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ABSTRACT 

BIODEGRADABLE BIOBLENDS: A STUDY OF FABRICATION AND LIFE CYCLE 

ASSESSMENT OF BLENDED BIOPOLYMERS AS SUSTAINABLE MATERIAL FOR 

PACKAGING APPLICATIONS 

Mary “Mal” Hedrick         Advisor(s): Manjusri Misra 

University of Guelph, 2021         Amar K. Mohanty 

 

A biodegradable ternary blend fabricated from polylactic acid (PLA), poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and polypropylene carbonate (PPC) with a 

good balance of stiffness and toughness via optimizing composition ratio and morphology is 

provided in our work. 20% PLA, 40% PHBV and 40% PPC obtained tensile strength at 44 MPa 

with an elongation at break of 215%. Thermal performance showed an HDT value of 72°C. The 

Harkins equation predicted that the three immiscible polymers formed a complete wetting 

morphology. Initial impact assessment revealed that 1:1 PLA-PPC binary blend produced at lab 

scale had emissions for all impact categories that resulted from the effects of materials PLA and 

using synthetic based PPC. This LCA study provided an initial baseline for these biodegradable 

materials.
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1 Introduction 

 Biodegradable Blends of Biopolymers 

Blending biodegradable biopolymers is necessary as it is not possible to get all 

mechanical and thermal properties needed for sample materials. Blending two or more biobased 

polymeric materials enhances physical and mechanical properties when compared to the using 

neat biopolymer alone. Many studies on biodegradable bioblends materials have been studied 

over the decades. For example, PHB is well studied because its comparable mechanical 

properties to that of polypropylene1 and as such is useful in food packaging applications1-4. 

Polyhydroxyalkanoates (PHAs) are thermoplastic biopolyesters produced via bacterial 

fermentation of sugars.  Compatibilty and mechanical properties of PHA can be changed 

chemical surface modification. Poly-(R)-3-hydroxybutyrate (P3HB), a PHA, is simple 

biopolymer containing three carbons on the polymer backbone where it contains the carbonyl 

functional group and the other contains a methyl group on the carbon 3 position with hydroxyl 

groups positioned on both ends of the polymer. There exist numerous studies on PHB regarding 

blending amorphous stereoisomers1-9, with more flexible side chains on the biopolymer 

backbone10 to control growth rate of spherulites and increasing elongation at break.  However, 

PHB has reduced mechanical strength and is brittle11-14. PHB and PHB derivatives have been 

melt blended or solvent casted with other polymers such as PLA8, 10, 15 where toughness and 

miscibility16-18 was shown to improve but crystallinity was shown to decrease16 with increasing 

amounts of PLA. 
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Polyhydroxyvalerate (PHV), another PHA, is related to PHB and only differs by its alkyl 

substituent where the methyl group is replaced by an ethyl group. Poly(3-hydroxybutyrate-co-

3-hydroxyvalerate) (PHBV) is a copolymer of 3-hydroxybutanoic acid and 3-hydroxypentanoic 

acid. It has been found that adding higher percentages of HV make the PHB more flexible11 and 

use of even longer alkyl side chains in HA units contributed towards material flexibility and 

ductility. Use of PHBV aids in making melt blended material more thermally resistant and heat 

deflection temperature is higher in neat PHBV compared to neat PHB. Use of PHBV is also 

beneficial as its comparable to PHB in both tensile and impact properties. PHBV is 

commercially viable and has slightly improved flexibility due to slightly longer side groups 

contained in the HV portion. PHBV also possesses high heat deflection temperature due to be a 

crystalline biopolymer. However, like PHB, PHBV is also brittle therefore it must be blended 

with other biopolymers or chemically modified with end groups containing functionality to 

improve mechanical properties.  

 Life Cycle Assessment of Binary Biopolymer Blend 

With the growing concern about the climate change, numerus initiatives have been taken 

to reduce the environmental impacts from every sector of human activities. Petroleum-based 

plastics use depleting fossil fuels, which contribute to rising greenhouse gas emissions. 

