal Properties 

In this experimentation, three varieties of thermal characterization were utilized to understand 

the materials of interest: Differential Scanning Calorimetry, conducted on TA Instruments DSC 

Q200; Dynamic Mechanical Analysis, conducted on TA Instruments DMA Q800 and 

Thermogravimetric analysis, conducted on TA Instruments TGA Q500. 

2.4.1 Differential Scanning Calorimetry 

Crystallization temperature (Tc), melt temperature (TM), melting enthalpy (∆Hm), and 

crystallization enthalpy (∆Hc) of the blends were determined using a TA Instrument DSC Q200.  

Samples were divided into 5-10mg pellets of blend sample and placed in an aluminum pan.  The 

DSC then underwent a heating/cooling/heating cycle from -20⁰C to 200ºC under a nitrogen 
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atmosphere at a nitrogen feed rate of 50 mL/Min.  The analytical portion of this part of the 

experimentation was conducted using TA’s proprietary Universal analysis software 

2.4.2 Dynamic Mechanical Analysis 

Dynamic Mechanical analysis was conducted using a TA instrument DMA Q800 material.  This 

analysis allowed for the studying of the behaviour of the blends under a constant load.  In an 

oxygen atmosphere with liquid nitrogen temperature modulation the samples were loaded and 

placed under a consistent load, governed by the following equation: 

                       

Where F is equal to the static force on the beam, T is equal to the thickness of the sample, W is 

equal to the width of the sample, and L is equal to the length of the sample. The samples were 

then heated from room temperature, to below their projected melting temperature; the 

temperature at which the bar of material had deformed a more that 250 um under 3 point bending 

has been identified as the heat deflection temperature. 

2.4.3 Thermogravimetric Analysis 

Thermographic analysis is conducted using TA instrument TGA Q500. This analysis allows for 

the thermal stability of the lignin and polymer samples in inert atmosphere.  Prior to the loading 

of samples the pan is cleaned using a blowtorch.  The 5-10 mg sample is then loaded onto the 

pan and inserted into the Thermogravimetric analyzer and heated at a rate of 20ºC/min up to a 

maximum temperature of 800ºC.  This temperature was selected as it is at this temperature where 

any lignin present in the blend would be carbonized, and both polymers involved in the study 

would have degraded. 
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 2.5 Melt Flow Indexing 

Melt Flow Indexing was conducted using a Qualitest melt flow index device. During this 

experimentation the ASTM standard for temperature and weight were used.  A temperature of 

190 degrees C was applied for both PHBV and PCL in the machine.  A weight of 2.16 KG was 

applied in order to measure the melt flow of the sample.  10 second was chosen for the time 

between sample cuts. 

2.6 Fourier Transform Infra-Red Spectroscopy 

FTIR spectroscopy was conducted through the use of a Nicolet 6700 spectrometer; a thin strip of 

polymer material was excised from the whole sample through the use of a cutting implement.  

The sensor of the spectrometer was then washed with acetone to provide a neutral surface for 

analysis.  The acetone was then removed from the surface and probe through wiping.  The probe 

was closed, and the background spectra were analyzed.  This was done in order to determine 

what spectra were inherent in the testing area that may interfere with the equipment.  These 

spectra were then subtracted from the results of the analysis automatically by the spectrometer.  

As such, the background sample was required to be taken after every sample run in the machine 

to keep the background reading as up to date as possible. In order to ensure resolution was good 

for all substances studied, FTIR was spectra were normalized and stacked for presentation 

purposes. Normalization was conducted using origin software. 

2.7 Scanning Electron Microscopy 

SEM was conducted on a Phenom ProX desktop scanning electron microscope with integrated 

elemental analysis software.  In this analysis, samples that had been fractured at room 

temperature through the use of an impact hammer were utilized for scanning.  These samples 

were cut below the fracture surface and loaded into the instrument.  These samples were then 
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analyzed at a range of magnification levels.  If any section of the sample exhibited signs of 

burning, the second under analysis was abandoned in favour of a section free of damage.  

Particularly when PHBV was involved, the electron beam was capable of burning the samples. 

Such damage left a telltale pattern, so relocation was a simple matter. 

2.8 Rheological Analysis 

Rheology experiments were conducted through the use of an Anton-Parr Rheometer system.  A 

flat-disc system was utilized to analyze the materials. Experiments were conducted at the 

processing temperature for the blends examined mechanically, 180⁰C.  The materials were first 

analyzed to using frequency sweep to determine the range in which the material behaved as a 

linear visco-elastic material.  The materials were then analyzed over this range at constant 

temperature in order to determine their rheological behaviour. 
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3 Blends of PHBV, PCL, and Lignin 

3.1 Results and Discussion  

3.1.1 PHBV/Lignin Blends 

The first blend type to be analyzed in this chapter is blends of PHBV and Lignin; the reasoning 

for stems from the fact that PHBV and PCL behave quite differently in the presence of lignin.  

PHBV is a stiff polymer, and as such is hypothesized to experience a reduction in mechanical 

properties related to stiffness, such as tensile strength and flexural strength, with the addition of 

the less mechanically robust lignin particles.  This is a trend that has been observed in previous 

studies that have been conducted on PHB and lignin [11,30]. Figures 8 and 9, and supplementary 

data in Table 2 provide a summary of the behaviours of the blends under mechanical tests.  It can 

be observed that PHBV is a brittle polymer, with a % Elongation of 5% and a relatively low 

value of 28.3 J/M for notched Izod impact tests. Unlike tough polymers, there is not a 

reorganization of polymer chains as extension occurs that allows the stress-induced 

crystallization to occur [33].  The strength of this polymer is heavily dependent on the isotactic 

crystalline structure of the polymer [29].  
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Figure 8: Tensile Strengths from Moduli of PHBV/Lignin Blends 

Keeping this bit of information present in mind, it can be understood why the addition of lignin 

may affect the polymer as severely as it does.  It can be seen in both tensile and flexural data that 

there is a steady initial drop off of properties following the addition of lignin.  A likely cause of 

this is the lignin particles present in the blend causing a disruption of the crystalline structure of 

the PHBV matrix. This behaviour has been similarly observed in blends of PHBV and lignin by 

Camargo et al. [30] and Doherty et al. [11]. In these experiments the addition of Lignin was 

shown to disrupt the crystallization behaviour of the polymer matrix, which correlated with a 

reduction in stiffness-based properties such flexural strength and tensile strength, as well as an 

overall reduction in properties correlated with tough polymers, such as % elongation and impact 

resistance.  Similar observations have been made by Li et al. [12] in relation to PLLA, another 

stiff polymer.  In their study it was observed during microscopy that due the fact that lignin 
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displays no glass transition temperature or melting behaviour, it is not particularly accurate to 

refer to the behaviour of this blending system as a miscible or immiscible.  The influence of 

lignin on the consistency of the PHBV matrix can be observed in Table 2 most strongly in the % 

elongation data.  In this chart it can be seen that the % elongation decreases drastically with the 

addition of lignin.  This is most is likely to be caused by the disruption of the continuous lignin 

matrix.  This is also true in the case of impact energy, where the disruption of continuous 

structure decreases the ability to form a consistent, continuous formation.  This correlates with 

the results of Carmargo et al. [30]. In this study, the addition of the lignin filler resulted in a 

significant drop off in impact properties due to the disruption of the continuous PHBV matrix 

with a weaker material. 

This type of behaviour is also apparent in the flexural properties, where similar trends are 

displayed. In this case the addition of lignin causes a larger initial reduction of mechanical 

properties at the 90/10 PHBV/Lignin loading, including the expected increase in flexural 

modulus that is associated with and other similar fillers.  Once again there is less of a difference 

of strengths between 90/10 PHBV/Lignin blend and neat PHBV than there is between the 90/10 

PHBV/Lignin blend and the 80/20 PHBV/Lignin blend, or the 70/30 PHBV/Lignin blends.  This 

suggests that the system is more sensitive to the initial addition of lignin than it is to the addition 

of larger quantities of lignin. This behaviour has been observed with blends of PHBV and Talc 

by Whaling et al [71] and again with PHBV and rice straw by Buzarovska et al. [72]. This 

indicates that the initial input of additive materials disrupt the continuous structure of PHBV 

causing an overall reduction in flexural strength. 
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Figure 9: Flexural Strengths and Moduli of PHBV/Lignin Blends 

In Table 2 it can be seen that the heat deflection temperature increases with the addition of 

lignin, with some exceptions.  This is related to the fact that HDT is a measurement of the 

deformation of a sample under a certain set of conditions, in this case, the addition of thermal 

energy.   This test is structured in a 3-point bending setup, much like the flexural test described 

in section 2.  Therefore where the flexural modulus, which is a measurement of the ratio of stress 

to beam deflection, increases it follows that the heat deflection temperature should increase as 

well.  The one data point recorded for this factor that does not line up with this hypothesis is the 

HDT values for 70/30 PHBV/Lignin.  The value displayed is closer to the value obtained for neat 

PHBV (97.87 ± 1.92) than it is to the previously obtained value of 80/20 PHBV/Lignin Blends 

(108.66 ± 3.32).  This anomaly may be attributed to a number of factors.  The presence of lignin 

may be disrupting the polymer matrix in a way that causes it to weaken. It should be noted that 
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the standard deviation for this measurement is larger than that observed in other HDT 

measurements, which might imply difficulty blending the materials at this loading of lignin.  It 

should be noted for all samples that the standard deviation here is fairly high in each sample, 

suggesting that the impact lignin has on the HDT of these materials is very minor. 