Petroleum-based plastics also take many decades to breakdown in the environment resulting in 

many problems. Alternatively, plastics produced as a byproduct from bacteria are a good 

alternative to substitute for use of petroleum based plastics.  Biodegradable plastics require less 
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energy to produce on an industrial scale and are environmentally friendly19, 20. Polylactic Acid 

(PLA) and polypropylene carbonate (PPC) are both biodegradable and friendly for the 

environment 19, 20. Life Cycle Assessment (LCA) determines emissions of materials throughout 

their life cycles, which is known as cradle to gate or cradle to grave analysis21. PLA was assessed 

by prior studies22-24 by Life Cycle Assessment (LCA) to determine global warming potentials. 

However, the life cycle of the biodegradable binary blend from PLA and PPC is yet to be 

reported.  

Recently, biocomposites containing biodegradable PHB25, 26, PLA27-29 , PBS30, 31 with 

fibers, plasticizers and/or compatibilizers have been studied in LCA. LCA studies were 

performed for biobased biocomposites for materials such as BioPE32, thermoplastic feedstock 

for 3D printing33, HDPE-PLA-Banana Fiber34, and PP-Jute or PP-Kenaf fiber35 where some 

were combined with biocarbon36 or biochar37 from pyrolysis to aid in reinforcement and lower 

the cost for the biocomposite.  Applications of these biocomposites range from food packaging 

materials, office furniture, automotive components38-40, textile, 3D printing, building materials41, 

42, and coating resins43. All of which show good performance in most impact categories in LCA. 

However, as important as studies for biocomposites are, there is lacking LCA research on 

biodegradable blends of biopolymers. Presently, to the best of the author's knowledge, LCA 

studies on Biodegradable blends of PLA-PPC biopolymers are not available. Therefore, this 

study evaluated the life cycle of the binary blend from PLA and PPC to determine its 

environmental viability compared to petroleum-based plastic. 
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 Objective and Hypothesis 

 Objective 

Study (1)  

The objective is to melt blend neat PHBV with neat PLA in with increasing percentages 

of PHBV to PLA. Then from the results of mechanical and thermal characterization, take the 

optimal binary blend and combine with PPC in different ratio starting with low to high PCC 

while still keeping PLA and PHBV in balance with respect to PPC. From there, ternary melt 

blended biopolymers will be mechanically and thermally characterized, and the best performing 

ternary blended will be determined to be the optimal blend in stiffness, toughness and thermal 

properties.  

Study (2) 

The objective is to perform a cradle to gate Life Cycle Assessment (LCA) of the binary 

blend of PLA and PPC..  

 Hypothesis 

Study (1) 

There is significance difference of mechanical and thermal properties between PHBV-

PLA binary blends, neat PHBV, neat PLA and ternary blends containing increasing amounts of 

PPC. 

Study (2)  
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Melt blending PLA and PPC into binary blends will produce considerably less emissions 

than the production of petroleum-based plastics.  

 Significance  

Study (1) 

The significance is that a ternary blend of biodegradable biopolymer meets or exceeds 

mechanical and thermal performance compared to that of neat petroleum-based plastics. Melting 

blending these biodegradable biopolymers would help to not rely on limited fossil-based sources 

and it would lower environmental emissions. 

Study (2)  

The significance of performing an LCA study on a biodegradable binary blend is to 

determine if the materials, PLA and PPC used in binary blends of PLA-PPC do indeed have an 

impact on major impact categories outlined in LCA methodology and if so, comment on whether 

it is a viable material for bioplastics production. And if time, perform a study comparing against 

petroleum-based blends. 

  Thesis Organization 

Chapter 1: Introduction 

Chapter 2: PHBV Biodegradable Bioblends: A Review of Crystalline Morphology, 

Mechanical-Thermal Properties and Blend Modifications 
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Chapter 3: A Study on Ternary Blends of Biodegradable Plastics: Effect of Processing 

on Structure and Performance 

Chapter 4: Life Cycle Assessment of Biodegradable Binary Blends for Packaging 

Applications 

Chapter 5: General Conclusions 

Chapter 6: References 
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 Publication 

 Mary M. Hedrick, Feng Wu, Amar K. Mohanty, Manjusri Misra “A study on ternary blends 

of biodegradable plastics: Effect of processing on structure and performance” RSC 

Advances, 2020, Issue 10, 44624-44632, Published December 17, 2020 

  



 

 

8 

 