Table 2: Mechanical properties of Blends of PHBV and Lignin 

Formulation Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

% 

Elong. 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Notched  

Izod 

Impact 

Energy 

(J/M) 

Heat 

Deflection 

Temperature 

(⁰C) 

Neat PHBV 21.2 ± 

0.79 

0.953 ± 

0.05 

4.92 ± 

0.14 

29.9 ± 

3.13 

1.141 ± 

0.052 

28.3 ± 

1.76 

97.87 ± 1.92 

90/10 

PHBV/Lignin 

17.2 ± 

0.79 

1.214 ± 

0.072 

4.03 ± 

0.30 

21.31 ± 

1.24 

1.441 ± 

0.029 

24.48 ± 

0.88 

104.66 ± 4.91 

80/20 

PHBV/Lignin 

13.9 ± 

0.54 

1.584 ± 

0.072 

1.42 ± 

0.007 

17.93 ± 

0.101 

1.606 ± 

0.029 

17.2 ± 

0.79 

108.66 ± 3.32 

70/30 

PHBV/Lignin 

11.6± 

0.141 

1.720 ± 

0.131 

0.97 ± 

0.29 

15.3 ± 

1.58 

1.770 ± 

0.055 

12.66± 

1.43 

99.68 ± 8.77 

 

In the DSC thermograms presented in Figure 10 it can be seen that there are other effects taking 

place in addition to physical disruption of the continuous PHBV matrix through the presence of 

lignin. In the exothermic behaviour it can be seen that the crystallization peak occurs 

approximately at the 106ºC mark.  The addition of lignin causes the peak to shift lower, where 

the 90/10 PHBV/lignin blend occurs at 98ºC, the 80/20 PHBV/Lignin at 95 ºC, and the 70/30 

PHBV/Lignin Blend at 94ºC.   
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Figure 10: Differential Scanning Calorimetry Thermograms of PHBV and lignin Blends (Upper: 
Exothermic, Lower: Endothermic) 

In literature, the leftward shifting behaviour of the peak observed in the exothermic (upper) 

portion of this diagram is referred to the retardation of the crystallization of the polymer.  In this 

case other phenomena can also be observed. The amplitude of the peaks also decreases with the 
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addition of lignin, implying that less energy is given off during the crystallization process of 

PHBV in the presence of lignin, (amplitude in this case is represented as a change in enthalpy 

between baseline and crystallization behaviour). Additionally the width of the peaks increases, 

occurring between wider varieties of temperatures. All of these factors combined suggest that 

there are some interactions going on between PHBV and lignin during the blending process. 

It can also be seen that the melt behaviour of PHBV is also influenced by the presence of lignin. 

This is most apparent in the endothermic side of the plot on Figure 10. In the neat PHBV curve 

there is a distinct double melting peak observable. In PBAT, this behaviour is indicative of 

multiple crystallization phases in a polymer [73]. Once lignin is added to the plot it becomes 

apparent that the higher temperature melt peak is displaying in reduced amplitude. This is 

interesting because lignin does not demonstrate melting behaviour in a way consistent with 

thermoplastic polymers [44,45]. This suggests that the presence of lignin is affecting the ability 

to melt in the same way as it would in its neat form, without the presence of lignin. From the 

behaviours observed from lignin in this section, keeping the objectives of the study in mind, 

80/20 PHBV/Lignin was selected as the optimal polymer blend system for future study as it 

offered the best balance of lignin content (20% loading), and mechanical properties, as the 

properties became lower upon the addition of 30% lignin loading, which was undesirable. 10% 

Lignin was not selected, despite offering a lesser reduction of mechanical properties because this 

quantity of lignin was considered too low to reduce the cost of the final blend. 
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3.1.2 PCL/Lignin Blends 

The next phase of study was the blends of PCL and Neat PHBV. PCL was selected to be blended 

with PHBV in later studies because it was deemed necessary for a toughening agent to be 

utilized to improve the impact properties and counter the brittle properties of the Lignin/PHBV 

blends.  PCL was chosen because, though it is sourced from fossil fuel based materials, it is a 

biodegradable polymer.  This property allows PCL to be used in biodegradable bioplastic blends 

without compromising that valuable property.  In work PCL was processed at the same 

temperature as the PHBV blends, due to the fact that, although the polymer has a much lower 

melting temperature (65ºC) than PHBV it was important to ensure that the materials were 

processed under the same conditions.  The polymer was not known to degrade until higher 

temperatures, (with significant onset of degradation around 240ºC [12]).   

Table 3: Mechanical Properties of Blends of PCL and Lignin 

Formulation Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

% 

Elong. 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Notched  

Izod 

Impact 

Energy 

(J/M) 

Heat 

Deflection 

Temperature 

(⁰C) 

Neat PCL 16.7 ± 

0.40 

0.447 ± 

0.022 

314 ± 

11 

18.29 ± 

0.11 

0.416 ± 

0.019 

368 ± 34 44.86 ± 0.63 

80/20 

PCL/Lignin 

18.8 ± 

1.36 

0.608 ± 

0.037 

69.3 ± 

4.27 

25.52 ± 

1.87 

0.651 ± 

0.053 

43.20 ± 

2.43 

52.39 ± 0.007 

80/20 

PHBV/Lignin 

13.9 ± 

0.54 

1.584 ± 

0.072 

1.42 ± 

0.007 

17.93 ± 

0.101 

1.606 ± 

0.029 

17.2 ± 

0.79 

108.66 ± 3.32 

 

In Table 3 it can be observed that the there have been some interesting effects on the PCL matrix 

by the addition of lignin.  As far as tensile strength properties, it can be seen that, unlike PHBV, 

PCL seems more receptive to the addition of lignin. While PHBV showed a reduction of tensile 
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strength with the addition of lignin, PCL showed an increase in strength in some areas, 

maintained its strength in others.  The tensile strength of Neat PCL is actually lower than 80/20 

PCL/Lignin.  This is contrary to the findings of Teramoto et al. [12] who observed the tensile 

properties of PCL statistically insignificant changes in the presence of lignin. In that study, the 

tensile strength of PCL did not change significantly with the addition of lignin.  This contrasts 

with the PCL/Lignin from the data presented in Table 3, where the addition of lignin results in a 

slight improvement of tensile strength from 16.7 MPa to 18.8 MPa. This discrepancy may be 

explained through a difference in processing methods, melt processing versus solvent blending, 

or potentially other differences in methodology, such as tensile testing speeds.  This experiment 

used a tensile testing speed of 5mm/min due to the brittle nature of the some of the PHBV/Lignin 

blends, to which this blend must be correlated. This is a slower speed than the testing speed of 50 

mm/min used in the study conducted by Teramoto et al [12].   

As expected the tensile modulus of the PCL/Lignin blends was seen to increase.  This is related 

to the presence of Lignin in the continuous PCL structure, however unlike PHBV, PCL is not as 

heavily reliant on continuous structure [33]. It is by nature a tough polymer, this allows for 

additional chain movements as the molecule stretches, strengthening the sample during a 

phenomena known as crazing [33].  The lignin prevents this happening to a full potential, as 

suggested by the lower % elongation in the PCL/Lignin blends. Similar behaviour was observed 

in the study of PCL and lignin blending conducted by Teramoto et al. [13].  In that study it was 

observed that the % elongation of PCL polymer significantly declined with the addition of 20% 

lignin. This can again be attributed to the problem of lignin being physically present in the 

matrix preventing chain movement as part of the plastic deformation phase of the stress-strain 
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curve; similar behaviour can be observed for other filling materials as well, perhaps to lesser 

extents depending on the grain size of the compound [74].   

It can also be observed in Table 3 that the flexural properties are increasing in the presence of 

lignin. This is suggesting that lignin has demonstrated a slight stiffening effect in the system.  

PCL has shown increased tensile properties and moduli, as well as increased flexural properties, 

coupled with a loss of impact energy and % elongation with additional lignin.  The next step in 

this study is the combination of PHBV and PCL blending in order to determine the compatibility 

and properties of the main blending system. 

In polymer blending, the goal is to gain the best combination of the combination of stiff and 

tough polymers involved in the blend.  In this blend system the role of the stiff polymer is filled 

by PHBV, and the tough polymer by PCL.   

3.1.3 Blends of PHBV and PCL 

PHBV and PCL have been identified as potential blending partners historically filling a number 

of potential applications [17],[33],[36],[81]. These polymers have been utilized historically as 

blending partners due to some complimentary properties such as biological inertness [33], and 

mutual biogradability [83]. PHBV and PCL blending was conducted under the same processing 

conditions as the bioplastic/lignin blending systems described in sections 3.1.1 and sections 

3.1.2. However these blends are differentiated by the lack of a solid agent present in the blend 

during processing like lignin, therefore it is free of that effect on the system.  In Figure 11 it can 

be seen that the addition of PCL to the PHBV system has an effect on the tensile properties of 

PHBV/PCL blends, additional PCL results in a lowering of the mechanical properties. This is 

expected as that nature of the system is different.  In this system there is no solid material that 
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exists throughout the processing step of the blend formation.  In these cases the properties of the 

blends are governed by the quantities of each polymer within the blend.  Though there are some 

interesting implications of occurrences during blending that need to be examined in greater 

detail.  In this case it is the implications of crystallization in systems that have such disparate 

melting temperatures.  The PCL phases of the system would still be in a liquid state when the 

PHBV matrix begins to crystallize.  Figure 12 depicts the flexural behaviour of the polymer 

system.  Much like the tensile properties, the flexural demonstrate stiffer behaviours in the 

presence of PHBV, and more tough behaviour with the addition of PCL.  Interestingly both the 

70/30 PHBV/PCL flexural strength and flexural modulus increase a small amount.  This is 

counter the expected value behaviour of the system.  This increase is not sufficiently large to be 

considered a major increase, however once the amount of PCL in the system increases normal 

behaviour is resumed. 

 

Figure 11: Tensile Strengths and Moduli of PHBV/PCL Blends 
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Figure 12: Flexural Strengths and Moduli of PHBV/PCL Blends 

Table 4: Mechanical Properties of Blends of PHBV and PCL 

Formulation Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

% 

Elong. 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Notched  

Izod 

Impact 

Energy 

(J/M) 

Heat 

Deflection 

Temperature 

(⁰C) 

Neat PHBV 21.2 ± 

0.79 

0.953 ± 

0.05 

4.92 ± 

0.14 

29.9 ± 

3.13 

1.141 ± 

0.052 

28.3 ± 

1.76 

97.87 ± 1.92 

70/30 

PHBV/PCL 

20.1 ± 

1.07 

1.110 ± 

0.064 

8.28 ± 

0.22 

31.51 ± 

2.76 

1.146 ± 

0.008 

32.52 ± 

1.37 

78.84 ± 0.79 

50/50 

PHBV/PCL 

20.1 ± 

2.05 

1.210 ± 

0.071 

113 ± 

5.2 

29.24 ± 

1.54 

0.885 ± 

0.086 

34.22 ± 

1.19 

62.97 ± 1.48 

30/70 

PHBV/PCL 

19.6 ± 

1.84 

0.916 ± 

0.098 

260 ± 

35 

29.58 ± 

0.87 

0.651 ± 

0.052 

130.47 ± 

9.69 

53.36 ± 5.83 

Neat PCL 16.7 ± 

0.40 

0.447 ± 

0.022 

314 ± 

11 

18.29 ± 

0.11 

0.416 ± 

0.019 

368 ± 34 44.86 ± 0.63 
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Table 4 contains the mechanical properties of the PHBV/PCL blends.  In this system it can be 

seen that % Elongation is heavily dependent on which polymer forms the matrix and which 

polymer in the interstitial spaces. In the case of this system, the polymers behave quite 

differently structurally, with PHBV depending on a highly crystalline matrix [11], and PCL 

forming an incompatible amorphous phase [36]. The 70/30 PHBV/PCL shows a very small 

increase in Notched izod impact energy and % elongation properties with the addition of PCL, 

whereas the 50/50 blend shows a much larger % elongation. It is still not at the 50% point 

between the values of PHBV and PCL, implying that the different natures of PHBV and PCL are 

causing some difficulties during blending. This behaviour correlates with observations noted by 