2 PHBV Biodegradable Bioblends: A Review of Crystalline Morphology, Mechanical-

Thermal Properties, Blend Modification and Life Cycle Assessment  

 Abstract  

The need to substitute petroleum-based plastics is of urgent importance as plastic waste 

takes many decades to degrade in the environment. PHBV is a commercially viable and 

biodegradable alternative to substitute petroleum-based plastics. However, not all mechanical 

and thermal properties are present in the neat biopolymer and as such bioblends of biodegradable 

biopolymers are needed to achieve an optimal balance of stiffness-toughness and thermal 

resistance for sample materials. To improve thermal or mechanical properties, a plasticizer can 

be added to polymer blends to promote plasticity, flexibility and reduce brittleness and to aid in 

making material more miscible, a compatibilizer can be added as well as other chemical 

treatments. This review will detail PHBV and it’s use in binary and ternary blends with PLA, 

PBS, PCL and PPC where some studies use compatibilizer, plasticizer, or chemically modified 

treatment for improved interfacial adhesion and biopolymer miscibility. It should be noted that 

applying these treatments will result in some materials that are not biodegradable and depends 

on desired properties often resulting in biobased materials for higher performance materials. 

More research is needed to apply the use of a biodegradable compatibilizer in various blend 

compositions and for binary and ternary blends to improve properties such as interfacial 

adhesion and biopolymer blend miscibility. A brief outline of current literature on Life Cycle 

Assessment of biopolymers are also complied. 
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 Introduction 

The need to substitute petroleum-based plastics is of urgent importance as plastic waste 

takes many decades to degrade in the environment. This detrimental impact on the environment 

is driving the need to produce sustainable biodegradable plastics as an alternative to substitute 

petroleum-based products19, 20. Use of biodegradable biocomposites are an environmentally 

friendly and sustainable solution compared to use of fossil fuels which are in short supply44-47. 

Poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

are the two main important biodegradable polymers as they are 100% biodegradable, and are 

produced from bacterial fermentation48. PHB and PHBV are stiff and brittle plastics however 

both possess decent heat deflection temperature which is useful for food packaging applications. 

PHA’s are an excellent choice of biopolymer to use in packaging applications due to commercial 

reliability49, 50 and production, however these biopolymers are costly to purchase51.  

PHAs are beneficial to the environment as they are biodegradable. PHB has been found 

to degrade in soil and other environments49, 52. PHA is sustainable as it is a by-product of 

microorganisms thus making it biocompatible in mammalian systems. PHA can be used to make 

biomaterials medical devices such as implants, scaffolds and orthopedic pins50. Due to PHAs 

hydrophobicity, this limits its use in medical applications as chemical functionality needed is 

not present making it ill-equipped for blending with drugs50.  

PHAs used in plastics are hampered by thermally instability53 and have in the past decade 

had a higher cost compared to synthetic plastics52 however advances into using waste carbon 
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from food‐related processes could potentially be used to lower the cost of PHA production54. 

There are two methods of modifying the functionality of PHA: one by chemical modification 

and the other by blending55. PHA’s, i.e. PHB and PHBV can be blended via melt blending or 

solvent casting with other types of PHAs or combined with other biodegradable biopolymers 

such as PBS, PLA and PPC to improve properties i.e. thermal and mechanical. To improve 

thermal or mechanical properties, a plasticizer can be added to polymer blends to promote 

plasticity, flexibility and reduce brittleness. In past studies, plasticizer containing starch and 

glycerol were combined with PHA and PBAT via melt blending where secondary crystallization 

for PHA blends were inhibited56. To decrease the brittleness of P[(R)-3HB], it has been blended 

via solvent casting with other acylglycerols6 as well. To improve strength, filler such as 

biocarbon have been added to biobased36, 57 and biodegradable58 blended samples where 

mechanical and thermal properties were shown to improve in biocomposites. In a similar vein, 

biochar37, 59, 60 has been added to biobased biocomposites to improve machinability. For 

biobased materials, plasticizer61-65 has been added to biocomposites to aid in final properties 

such as bending and flexing, and compatibilizer36, 66-70 was added to help in making biopolymers 

more miscible. To improve compatibility and mechanical properties of PHBV, starch and 

glycidyl methacrylate copolymers were produced71.  

While there is much information on PHB and biocomposites, there exists little 

information compiled in a review on PHBV bioblended biodegradable biopolymers. The 

purpose of this review is to highlight the research that has been performed in blending 

biodegradable PHBV biopolymers with other biodegradable biopolymers to produce binary and 



 

 

11 

 

ternary blends as well as provide a brief discussion on plasticizer and compatibilizer used in 

these blends. Discussion on thermal, mechanical and crystallinity behavior will also be provided. 