Hinuber et al [33].  However, further studies are necessary in order to properly understand the 

nature of the blending and morphology of this system.  At 30/70 PHBV/PCL it can be seen that 

the % elongation is closer to that of neat PCL, however the presence of crystalline PHBV phases 

within the polymer matrix cause a noticeable reduction of these toughness based properties due 

to restriction of the movement of the PCL chains. Similar effects have been noted when PCL has 

been blended with solid blend fillers, such as the blends of PCL and Lignin created by Teramoto 

et al. [13].  Morphological studies would be necessary to confirm, however it is hypothesized this 

manifests itself during tensile by impacting the ability of the PCL to undergo crazing, and 

therefore elongating under tensile loading.  This of course relies on the notion that PHBV and 

PCL are chemically immiscible, as has been reported in studies conducted by Owens and Glasser 

[17] as well as Hinuber et al. [33].  This effect becomes increasingly pronounced as additional 

PCL is added, as this polymer allows for greater movement of the polymer blend. Blends 

containing larger quantities In this study it was reported that PHBV and PCL are chemically 

immiscible, but mechanically compatible, which may influence the preservation of tensile and 
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flexural properties that are observed in Table 4 above. Sample stress-strain behaviour for these 

formulations can be seen in Figure 13 below. 

 

Figure 13: Sample Stress-Strain Curve of Blends of PHBV and PCL 

The DSC thermogram of the PHBV/PCL blends can be seen in Figure 14 below.  In this 

thermogram, it can be seen that the blending of the polymers does not particularly modify any 

aspect of the blends thermally. This is interesting, as it implies that the quantity of each 

component of the blend present in a given formulation doesn’t particularly impact any thermal 

behaviour during blending. This can be attributed to the fact that these materials do not 

demonstrate expectedly miscible behaviour [33]. Obviously this data is not sufficient to arrive at 

a final, satisfying answer without further support.  Rheological studies are necessary to further 

confirm the behaviours of these polymers during blending.  The enthalpies that go on during both 

melting and blending of each PCL both decrease during the course of blending.  In addition the 

peaks of the polymers in the blend converge with the addition of both polymers into the blend.  
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This implies that although the polymers are immiscible (demonstrated by the presence of two 

melting temperatures and crystallization peaks, suggesting two disparate phases) there may be 

some interactions that are going occurring in the system that cause some modification in these 

properties. The type of interaction that correlates with this behaviour is a modification of 

crystalline behaviour [82]. This suggests that, much like lignin, the addition of PCL during 

blending is retarding the crystallization of the PHBV matrix. 
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Figure 14: DSC Thermograms for PHBV/PCL Blends 
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3.1.4 Blends of PHBV, PCL and Lignin 

Now that binary blends of PHBV, PCL, and Lignin have been investigated, the next step is to 

add lignin into the system and determine the effects of lignin on this blending system.   

Incidentally, 50/50 PHBV/PCL offers the best combination of the factors of bio-based content, 

stiffness and toughness prior to the addition of lignin.  

The development of Lignin-filled thermoplastic systems has potential for a variety of successful 

commercial and useful applications.  However more work is necessary before any of the blends 

presented during this research are applicable in a commercial setting.  Each category of the work 

presented has received individual conclusions based on their results.  In some cases more work is 

necessary to more completely understand the implications of the data. 

PHBV/Lignin systems are suggested to behave the way they do based on a disruption of the 

crystalline structure by the placement of lignin within the matrix.  There is not a simple solution 

to this problem; however it must be overcome in order to make progress.  One solution is to 

assume that a compatibilizing agent is necessary to make full use of the blend.  In other work, 

compatibilizing agents have led to satisfactory results. However many compatibilizing agents are 

not bio-sourced, and may provide harmful effects upon degradation.  Due to the fact that impact 

strength is an important factor in many applications, it is decided that PCL be used to form a 

ternary blend of PHBV, PCL and lignin in order to improve the % elongation and impact energy 

of the overall blend system.  Additionally, based on data presented earlier in this chapter, PCL 

appears to react more favourably to the addition of lignin than PHBV does, retaining its strength 

to a higher degree in the presence of lignin. However it also exhibited a severe reduction in the 

area of % elongation and impact energy.  PHBV/PCL blending systems offered good mechanical 



54 
 

properties, with an observed increase in % elongation with the addition of PCL into the system.  

30/70 PHBV/PCL offered the best balance of mechanical properties, bio-based content, and 

extension/impact properties. 

The final investigated system is the (PHBV/PCL)/Lignin system.  In this system 20% lignin was 

added to the PHBV/PCL formulations discussed in section 3.3.  This was accomplished under 

the same conditions as the rest of the blends in terms of processing conditions, and was tested 

under the same conditions. In this experimentation all of the components were input into the 

extruder in one batch step. This means that each component was subjected to equal residence 

time within the extruder.  

It can be seen in Figure 15 that the addition of lignin has some interesting effects on the overall 

mechanical properties of the system. The 80/20 PHBV/Lignin system shows a large drop in the 

tensile strength, bringing the strength value to less than that of PCL.  However it also shown that 

this value has the highest tensile modulus and the lowest percent elongation.  This implies that, 

due to the crystalline nature of the polymer, the mechanical properties PHBV are more sensitive 

to the addition of lignin than the mechanical properties of the PCL. This is because the properties 

addition of lignin to the polymer system disrupts the continuity of the crystalline structure.  This 

behaviour has been noted to be in contrast to studies of PHBV and Multi-wall Carbon Nanotubes 

(NWCNT) conducted by Shan et al. [83] and studies of PHBV and cellulose conducted by Yu et 

al. [84]. In this case, the addition of reinforcement materials (carbon nanotubes and cellulose 

nanocrystals respectively) acted as nucleating agents for the PHBV matrix.  In section 3.1.1 of 

this document, it was discussed that the presence of lignin serves to retard the crystallization of 

PHBV. This explains the discrepancy, as if lignin had been acting as a nucleating agent there 

would be an upward shift in the melt crystallization temperature in comparison to the neat 
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material.  PCL infact, as mentioned earlier exhibits the opposite property with respect to Lignin, 

showing improved stiffness-related properties with the addition of Lignin in the system. PCL is 

known to be an amorphous polymer, which means the lignin provides structural reinforcement 

[36]. This comparison has previously been discussed in this document in sections 3.1.2 and 3.1.3. 

This similar relationship can be observed in the blends as well.  In Figures 15 and 16, it can be 

seen that, as PCL loading increases in the blends, the % of mechanical properties lost with the 

addition of lignin lowers.  This means that the tensile and flexural strengths of the 30/70 

PHBV/PCL blend system and the 80%(30/70) PHBV/PCL blends system are closer in terms of 

absolute value than that of the 50/50 blend system and its lignin version, as well as the 70/30 

blend system.  This can be attributed to higher quantities of amorphous polymer in the blend 

system. Similar behaviour was observed in blends of PHBV and PBS, where the blends featuring 

larger quantities of PHBS showed less sensitivity to the addition of lignin than the blends 

containing more PHBV.  This PHBV/PBS blend system was examined by Ma et al [14].  It can 

also be seen that the blends containing larger quantities of PHBV have higher tensile moduli.  

This is expected due to the naturally higher modulus of neat PHBV.  However the presence of 

lignin in the blend improves the modulus in every formulation presented in Figures 15 and 16. 
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Figure 15: Tensile Strengths and Moduli of (PHBV/PCL)/lignin Blends 

In Figure 16 it can be seen that the behaviour of the system in flexural testing is similar to the 

tensile behaviour of the various systems.  It can be seen here that lignin has a tendency to 

improve the properties of the more PCL heavy blends.   This is likely due to a combination of 

interactions between PCL and Lignin, and the effect of the lignin particles present in the physical 

system.  The moduli also increase with the additional presence of lignin; suggesting again that 

there is a stiffening effect resulting from the addition of lignin.   
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Figure 16: Flexural Strengths and Moduli of (PHBV/PCL)/lignin Blends 

In Table 5 it can be seen that the addition of both PHBV and Lignin result in a significant 

decrease in the Notched Izod Impact Energy exhibited by the various blends.  This occurs 

because impact energy is closely related to the amount toughness of the polymer [85].  Systems 

containing some amount of either PHBV or lignin cause a stiffening effect on the PCL matrix. 

This effect can be seen in the notched izod impact data, where the value of this property 

decreases with the addition of either PHBV or lignin to a PCL matrix. This increase of stiffness 

suggests that the polymer undergoes less elastic deformation, causing the resistance to the impact 

hammer to decrease [85]. Parallels can be seen in the heat deflection temperature of the polymer, 
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and which decreases with additional PCL (likely due to the lower melting temperature of the 

PCL polymer) and increases to a small extent with the addition of lignin due to stiffening of the 

material. 

Table 5: Mechanical Properties of Blends of PHBV, PCL, and Lignin 

Formulation Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

% 

Elong. 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Notched  

Izod 

Impact 

Energy 

(J/M) 

Heat 

Deflection 

Temperature 

(⁰C) 

Neat PHBV 21.2 ± 

0.79 

0.953 ± 

0.05 

4.92 ± 

0.14 

29.9 ± 

3.13 

1.141 ± 

0.052 

28.3 ± 

1.76 

97.87 ± 1.92 

80/20 

PHBV/Lignin 

13.9 ± 

0.54 

1.584 ± 

0.072 

1.42 ± 

0.007 

17.93 ± 

0.101 

1.606 ± 

0.029 

17.2 ± 

0.79 

108.66 ± 3.32 

Neat PCL 16.7 ± 

0.40 

0.447 ± 

0.022 

314 ± 

11 

18.29 ± 

0.11 

0.416 ± 

0.019 

368 ± 34 44.86 ± 0.63 

80/20 PCL/Lignin 18.8 ± 

1.36 

0.608 ± 

0.037 

69.3 ± 

4.27 

25.52 ± 

1.87 

0.651 ± 

0.053 

43.20 ± 

2.43 

52.39 ± 0.007 

70/30 PHBV/PCL 21.2 ± 

1.07 

1.110 ± 

0.064 

8.28 ± 

0.22 

31.51 ± 

2.76 

1.146 ± 

0.008 

32.52 ± 

1.37 

78.84 ± 0.79 

80% (70/30 

PHBV/PCL)/20% 

Lignin 

15.3 ± 

1.81 

1.370 ± 

0.061 

1.96 ± 

0.27 

27.51 ± 

2.99 

1.444 ± 

0.059 

25.01 ± 

4.08 

79.26 ± 1.36 

50/50 

PHBV/PCL 

20.1 ± 

2.05 

1.210 ± 

0.071 

113 ± 

5.2 

29.24 ± 

1.54 

0.885 ± 

0.08 

34.22 ± 

1.19 

62.97 ± 1.48 

80% (50/50 

PHBV/PCL)/ 

20% Lignin 

17.6 ± 

0.84 

1.280 

±0.14 

2.69 ± 

0.64 

29.64 ± 

0.65 

1.051 ± 

0.03 

28.09 ± 

1.56 

63.22 ± 0.93 

30/70 PHBV/PCL 19.6 ± 

1.84 

0.916 ± 

0.098 

260 ± 

35 

25.58 ± 

0.87 

0.651 ± 

0.045 

130.47 ± 

9.69 

53.36 ± 5.83 

80% (30/70 

PHBV/PCL)/ 

20% Lignin 

17.1 ± 

0.57 

1.140 

±0.43 

3.23 ± 

0.17 

26.57 ± 

1.65 

0.859 ± 

0.046 

37.09 ± 

1.56 

58.74 ± 2.74 

 

In Figure 17, the DSC thermograms of the formulations can be seen.   These formulations show 

similar behaviour to the blends examined in 3.1.3, except the addition of lignin has some 
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interesting effects when it comes to the crystalline peaks of the polymers. The presence of Lignin 

causes the PHBV melt crystallization peak to widen and decrease in enthalpy as the 

concentration of PCL increases.  This effect can be seen the curve for (70/30)/20% PHBV/PCL, 

however it becomes more dramatic as the quantity of the PCL in the blend increases. Additional 

analysis is required to understand completely the implications of this phenomenon.  A similar 

disappearance of the PHBV-related sections of the curve occurs in the endothermic peak as well.  
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Figure 17: DSC Thermograms for (PHBV/PCL)/lignin Blends 
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Figure 18 depicts the thermal degradation of blends of PHBV, PCL, and Lignin.  In this figure it 

can be seen that the addition of lignin continues to improve the thermal stability of both blends 

of singly PHBV, and PCL, in addition to blends of PHBV and PCL.  This effect seems to be 

compounded by the presence of lignin the 30/70 PHBV/PCL blend.  This blend has been 

hypothesized to demonstrate some reduced thermal stability due to the low degree of miscibility 

between the PHBV and PCL phases of the blend as described in section 3.1.3.  This type of loss 

of thermal stability in systems of immiscible polymers has been observed in a study conducted 

by Lizymol and Thomas [86]. In this study, PVC, poly(styrene-co-acrylonitrile) (SAN) and 

poly(ethylene-co-vinyl) (EVA) were blended in binary pairs to determine the effect of miscibility 

on this overall system. Here, PVC and EVA were completely miscible, yet EVA possessed a 

higher onset of thermal degradation temperature. In this blend it could be seen that the addition 

of EVA to a PVC matrix resulted in an improvement of thermal stability, however in the cases of 

SAN and EVA blends, and SAN and PVC blends, there was a reduction of overall thermal 

stability. These materials were noted by the authors to be immiscible [86]. In the case of blends 

of PHBV, PCL, and kraft lignin this is potentially due to the higher degree of thermal stability 

offered by raw kraft lignin compared to either one of these polymeric materials. However the 

work of Lizymol and Thomas [86] suggests that this means some reactions may be occurring 

between lignin and the polymer matrices. Here, the addition of lignin provides a higher 

temperature onset of degradation coupled with a higher quantity of material remaining after the 

degradation temperature of 800 degrees has been reached. 
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Figure 18: Thermal Degradation of Polymer Blends of PHBV, PCL and Lignin 

 

3.2 Conclusions 

The development of lignin-filled thermoplastic systems has potential for a variety of successful 

commercial and useful applications, such as application in consumer products and select 

packaging applications. However more work is necessary before any of these blends presented 

during this research are applicable in a commercial setting.  Each category of the work presented 

has received individual conclusions based on their results.  In some cases more work is necessary 

to understand the implications of the data. 

PHBV/Lignin systems are suggested to behave the way they do based on a disruption of the 

crystalline structure by the placement of lignin within the matrix [45,48]. This behaviour has also 
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been noted to occur in polymers that behave mechanically similar to PHBV, such as PLA [12].  

There is not a simple solution to this problem; however it must be overcome in order to make 

progress.  One solution is to assume that a compatibilizing agent is necessary to make full use of 

the blend.  In other work, compatibilizing agents can lead to satisfactory results [48],[52],[87]. 

However many compatibilizing agents are not bio-sourced, and may provide harmful effects 

upon degradation. Due to the fact that impact strength is an important factor in many 

applications, it is decided that PCL be used to form a ternary blend along with PHBV, PCL and 

Lignin. The idea was to improve the % elongation and impact resistance of the system. 

Additionally, from the data presented in this section, PCL appears to be mechanically affected by 

the presence of lignin to a lesser degree than PHBV was. However, it also exhibited a severe 

reduction in the area of % elongation and impact energy. PHBV/PCL blending systems were 

relatively sound mechanically, with an increase in % elongation with the addition of PCL into 

the system.  50/50 PHBV/PCL offered the best balance of mechanical properties, bio-based 

content, and extension/impact properties. 

This behaviour only increased with the addition of lignin particles into the mix.  The 80%(30/70 

PHBV/PCL)/20% Lignin blend experienced the highest impact energy, with a comparably low 

loss of tensile and flexural strengths.  Therefore it exhibited the best balance of properties out of 

all the blends, resulting in values similar to the initial neat PHBV. This contrasts with the 70/30 

blend, where the tensile and flexural strength are high, but the impact strength suffers due to the 

presence of lignin, as well as the 50/50 blend, where the impact energy is roughly equivalent to 

that of the  The one factor that is concerning about this blend is HDT.  PLC has a low melting 

temperature which causes the HDT of many of the PCL-dominated materials to have relatively 

low HDTs.  When the overall cross section of material properties is compared it becomes evident 
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that the 20% lignin/PHBV blend offers the best balance of mechanical properties/lignin content 

allowable by the materials.  The PCL blend was examined at this same lignin loading, and 

optimal lignin loadings were determined at this same level when stiffness/toughness balance is 

taken into consideration. 

The PHBV/PCL blends require some examination to determine the optimal blending ratio of 

blend components. Optimization of this blend becomes a matter of determining the optimal 

balance of stiffness and toughness. Prior to the addition of lignin it can be seen that the 70/30 

blend of PHBV/PCL offers the highest tensile and flexural properties by a small amount.  

However there is a minor loss in tensile and flexural strengths and moduli that accompanies a 

shift in blend ratio from 70/30 to 50/50. However there is not a large increase in impact 

properties accompanying this shift. The shift in properties between 30/70 PHBV/PCL and 50/50 

in terms of tensile and flexural strength balance that accompanies this blend is not significant; 

however the impact properties of the former blend increases dramatically from the alternative 

blends. When lignin is added the differences between the blends become more apparent. The 

70/30 blend begins to demonstrate several of the negative behaviours that can be correlated with 

the PHBV/lignin systems. This suggests that the optimal blend of this system will best utilize the 

lignin in a system where PCL forms the dominant phase of the polymer matrix. The 50/50 blend 

of PHBV and PCL offers a reduction in brittle behaviors of the polymer blend, where the 30/70 

blend offers stiffness-related properties comparable to the 50/50 blend with approximately 50% 

higher impact properties.  Therefore the 80%(30/70 PHBV/PCL)/20% Lignin blend represents 

the optimal blends of the materials analyzed in this study.  
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4.0 Reactive Extrusion of PHBV, PCL, Kraft Lignin, and Epoxidized Natural Rubber 

 

4.1 Results and Discussion 

 

Mechanical studies conducted in section 3.0 consisted of investigations of binary and ternary 

blends of PHBV, PCL, and lignin. After this study, it became apparent that additional impact 

modification was necessary. One common method of improving the impact properties of 

polymer systems is to include a rubbery phase in the material [57-61]. In this experimentation 

epoxidized natural rubber was added to the material in order to provide additional impact 

modification between the PHBV, PCL, and lignin phases of the material.  The impact modifying 

agent used in this study was epoxidized natural rubber with 25% epoxy functional groups. This 

particular material was selected based on the fact that the rubber component of the material is 

grown from various plants and is therefore bio-based [56] prior to the addition of the epoxy 

group. ENR-25 was also chosen based on the hypothesis that the presence of the epoxy group 

would promote interactions with either lignin or one of the two polyesters involved in the blend. 

This hypothesis is supported by several studies to provide superior quantities of impact 

modification to their blends [63-68]. Specifically, ENR has been successful at providing impact 

modification in systems containing blends of PHBV and epoxidized natural rubber [66], blend 

systems containing polypropylene and Nanoclay [61], and systems blending starch and natural 

rubber [65]. This history of application suggests that ENR is a suitable candidate for this 

particular blends system. 

When PHBV, PCL, lignin, and epoxidized natural rubber were blended, it was necessary to 

determine what interactions were taking place in such a complex system.  To this end, FTIR 

spectroscopy, rheology, and scanning electron microscopy were utilized to determine what, if 
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any, interactions have taken place.  FTIR Spectroscopy was utilized to examine the following 

blends in order to identify whether any shifts in spectra occur: Neat PHBV, 80% PHBV/20% 

Lignin, 97%PHBV/3%ENR, Neat PCL, 80% PCL/20% Lignin, 97%PCL/3% ENR, 30% 

PHBV/70%PCL, 80%(30/70 PHBV/PCL)/20% Lignin, 77%(30/70 PHBV/PCL)/20% Lignin/3% 

ENR.  Rheological analysis and SEM were utilized to explore processing and morphological 

conditions in the following blends: Neat PHBV, 80% PHBV/20% Lignin, Neat PCL, 80% 

PCL/20% Lignin, 30% PHBV/70%PCL, 80%(30/70 PHBV/PCL)/20% Lignin, 77%(30/70 

PHBV/PCL)/20% Lignin/3% ENR.  The utilization of these formulations allow for the 

generation of a clear understanding of what types of interactions and supports are taking place 

during the processing of these formulations. 