 Biodegradable Biopolymers  

 

Figure 2.3 Chemical structures of PLA, PHBV and PPC. Drawn in ChemDraw. 

 

 PHBV 

Unlike using neat petroleum-based polypropylene, it is not possible to get all mechanical 

and thermal properties needed by using neat biodegradable biopolymers. Blending two or more 

biobased polymeric materials enhances physical and mechanical properties when compared to 

the using neat biopolymer alone. Many studies on biodegradable bioblends and biocomposite 

materials have been detailed over the decades.  

When 20 mol% of 3HV is added to PHB that melting temperature, glass transitions 

temperature (Tg), modulus and tensile strength decrease whereas elongation at break is shown 

to increase. Adding higher percentages of HV make the PHB more flexible11 and use of even 

longer alkyl side chains contributed towards material flexibility and ductility.  
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P(HB-co-12%-HV) was blended with starch to make it more processible at high 

temperatures however, the biopolymer phases were shown to be immiscible in the analysis of 

P(HB-co-12%-HV)-starch morphology. Optimizing the blend morphology during processing 

may improve compatibility and control phase size of the blended polymers72.  With increased 

valerate content in the copolymer, melting point and brittleness decreased however, a trade off 

in properties occurs at much higher percentages of hydroxy valerate where tensile strength 

reduces by half and elongation at break increases by 10x times46. Solvent-cast blended films of 

PHBV- P3-4HB were prepared. PHBV-P3-4HB demonstrated a helical shaped structure, like 

neat PHBV. Increasing P3-4HB content decreased chemical interactions of PHBV. This 

decreased elastic modulus where increased elongation at break was observed. P3-4HB was 

successful in making PHBV more ductile73. 

Use PHBV as the polymer matrix aids in making biopolymer blended material 

processible at high temperatures, however to balance stiffness of PHBV crystallinity, the neat 

polymer would need to be blended with other biodegradable biopolymers that would provide 

toughness and also control the crystallinity of PHBV.  

 Binary Blends 

2.3.2.1 Blended with PLA 

PHBV melt blended with PLA into binary blends demonstrated that elongation of break 

improved i.e.148%, 250% compared to neat biopolymers. However, thermal analysis showed 

that PHBV and PLA were immiscible in any combination of blends composition. The presence 
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of PLA hindered the crystallinity of PHBV46. Polylactide (3051D injection molding grade) and 

PHBV (Enmat Y1000P) prepared via melt mixing forming different compositions were studied. 

DSC showed that biopolymers were immiscible for all compositions. Small droplets were 

observed for the dispersed phase (~400 nm) for the PLA-PHBV binary blend74. 

In another study, for 50/50 wt% of PLA/PHBV, no dispersed particles were found, and 

the binary blend showed co-continuous morphology. Strength i.e. tensile and modulus were 

found to increase with increasing PLA. Blends with low content of PHBV in the minor phase 

showed a very high elongation at break ~200%. Elongation properties changed dramatically in 

one month they were stored however Young’s modulus and impact strength did not change 

considerably with time75.  

PLA and 5% PHBV was blended and melt compounded where 5% PHBV varied in 

composition ratios of PHBV. Incorporation of PLA increased strength (elastic and flexural) with 

negligible change for elongation at break and strength (tensile). Three phase inversion models 

predicted co and PLA-continuity phase morphology for blends76. In other studies, melt blended 

PHBV-PLA binary blends showed through morphology analysis that the binary blends are not 

miscible. Thermal analysis showed two distinct glass transition temperatures (Tg) and melting 

temperatures (Tm). Increasing the content of PHBV in binary blends aided in enhanced 

crystallinity for PLA where crystals of PHBV acted as a filler and nucleating agent for PLA77. 

In another study, different ratios blends of PLA-PHBV were made via melt blending. PLA-

PHBV blends were also shown to be immiscible. This study also confirmed that incorporation 
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of PHBV induced PLA crystallization. It was shown that increasing PHBV content in binary 

blends decreased stress, modulus, and strain78. Further morphology studies showed interfacial 

cavities and weak interfacial interaction for blends. Mean size deviations that PHBV had partial 

miscibility with PLA. Tg was shown to decrease in PLA-PHBV and with increasing PHBV 

indicated there may be partial miscibility with PLA. Thermal conductivity of binary blends was 

shown to increase due to crystallinity of PHBV. The strength (tensile and Young’s modulus) for 

blends between 50/50 and 10/90 PLA/PHBV were comparable to the mechanical properties of 

the neat biopolymers79. 