4.1.1 Fourier Transform Infrared Spectroscopy of Blends of PHBV, PCL, Kraft Lignin and 

ENR 

The use of FTIR to analyze this blend is complicated by the fact that PHBV and PCL are both 

polyesters and as a result share many similar spectra.  Therefore it is important to note the minute 

differences that do occur between these spectra.  Beyond both belonging to the polyester class of 

polymers, it is a simple matter to understand why these polymers share similar spectra when one 

analyzes their chemical structures, which are very similar in nature [33].  Both polymer systems 

consist of a polyester chain with a ketone side chain.  The difference between the two is that 

PHBV possesses a shorter monomer chain, but also includes a methyl side chain on the 

hydroxybutyrate portion, and an ethyl side chain on the hydroxyvalterate monomer. The FTIR 

Spectra of the PHBV, PHBV/Lignin, PHBV/ENR, Lignin and ENR can be seen in the Figure 19 

below. FTIR Peaks in this section have been normalized for qualitative comparison. This 

information has been collected in order to track the appearance of new peaks within the spectra. 
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Figure 19: Normalized Spectra of PHBV, Lignin, and ENR Blends.  

A) Neat PHBV, B) 80 PHBV/20 Lignin, C) 97 PHBV/3ENR D) ENR E) Lignin 

In Figure 19 it can be seen that the correlations between these spectra exist to a degree, while it 

can be seen that very little changes between the variations of PHBV/ENR and PHBV/Lignin, 

there are some subtle variations in the behaviour of these blends when the other polymers are 

involved, which reveals some clues as to the behaviour of these polymers in blend.  For example, 

in the 80% PHBV/20% lignin (B) spectra, there is a trough observed around the 3500-3000 nm 

range. A counterpart to this trough can be observed in the lignin spectra, yet cannot be observed 

in the PHBV spectra for this material.  Therefore, it can be observed that lignin is present in this 

matrix. This trough commonly correlates with aliphatic hydroxyl groups [55], which are 

abundant on the lignin molecule.  This indicates that these functional groups are not reacting 
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with the PHBV, allowing them to still be picked up the by FTIR sweep [55].  In addition to this 

peak, it can be observed that other peaks appear with the compounding of PHBV and lignin. 

While neat PHBV possessed at peak at 2930cm
-1

 correlating with C-H stretching, the 

PHBV/20% lignin spectra shows an additional peak at this region correlating with a similar peak 

on the lignin spectra at 2880cm
-1

. From literature, this peak also correlates with C-H stretching, 

however in this case; it refers to a different bond angle than is present in the PHBV molecule. In 

lignin, this peak reflects the bonds found in the aromatic ring [55]. The presence of these peaks 

on the spectra further confirm the presence of lignin within the polymer matrix. Additionally, 

there is a disappearance of a peak on the found on the PHBV matrix with the addition of lignin, 

suggesting that some form of bonding is taking place between the PHBV and Lignin molecule. 

Additionally, peaks correlating with the presence of the aromatic ring can be seen to occur at 

1600cm
-1

 and 1500cm
-1

. These peaks correlate with vibrations of aromatic rings, further 

confirming the presence of lignin in the matrix [55]. Unlike the addition of lignin, no similar 

shift in spectra can be observed with the PHBV/ENR matrix, suggesting that there were no 

reactions between these materials. Alternatively, as ENR is present only in very small 

concentrations in this blend (3%), it may be possible that the quantities of ENR are insufficient 

to show up on the spectra.  However this suggests that some element of the ENR can be used by 

the initial PHBV matrix.  In section 5.0 it can be seen that this pairing yielded deleterious 

mechanical behaviour however.  This suggests that any reactions that are going on are not ones 

which should be encouraged. Spectra of PCL, PCL/20% Lignin, PCL/3% ENR, kraft lignin and 

ENR can be seen in Figure 20 below 
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Figure 20: Normalized Spectra of Blends of PCL, Lignin, and ENR . 

A) Neat PCL, B) 80 PCL/20 Lignin, C) 97 PCL/3ENR D) ENR E) Lignin 

In this figure it can be seen that the spectra of PHBV and PCL do indeed contain similarities.  

This can be attributed to both polymers being primarily made up of polyesters with similar 

functional groups and peaks.  A comparison of the structure of the two polymers can be seen in 

Figure 22 below. 
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Figure 21: PHBV and PCL Structural Comparison 

As can be seen in Figure 21, the two polymers consist primarily of ester bonds, and feature 

prominent carbonyl structures.  Both of these polymers were hypothesized to form at the very 

least hydrogen bonds with the aliphatic and aromatic hydroxyl groups of lignin through the use 

of these carbonyl groups.  In Figure 21 it can be seen that the long trough from 3500 to 3000 nm 

associated with aromatic hydroxyl groups [55] has all but disappeared in the PCL/Lignin 

Spectra.  This indicates that some reaction has taken place to block the appearance of these 

spectra.  Interestingly there was no disappearance of any structures on the correlating with PCL 

in order to understand what element of the PCL structure is interacting with the lignin.  At this 

point is should be noted that any interaction with the lignin molecule will be likely focused 

around either the aliphatic or aromatic hydroxyl groups, this is cause these are the functional 

groups that exist most often, and in the largest quantities on the lignin molecule.  Other groups 

found on Kraft lignins are things such as sulphates or other organic sulfur compounds.  There 

exist also some ether and ester bonds which are possible acceptor slots for hydrogen bonding, 

however this is unlikely to have occurred given the absence of hydrogen bonding potential in the 

functional groups found in the other components of this system.   

The FTIR Spectra for Blends of PHBV, PCL, ENR, and Lignin can be seen in Figure 22: 
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Figure 22: Normalized Spectra of Blends of PHBV, PCL, lignin and ENR 

A) 30/70 PHBV/PCL, B) 80(30/70 PHBV/PCL)/20 Lignin, C) 77(30/70 PHBV/PCL)/20 Lignin/ 3 
ENR D) ENR  

In Figure 22 it can be seen that the various blends of PHBV, PCL and lignin do not have a 

significant effect on the peaks that can be observed in the spectra of the PCL matrix.  In these 

spectra it is important to note that PCL, which appears to be the most reactive of the two 

structures forms the bulk of the matrix.  It is important to note that PCL demonstrated a 

disappearance of the lignin aromatic hydroxyl peak (observed in Figure 23), which indicates that 

it is more reactive with the lignin than PHBV.  This behaviour can be correlated with the PHBV 

and PCL blends with lignin observed in Chapter 3 of this document.  In this mechanical data it 

can be observed that the PHBV did not react with the lignin to a degree that could be identified 

with FTIR spectroscopy, where PCL did.  This could help explain, in additional to physical 
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factors such as crystallinity and presence within the matrix, why PHBV showed a negative 

mechanical trend with the addition of lignin, whereas PCL showed a positive correlation with the 

addition of lignin.  It should also be noted in Figure 24 that there is a peak that appears during 

blending of PHBV and PCL.  This peak is occurs at the 3400 mark, and does not appear in 

neither the PHBV, nor the PCL spectra in the absence of blending together. This peak correlates 

with OH groups, as it similarly does in the lignin particle [55].This peak is not affected by the 

presence of lignin or ENR, and shows no shifting the presence of other materials.  This indicates 

that, although the polymers are known to be immiscible, that some reactions must be taking 

place within the processing of the materials to a minor degree.  Insight can be gleaned from SEM 

and Rheology as to why this is occurring.  

The full spectra of the (30/70 PHBV/PCL)/20% lignin blend, the (30/70 PHBV/PCL)/20 

Lignin/3 ENR blend and neat ENR can be seen in Figure 22. If such an interaction were taking 

place, it would be expected that a peak correlating with epoxy groups would appear on the blend 

spectra with the addition of ENR-25. In determining whether ENR has reacted with the polymer 

matrix, it is important to look for peaks correlated to the epoxy ring. The characteristic peaks for 

epoxy groups occur at 878 cm
-1

, and 1250 cm
-1

.  These peaks can be attributed to symmetric and 

asymmetric vibrations of the epoxy ring respectively [68,99].  In Figure 23, it can be seen that 

the addition of ENR to the bioplastic/lignin blend results in the formation of a small peak at the 

890 cm
-1

 point.  This shift indicates that some minor interactions have taken place between the 

matrix and ENR molecules.  Moreover, at 1240 cm
-1

 a shift in the peak found in this area can be 

seen, correlating with a trough seen in the ENR spectra at 1250 cm
-1

. Together these peaks 

indicate that interactions have taken place between ENR and the polymer matrix [99]. It should 

be noted that the addition of ENR-25 resulted in the expansion of a current peak rather than the 
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formation of a new peak, as the C-O components of ester bonds demonstrate spectra at 1240 cm
-1

 

[99].  As both PHBV and PCL are polyesters, this peak is already present in the spectra of the 

blends. 

 

Figure 23: Magnified Fingerprint Region of Spectra Blends of PHBV, PCL, Lignin, and ENR from 
500 to 1500cm-1  
A) 80(30/70 PHBV/PCL)/20 Lignin, B) 77(30/70 PHBV/PCL)/20 Lignin/ 3 ENR C) ENR  

 

4.2.2 Rheological Analysis of PHBV, PCL, Lignin, and ENR Blending 

During this study, rheological analysis was conducted in order to determine the behaviour of 

several of the polymers under melting conditions. The purpose of this analysis was to determine 

how the addition of non-thermoplastic material, such as lignin or ENR, modified the processing 
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of the blends. The following blends were analyzed in order to gain insight into how the 

modification of various blends effects the overall process ability of the final product:  PCL, 

PCL/20% Lignin, (30/70 PHBV/PCL)/20% Lignin, and 77(30/70 PHBV/PCL)/20/3% ENR. 

 In order to assess comparable results from blends with different rheological behaviour it 

becomes necessary to identify the linear visco-elastic range for each sample undergoing 

examination.  The importance linear visco-elastic range was outlined in section 1.2.5.  Figure 24 

depicts a typical amplitude sweep diagram for PCL.  This diagram is used to determine the linear 

viscoelastic range of the material. 

 

Figure 24: Typical PCL Amplitude Sweep Diagram 

Figure 24 represents a typical amplitude sweep diagram used in linear rheological analysis.  This 

diagram is intended to demonstrate the linear viscoelastic range of the PCL polymer. This range 

can be determined mathematically, or graphically, as it corresponds with a linear plateau in the 

storage modulus portion of the graph.  A value in this region is then recommended by the 
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software to serve as “amplitude” for the subsequent analysis seen in the figures below [75].  The 

difficulty here comes when trying to assess the linear viscoelastic range of a polymer with a very 

low viscosity.  The material then exhibits a linear viscoelastic range that is demonstrated to be 

below the measurement capabilities of the equipment. 

Figures 25, 26, and 27 below demonstrate the effects of the addition of PHBV, lignin and ENR 

to the matrix of PCL polymers in terms of complex viscosity, storage modulus, and loss modulus 

respectively.  In these diagrams, it can be seen that the addition of these material here has a 

variety of effects on the behaviour of the blend; however it does not have a similar impact on the 

degree to which frequency impacts the behavior of the material.  This implies that there is an 

incompatibility between the lignin and the polymer matrix [62,75].  

 

Figure 25: Complex Viscosity of Blends of PHBV, PCL and lignin toughened by ENR 

1.00E+02 

1.00E+03 

1.00E+04 

0.1 1 10 100 

C
o

m
p

le
x 

V
is

co
ci

ty
 

Angular Frequency (1/s) 

30/70 PHBV/PCL 

(30/70PHBV/PCL)/20% 
Lignin 

77(30/70 PHBV/PCL)/20% 
Lignin/3% ENR 

PCL/20% Lignin 

PCL 



76 
 

In addition to other properties, the rheological properties of the blending system in its molten 

state are helpful for identifying the applicability of the material under processing conditions [75].  

In this experiment the material was measured with an oscillatory rheometer. Figure 25 

demonstrates the frequency dependency of the complex viscosity of the various blends.  In this 

figure it can be seen that in the PCL and PCL/20% lignin blend, the primary difference between 

these blends relates to the fact that the absolute value of the plateau decreases with the addition 

of lignin. In Figure 25, it can be seen that the Neat PCL and PCL/20% lignin formulations 

exhibit a more pronounced Newtonian plateau compared with the 30/70 PHBV/PCL blend 

showing that shear thinning as started to occur in this blend. Similar observation in blend 

systems have been described by Elias et al [77] with reference to composites of polystyrene and 

organoclay, and by Ten et al. [96] with respect to composites of PHBV and cellulose 

nanowhiskers. The 80%(30/70)/20% and 77%(30/70)/20%Lignin/3% ENR blends do not enter 

the terminal range in the range measured in this experiment.  This suggests that shear thinning is 

more pronounced in blends containing PHBV, PCL, Lignin and ENR. Historically shear thinning 

correlates with solid-like materials such as polymer composites. This occurs due to the presence 

of solid materials, and phases of different viscosities within the molten polymer matrix 

[79],[82],[96].  In this experiment this type of material is represented by lignin and dispersed 

PHBV phases within the PCL matrix. In this case the addition of ENR does not appear to have a 

large impact on the absolute value of the complex viscosity of the blend. However in other 

experiments involved with ENR, such as the study of PLA and ENR conducted by Zhang et al 

[88], it can be seen that there is an increase in viscosity that comes with the addition of ENR. 

Here, this discrepancy can be accounted for due to the low ENR content (3%), in contrast to the 

higher quantities used by Zhang et al. [88].  In this study, it could be seen that the addition of the 
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addition of ENR did not cause any additional shear thinning to occur.  This can be attributed to 

the fact that there are only small quantities of ENR in this particular blend.  Interestingly the 

30/70 PHBV/PCL and related blends also show higher absolute complex viscosities than either 

neat PHBV or neat PCL.  This can be attributed to the fact that there are dispersed PHBV phases 

within the matrix.  These higher viscosities are caused by the flow restriction in the matrix 

resulting from the solid lignin particles, epoxidized natural rubber, and immiscible phases of 

PHBV and PCL. This explains why blending PHBV and PCL causes an increase in viscosity and 

a shift out of the terminal zone, where blends containing lignin and ENR shift even farther out of 

the terminal zone and demonstrate a higher increase in complex viscosity. Similar behaviour has 

been observed in immiscible blends of PP and PS conducted by Elias et al. [77]. 

 

Figure 26: Storage Moduli of Blends of PHBV, PCL and lignin Toughened by ENR 
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Figure 27: Loss Moduli of Blends of PHBV, PCL and lignin Toughened by ENR 

The frequency dependencies of the loss modulus (G’’) and storage modulus (G’) of blends of 

PHBV, PCL, Lignin and ENR are represented in Figures 26 and 27 respectively.  It can be 

understood that the loss modulus reflects the viscous response, where the storage modulus 

represents the elastic response of the material.  In terms of storage modulus at frequencies above 

50 rad/s all of the formulations with the exception of PCL/20% lignin experience similar 

behaviour. However below this point they begin to diverge.  It can be seen in this plot that the 

storage modulus exhibits an upward trend as frequency decreases correlating with the addition of 

PHBV, Lignin and ENR.  Once again, the behaviour of the 80%(30/70 PHBV/PCL)/20%Lignin 

and 77%(30/70 PHBV/PCL)/20% Lignin/3% ENR  match one another very closely, this can be 

attributed to the low concentration of ENR found in the blend, however a small shift in 

behaviour is observable. This behaviour can be correlated with the loss modulus, which 
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demonstrates upward trends of these materials as frequency decrease. The effect of lignin on the 

PHBV/PCL blend differs from results obtained on neat PHB in a study conducted by 

Mousavioun et al. [97], however their study used a lower concentration of lignin, and noted that 

as lignin content increased the material was having a similar impact to that outlined in Figures 26 

and 27. This effect is not as pronounced as in the storage modulus. However when the 

information from these plots are analyzed in parallel it becomes apparent that the immiscible 

phases in the material are well dispersed, causing the PCL chains to exhibit a lower degree of 

movement. This is because the viscosities of the PHBV and PCL phases are disparate at this 

temperature. It appears that the addition of lignin to the PHBV/PCL matrix causes both the loss 

and storage modulus to decrease. This suggests that, much like lignin the presence of ENR is 

causing a slight shift away from thermoplastic-like behaviour with its addition [77]. This 

suggests that the addition of ENR is improving the flow-ability of the matrix. This suggests that 

the presence of ENR has modified the interfacial adhesion between the other components of the 

blend system, as the overall viscosity of the system has increased, reducing the process ability of 

the material to a small degree. 

4.1.3 Morphological Analysis of PHBV, PCL, Lignin, and ENR Blending 

Seven formulations have been subjected to Morphological analysis using Scanning electron 

microscopy. The rationale for selecting these particular blends lies in the fact that they can 

provide a straightforward and logical path to explore the morphology of this system.  While the 

Neat PHBV and Neat PCL images do not provide a large quantity of information on their own, 

they can be used to aid in understanding of the morphology of the interactions between both base 

polymers and lignin. 30% PHBV/70% PCL was selected as to optimal blend from a point of 

view of mechanical properties due to superior stiffness-toughness balance when compared to the 
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alternatively conducted blends. These two polymers are known to be incompatible [81]. This 

suggests that PCL has formed the equivalent of a matrix, within which PHBV is distributed. 

SEM images will allow qualitative insight into the dispersion and distribution of the PHBV 

within the PCL matrix. Inclusion of lignin within this matrix would answer questions as to how 

the lignin interacts with the polymers in the matrix, such as: Does the lignin component favour 

one phase vs another? The addition of ENR will allow morphological clues as to why the impact 

strength is raise to such a high degree. Morphological behaviours of the polymer systems 

outlined in this study were analyzed through SEM.  In Figure 27, when comparing diagram 27C 

and 27D, where 27C represents a neat PHBV matrix, and 27D represents a lignin filled PHBV 

matrix it can be seen that the lignin particles vary in size, but become evenly distributed within 

the PHBV matrix.  This matches observations of lignin/PHBV morphologies examined by 

Lemes et al. [98]. This suggests that the parameters utilized during blending of these materials as 

outlined in chapter 3 were valid, and the polymer sample was suitably selected. The PCL and 

PCL/20% lignin images suggest that there are incompatibilities between the PCL matrix and the 

overall lignin particle.  This is characterized by the observable voids on the surface of the sample 

[13]. This suggests that there is poor adhesion between the PCL matrix and the lignin particles.  

Similar results have been observed by Teramoto et al. [13].  
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Figure 28: SEM Morphological Analysis (A) Neat PCL, (B) PCL/20% Lignin, (C) PHBV, (D) 
PHBV/20% Lignin.  
Red circles represent lignin particless. 
 

Figure 28 depicts morphological configurations of binary blends of PHBV, ternary blends of 

PHBV, PCL, and lignin, and quaternary blends of PHBV, PCL, lignin and ENR. This figure 
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demonstrates the changes in morphology that occur in each of these blends. These changes in 

morphology may help explain the differences in mechanical properties seen in these blends. 

 

Figure 29: SEM Morphological Analysis (A) 30/70 PHBV/PCL, (B) 80%(30/70)/20% Lignin, (C) 
77%(30/70)/20% Lignin/3%ENR  
Red circles represent lignin particless, blue circles represent PHBV phases in PCL matrix. 
 



83 
 

It can be seen in Figure 28A that compounding of PHBV and PCL result in the formation of 

distinct phases for each separate component of the blend. This shift in morphology can account 

for the dramatic loss in impact strength that comes with the addition of lignin with both the 30/70 

PHBV/PCL matrix and the pure PCL matrix. This occurs because the lack of interfacial adhesion 

between these two particles can impede the ability to transfer stress that allows PCL resist 

impacts and deform plastically [34,35]. In the 30/70 PHBV/PCL matrix it can be seen that the 

polymer blend separates into two polymer phases, with the PHBV encapsulated by the PCL. This 

is characteristic of immiscible polymers [77]. In Figure 28A can be seen that the PHBV phases 

have a tendency towards circular shapes; this indicates that the molten PHBV minimizes its 

surface area with the incompatible PCL matrix, behaviour that is characteristic of immiscibility 

between the PHBV and PCL matrix [77] Interestingly, in Figure 28B, the 80 %(30/70 

PHBV/PCL Matrix, the lignin particles can be seen to appear primarily within the PCL phase of 

the matrix rather than bridging the gaps between matrices.  This can be attributed to the fact that 

the size of the PHBV phase is roughly equivalent to the size of the lignin particles within the 

matrix.  Rheological differences between the PHBV and PCL phase of the matrix also likely 

contribute to the peculiarities of lignin distribution in this polymer system [78]. With the addition 

of ENR, as shown in Figure 28C, there is another observable shift in morphological 

configuration.  There is additional contact between the lignin particles and the PCL matrix.  This 

change in morphology indicates that there has been a reduction in the number of voids at the 

interface between the phases [77]. This suggests that there will be additional observable stress 

transfer between the materials during mechanical testing. Given that this increased contact is 

facilitated by a rubbery phase, it can be expected that the notched Izod impact properties of the 

material will improve. 
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Figure 30: Various SEM magnifications of 77%(30/70)/20% Lignin/3% ENR (A) 500x, (B) 1000x, 
(C) 3000x, (D) 5000x.   
Red circles represent lignin phases, blue circles represent PHBV phases in PCL matrix. 

The addition of ENR appears to have had other effects on the morphology of the blend system. 

Figure 29(A-D) represent the blend of 77(30 PHBV/70 PCL)/20 Lignin/3 ENR at four levels of 

magnification. Figure 29A allows insight into the distribution of the phases.  In Figure 29 C and 
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D, it can be seen that the addition of ENR has also caused a reduction in the amount of pull-out 

and dimples in the material.  Distinct PHBV phases are still observable in the matrix, indicating 

that the compatibility of these between PHBV and PCL has not been improved by the addition of 

epoxidized natural rubber. Therefore it follows that the presence of the rubber must be affecting 

this system indirectly. As the mechanical properties demonstrate that the presence of ENR has an 

effect on the behaviour of the material. In literature, this morphology is often associated with 

better stress transfer between the polymer phases [77,78].  Therefore, it is expected that 

appearance of this morphology will correlate with improved impact properties.  These properties 

will be explored in Chapter 5. 

 

4.2 Conclusions 

Reactive extrusion of PHBV, PCL, Lignin and ENR was able to produce a blend, which appears 

to have had some interesting effects from several points of view.  FTIR indicated that some 

minor reactions were taking place between ENR and the associated polymer matrices. In 

Rheological analysis it can be seen that the material exhibits properties traditionally associated 

with the addition of fillers can be seen existing between PHBV and PCL phases of the matrix.  It 

was observed that the addition of ENR lowered the complex viscosity of the polymers to which it 

was applied.  This suggests that there is a mild compatibilizing effect taking place between these 

two polymer matrices. 
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5.0 Modification of Blends of PHBV, PCL, Lignin through the use of ENR 

 

5.1 Results and Discussion 

 

ENR has been utilized as an impact modifying agent in variety of systems.  It has been utilized in 

this capacity due to the fact that rubbery materials often have greater impact strength than 

traditional crystalline polymers [67].  The addition of a reactive side chain, such as an epoxy 

group has often been used to improve the impact modifying impact of NR additives. This 

material has been successful in systems containing blends of PHBV and epoxidized natural 

rubber [66], in blend systems containing polypropylene and Nanoclay [61], and systems blending 

starch and natural rubber [65]. Suggesting ENR is a suitable candidate for this particular blends 

system. 

Thermoplastic bio-blends of PHBV, PCL and Lignin produced in chapter section 3.0 were 

blended with ENR in chapter 4.0 to determine rheological, morphological, and reactions taking 

place. From the information gleaned in the previous chapter, ENR has been shown to have 

potential as an impact modifying agent in quaternary blends. The mechanical properties of the 

resulting blends are summarized in Table 6. In this table it can be observed that with increasing 

content of ENR there is a reduction in mechanical properties associated with stiffness, such as 

tensile strength and flexural strength as a general trend.   

Epoxidized natural rubber was blended with optimized blend systems under loadings of 1%, 3%, 

and 5% ENR by weight. The impact modification provided by these loadings can be observed in 

Figure 30. Here it can be seen that the addition of Lignin causes a significant drop in Impact 

energy of the 30/70 PHBV/PCL matrix. Using the 80%(30/70 PHBV/PCL)/20% Lignin blend 

system as a base, the addition of epoxidized natural rubber at a loading of 1% can be seen to 
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improve the notched izod impact energy of the blend by 40%. This behaviour is accompanied by 

a loss in maintenance of tensile strength and a minor loss in flexural strength and tensile 

modulus. These types of losses in are expected in the presence of the ENR. This behavior is 

similar to that noted by Tanrattankul et al. [67] in their experiments with toughening nylon 

through the use of ENR. This trend continues on to the 3% ENR blend, which shows an 

improvement in notched Izod impact strength of 98% over the 80%(30/70 PHBV/PCL)/20% 

lignin baseline of 37.09. This culminates in the examination of the 5% ENR blend, which shows 

an improvement of impact modification of 135% above the baseline.  From this, it can be 

observed that shift from 3% ENR to 5% ENR can be seen to show a smaller degree of gain than 

the increase from 1% to 3% ENR.  This system demonstrates diminishing returns in terms of 

gain in degree of toughening per wt% of ENR. A similar trend was observed in PLA in the work 

of Zhang et al. [88]. Many of the studies above were conducted on blends of ENR with a neat 

polymer system. Zhang et al. [88] found that in 10 wt. % ENR was required to double the 

notched Izod impact energy of PLA systems. 

In the 1% system, the gain is 14.2 J/M per % ENR.  In the case of the 3% system, the gain is 

demonstrating 12.1 J/M gain per % ENR.  In the case of the 5% ENR system, the gain in impact 

properties is roughly 10.0 J/M gain per % ENR.  This property should be noted when determine 

optimal ENR loading in this system. It can also be noted in Figure 30 that the addition of ENR 

did not change the impact behaviour of either Neat polymer system. Neither PHBV, nor PCL 

saw any gains or losses in impact energy with the addition of ENR.  This is potentially because 

the component of the larger polymer system is interacting with the lignin to some degree, likely 

either using it as a bridge between polymer phases or improving the interfacial adhesion of the 

system.  Rubbery additives also provide impact modification in the area of crack propagation. 
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During impact fracture, a crack that interacts with a dispersed rubber phase, the energy is 

absorbed. This has been identified as a key aspect of rubber toughening by Collyer [89]. The 

results of impact modification experimentation are depicted graphically in Figure 31 below:  

 

Figure 31: Impact Properties of Polymer Blends Impact Modified by ENR 

In comparison to the Notched Izod Impact Energy, the flexural strength begins to show some 

losses as ENR is added to the system. Here the addition of Lignin actually causes an increase in 

flexural strength and modulus.  This is expected behaviour in a PCL dominate system due to the 

fact that PCL has traditionally low stiffness properties and fillers are noted to stiffen materials as 

they are added.  With the addition of ENR it can be seen that there is a drop in both flexural 

modulus, and flexural strength.  This is expected as it is a sign that the material is being 
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toughened, which is the goal. These observed losses of flexural modulus and strength is due to 

the presence of dispersed instances of the rubbery phase within the polymer matrix. This 

phenomenon has been noted in blends of ENR with Nylon [67], starch [65], and PHB [66].  It 

can be attributed to induced degradation in the polymer system, or to the elastomeric nature of 

the rubbery material [88]. The 1% addition of ENR results in a 6.8% loss in flexural strength.  

This is comparable to 11.7% loss in flexural strength which can be observed in the 3% ENR 

formulation. Comparatively the 5% ENR blend experiences a 23.2% reduction in flexural 

strength.  This means that 1% ENR experiences loss at a rate of 1.79 MPa per % ENR by weight, 

3% ENR by weight experiences deleterious effects at a rate of 1.04 MPa/% ENR by weight, and 

lastly 5% ENR by weight experience a reduction in flexural properties experience loss at a rate 

of 1.22 MPa/% ENR by weight.  This suggests that the blend containing 3% ENR provides the 

optimal ratio of reduction of flexural strength to % ENR content. 

Tensile tests of PHBV, PCL and Lignin toughened by ENR demonstrate similar trends 

and behaviours to the flexural behaviour. This is expected as flexural and tensile properties are 

governed by similar molecular factors [89].  It can be seen that the values of the tensile strengths 

increase with the addition of ENR.  This tensile behaviour of this material is interesting in terms 

of % Elongation, here it can be seen that when lignin is added to the 30/70 PHBV/PCL matrix 

there is a significant drop elongation of the material.  This suggests that lignin within the matrix 

is causing disruption to the movement of polymer chains in the material during elongation.  This 

impacts the ability of the material to undergo the type of crazing behaviour that can be seen in 

the matrix of the PHBV/PCL blend.  Using the 80%(30/70 PHBV/PCL)/20% Lignin blend as a 

baseline, the addition of ENR causes a 100% increase in the elongation behaviour of the 

material.  The presence of an increase in % elongation correlates with morphology, as the 
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dispersed elastomeric rubbery phase is preventing the material from completely fracturing under 

stress for a little longer.  Similar behaviour has been noted in blends of ENR with PHB by 

Mohanty et al. [66], and with PLA by Zhang et al. [88]. 

Table 6: Summary of mechanical properties of PHBV/PCL ternary blends and 

PHBV/PCL/ENR Quaternary blends 

Formulation Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

% 

Elong. 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Notched 

Izod 

Impact 

Energy 

(J/M) 

Neat PHBV 21.2 ± 

0.79 

0.953 ± 

0.05 

4.92 ± 

0.14 

29.9 ± 

3.13 

1.141 ± 

0.052 

28.3 ± 

1.76 

97% PHBV/3% ENR 16.9 ± 

0.79 

1.005 ± 

0.055 

1.77 ± 

0.26 

24.22 ± 

1.34 

1.361 ± 

0.061 

28.7 ± 

1.95 

80% PHBV/20% Lignin 13.9 ± 

0.54 

1.584 ± 

0.072 

1.42 ± 

0.007 

17.93 ± 

0.101 

1.606 ± 

0.029 

17.2 ± 

0.79 

Neat PCL 16.7 ± 

0.40 

0.447 ± 

0.022 

314 ± 

11 

18.29 ± 

0.11 

0.416 ± 

0.019 

N.B. 

97% PCL/3% ENR 16.2 ± 

0.77 

0.402 ± 

0.12 

300 ± 

27 

16.20 ± 

0.63 

0.389 ± 

0.27 

N.B. 

80% PCL/20% Lignin 18.8 ± 

1.36 

0.608 ± 

0.037 

69.3 ± 

4.27 

24.48 ± 

1.87 

0.646 ± 

0.062 

43.20 ± 

2.43 

30/70 PHBV/PCL 19.6 ± 

1.84 

0.916 ± 

0.098 

260 ± 

35 

25.58 ± 

0.87 

0.651 ± 

0.045 

130.47 ± 

9.69 

80% (30/70 

PHBV/PCL)/ 20% 

Lignin 

17.1 ± 

0.57 

1.140 

±0.043 

3.23 ± 

0.17 

26.57 ± 

1.65 

0.859 ± 

0.046 

37.09 ± 

1.56 

23/54/20/1 

PHBV/PCL/Lignin/ENR 

14.7 ± 

0.47 

0.1090 ± 

0.024 

2.53 

±0.51 

24.78 ± 

2.27 

0.856 ± 

0.071 

51.84 ± 

2.96 

23/54/20/3 

PHBV/PCL/Lignin/ENR 

13.6 ± 

1.13 

0.749 ± 

0.130 

5.35 

±0.51 

23.45 ± 

1.14 

0.810 

±0.66 

73.51 ± 

6.65 

23/54/20/5 

PHBV/PCL/Lignin/ENR 

13.0 ± 

0.36 

0.599 ± 

0.029 

5.14 ± 

0.26 

20.51 ± 

0.69 

0.695 ±  

0.029 

87.45 ± 

9.63 

 

One possibility for these losses in the behaviours of the mechanical properties may be due to 

insufficient interaction between the epoxidized natural rubber and the PHBV/PCL phase of the 
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matrix, or insufficient interaction between the lignin phase of the polymer and ENR. However 

the improved % elongation and impact modulus are indicative of good morphological behaviour 

[89].  This can more likely be attributed to the elastomeric nature of the rubber, as well as its 

small concentration within the polymer matrix.  These materials are capable of deforming, but 

require less force to do so [88]. 

 

 

Figure 31: Thermal Degradation of PHBV, PCL, Lignin, and ENR Blends 

In the Figure 31 presented above it can be seen that the addition of lignin and does not appear to 

have a large effect on the overall behaviour of the PHBV, PCL, and Lignin blend.  Thermal 

stability appears to be largely maintained over the run of the diagram.  This is reassuring, as 
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lignin had already been shown to improve the thermal degradation behaviour of the material.  

ENR does not appear to compromise this value.  This is expected as the concentration of ENR -

25 involved in this blend is very small. ENR has been noted to improve the thermal stability of 

the blends in which it is involved [88],[92],[93].  

5.2 Conclusions 

The addition of ENR-25 to the polymer blend shows a slight reduction in strength for the ternary 

blends of PHBV, PCL and Lignin.  This is balanced by an improvement of the the elongation 

behaviour and a great improvement in impact strength of the quarternary blends.  This behaviour 

is consistent with the improvement in compability between the polymer phases of the blend 

system, as well as increased interfacial adhesion between the lignin and polymer phases. The loss 

in mechanical strength associated with the addition of small quantities of ENR may suggest that 

the ENR forms a distinct rubbery phase which impacts some of the stress transfer properties of 

the material. It may be necessary for a dedicated compatibilizing agent to be used in order to 

round out the blend. 
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6.0 Conclusions and Future Research 

 

6.1 Conclusions 

 

6.1.1 Blends of PHBV, PCL, and Lignin 

 

Lignin was blended with PHBV and PCL in order to create a sustainable bio-blend through melt 

processing.  The resulting blend systems provided mixed results. It could be seen in the SEM 

images of these pictures that there were incompatibilities between the PHBV and PCL phases of 

the matrix when melt blended at 180⁰C.  This suggested that the system was composed of 

independent phases in the matrix.  Blends of PHBV and lignin show a reduction in most 

mechanical properties correlating with an increase in lignin content in the blend. This was 

attributed to the fact that PHBV is a semi-crystalline polymer that is dependent on a continuous 

phase that the presence of the lignin particles in the matrix disrupts, causing brittle behaviour in 

the polymer matrix.  This contrasts with the solely PCL matrix, where the matrix polymer is not 

as dependant on an overall continuous matrix for the success of its mechanical properties.  When 

compounded with lignin PCL shows improved mechanical strength with a loss in % elongation 

and when assessing the mechanical and thermal data gathered from this experiment it was 

determined that PCL is a superior matrix for lignin blends in relation to PHBV.  Fortunately the 

addition of PHBV provides some enhancement to the mechanical properties onto this PCL 

matrix.  This can be attributed to the PHBV phases of the matrix interrupting the PCL matrices 

ability to yield when under stress.  This feature is important as it gives the polymer more 

attractive behaviour under tensile and flexural loading, increasing its viability for a number of 

applications. 



94 
 

The PHBV/PCL ternary blends show a range of behaviours with the addition of lignin; however 

it can be observed that in every case the resulting blend is more brittle than each of the lignin 

free bio-blends. This is due to discontinuity in the phases resulting from the addition of the brittle 

lignin material. Because of the nature of PCL, this effect is attributed to the tendency towards 

chain movement that is a characteristic of that polymer.  Therefore the 30% PHBV/ 70% PCL 

blend shows the best mechanical properties in the presence of lignin when compared to 50/50 or 

70/30 blends.  In the DSC portion of this experimentation evidence of compatibility between the 

PHBV phase of the material and the kraft lignin blending into the matrix.  It can however be 

observed that kraft lignin retards the crystallization of the PHBV matrix; this suggests an anti-

nucleating effect operating between the lignin and the PHBV phase of the blends.  Impact 

strength shows a large reduction in most blends, which likely results from insufficient 

interactions between the PHBV phase of the matrix and the PCL/PHBV phases of the material, 

as well as physical disruption of the polymer matrices, which may lead to the formation of 

micro-voids or cracks in the material, thereby weakening its impact strength 

6.1.2 Reactive Extrusion of Blends of PHBV, PCL, and Lignin Toughened by ENR 

 

The aim of adding ENR-25 was to improve the impact modification of the polymer matrices and 

the lignin.  Increasing the overall interfacial adhesion was deemed a secondary goal.  In this case 

the reactive extrusion of lignin onto the matrix would be examined with several analytical 

methods in order to determine whether any interactions between the other components of the bio-

blend and ENR-25.  As an alternate hypothesis it is possible that the ENR is forming a fourth 

phase in the material exhibiting rubbery characteristics that resist the propagation of cracks, 

allowing the material to better respond to impulse forces, such as those that occur during impact.  

FTIR spectra revealed limited some minor interactions taking place between the PHBV and PCL 
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phases of the matrix.  The addition of lignin resulted in the appearance of spectra correlated with 

the aromatic rings that are characteristic of the monolignols.  This suggests that any interactions 

taking place between the lignin monomer and either matrix in their unmodified form are 

minimal.  The presence of ENR in the matrix appears to have some minor reactions between 

with both polymers, as spectra appear that correlated with the added epoxy groups on the 

isoprene backbone.   

When examining the rheological studies it quickly becomes apparent that addition of lignin to 

blends of PHBV and PCL is having a very different effect than adding lignin to either PHBV or 

PLC.  This can be identified examining the behaviours of the complex viscosity and rheological 

moduli.  In the diagrams it can be seen that the addition of ENR does not appear to affect the 

Newtonian peaks of the material, merely reducing the absolute value of the viscosity and moduli.  

This is initially counterintuitive, but can be attributed to the potential for ENR to be acting as a 

mild compatibilizing agent between the disparate phases.  The blending of PHBV with PCL 

indicates a decrease in flowability and a shift away from plastic behaviour. This suggests that 

PHBV and PCL not only that PHBV and PCL are chemically incompatible, but also that PHBV 

is forming small dispersed phases within the polymer matrix that are behaving in a similar way 

to filler particles.  This effect is exacerbated by the addition of lignin, causing an even greater 

shift towards solid-like behaviour.   

Interestingly, the rheological suggestion that PHBV behaves forms small spherical filler-like 

phases can be observed in the SEM pictures taken of these blends.  Here it can be seen that 

PHBV forms tiny spherical phases distributed within the PCL matrix. Because of this 

morphology it can be seen that the lignin favors the PCL phase of the material in this particular 

blend.  This is because of the manner in which the PHBV is distributed.  Occasionally lignin 
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within the PHBV matrix can be seen in the SEM images; however this is by no means the norm.  

Evidence of poor adhesion between the PHBV/PCL matrixes was observed as well, this can be 

demonstrated by the observable voids between the PHBV and PCL phases of the material and 

the overall prevalence of dimples in the PCL matrix fracture surface.  This suggests that a 

method of improving the overall properties of these materials would be beneficial.  With the 

addition of ENR-25 it has been observed that these features decrease. 

6.1.3 Mechanical Properties of Blends of PHBV, PCL and lignin toughened by ENR 

The purpose of this portion of the experiment was to determine the impact of blending small 

quantities of ENR-25 with the previously optimized polymer blend.  Here, the loadings of ENR 

chosen were 1%, 3% and 5%.  These materials were blended under identical conditions and 

analyzed for mechanical properties.  Here it was observed that 1% ENR provides a significant 

shift in impact resistance, however this comes at a minor cost of tensile and flexural strength and 

moduli.  The addition of 3% ENR continues this trend, improving the tensile properties to an 

even greater degree.  Although the 5% ENR blend continues to improve the impact properties of 

the material there is a considerable drop-off of stiffness related properties.  Additionally it can be 

seen that ENR does not significantly impact the thermal degradation of the optimized blend. 

6.2 Future Research 

 

6.2.1 Addition of compatibilizing agent 

 

Based on the literature review and discussion topic, as well as the final results of this thesis, one 

of the major problems that can affect lignin-based blends is the compatibility between lignin and 

one or more of the other components in the polymer blend.  The addition of ENR to the blend 

which previously exhibited low degrees of compatibility began to show signs of improved 
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adhesion, which reflected in improved mechanical and thermal properties.  However in much of 

the literature surrounding ENR, its effects are further improved through the addition of some sort 

of compatibilizing agent. This has been shown to be effective in several cases [57], [59],[67].  

Therefore in order to improve the material provided here it is suggest that some sort of 

compatibilizing agent be added to the material. Maleated polybutadiene has been shown to be 

effective in the past [57].  Blending small quantities of that material to the blend may be shown 

to show an even greater increase in mechanical properties. It would only need to be a very small 

quantity of the material (0.5% for example). There may also be some value in reacting the 

material with the ENR before compounding in order to provide additional reactivity with the 

other components in the polymer matrix during reactive extrusion. This could be done prior to 

reaction in solution with an added drying step, so long as it is not conducted at temperatures 

which would cross-link the rubber.  It is possible that such as step would improve the features of 

the lignin blend and provided added interactions in the matrix. 

6.2.2 Auxiliary Properties of Lignin in Blends 

 

The direct implications of blends produced in this project have yet to be fully explored; however 

it is likely that some of the inherent properties of lignin can be exploited to provide attractive 

features in areas where other properties are needed in additional to structural characteristics. 

There are two exploitable properties of lignin that could be applied to interesting degrees in this 

polymer system: the antioxidant properties of lignin, and antimicrobial properties of lignin.  

Studies on the radical scavenging ability of lignin in the polypropylene matrix have 

demonstrated that lignin displays approximately 45-50% of the scavenging ability of a 

commercial antioxidant material [61-63].  The advantage provided here is the considerably lower 

cost of the lignin molecules. This means that lignin could become an attractive solution to 
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increasing the shelf life of plastics that require being exposed to the elements as a part of their 

function.  Another possible application involves exploiting the natural ability of lignin to act as 

an antimicrobial agent [64], both PHBV and PCL are biologically inert plastics suggesting that 

this combination of materials could have some interesting applications in the medical industry. 
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