2.3.2.2 Blended with PPC 

Binary blend of PPC and PHBV were melt blended injection molded. The incorporation 

of PPC biopolymer to PHBV was shown to reduce the crystallization and melting temperatures. 

Overall crystallization improved the onset degradation temperature for the biopolymer blends 

compared to neat PHBV and PPC. Amorphous PPC hindered the spherulitic growth of PHBV80. 

2.3.2.3 Blended with PCL 

PHBV-poly(3-caprolactone) (PCL) blends with different ratios of biopolymers were 

solvent casted. Analysis showed that the neat biopolymers were not miscible with each other 

due to the presence of two Tgs and two Tms81. 
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2.3.2.4 Blended with PBS 

Poly(butylene succinate) (PBS)-PHBV were melt blended in different compositions. The 

fitting parameters of the equivalent box model for elastic modulus and strength showed that PBS 

and PHBV were immiscibile with each other however did show interfacial adhesion between 

them. Morphology studies also confirm the immiscibility between the two biopolymers. 

Thermal analysis showed that PBS’s stability was reduced in binary blends82.  

 Ternary Blends 

Melt-compounded PLA, PHBV, and PBS showed partial miscibility with PHBV and 

PLA. However PBS was shown to be immiscible with either PLA or PHBV lending to a core 

shell scenario where toughness and flexibility were shown to improve with no reduction in 

strength83. In a recent study of PLA-PHBV-PPC ternary blends, it was shown that biopolymers 

in the ternary blends formed dinstinct phases demonstrating that in order to improve toughness 

of blends, PPC needed to be in high concentration. Elongation at break was measured at ~215% 

however HDT was seen to decrease with 40% PCC (Hedrick, Published RSC).  In a similar vein, 

PLA-PHBV-PBAT was extruded into 3D filaments and showed improved crystallinity of PLA 

printed materials. SEM revealed improved surface uniformity with smaller cavities as well as 

showing improved tensile and elongation at break84. 

In summary, small droplets ~400 nm for PLA(90)-PHBV(10) binary blend were 

obwerved74. Young’s modulus and tensile strength for 50/50 and 10/90 PLA-PHBV blends were 

comparable to the properties i.e. mechanical of the neat biopolymers79. The incorporation of 
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PPC to PHBV was shown to reduce the crystallization and melting temperatures improving the 

onset degradation temperature for the biopolymer blends.  However, the neat biopolymers were 

shown to be immisble with each other by unchanged composition. The fitting parameters of the 

equivalent box model for elastic modulus and strength showed that PBS and PHBV were 

immisble with interfacial adhesion. Morphology studies also confirm the immiscibility between 

the two biopolymers. Thermal analysis showed PBS’s stability was reduced in binary blends82. 

Elongation at break was measured at ~215% however HDT was seen to decrease with 40% PCC 

(Hedrick, Published RSC). 

 Modification to Bioblends 

 Plasticization 

To improve thermal or mechanical properties, a plasticizer can be added to polymer 

blends to promote plasticity, flexibility and reduce brittleness. In a study, it was reported that 

PHBV being plasticised by varying concentrations of various plasticizers to aid in improving 

flexibility and elongation. Overall, their results showed that increasing plasticizer concentration 

decreased melting temperature, Young’s Modulus, and tensile strength whereas crystallinity, 

elongation at break, water vapour and oxygen permeability increased. Triethyl citrate and 

polyethylene glycol in PHBV showed optimal results for thermal, mechanical and permeative 

properties SEM images showed that the addition of plasticizer smoothed out the surface of the 

blends and created better interfacial adhesion as droplet sizes were smaller with the addition of 

plasticizer85. PHBVb-PLA-b-PBAT epoxized in ESAO was prepared. SEM images showed that 
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the addition of plasticizer smoothed out the surface of the blends and created better interfacial 

adhesion86.  The type of plasticizer selected will depend on the chemical functionality (end 

groups) desired and whether the resulting bio blended material needs to be biobased.  

 Compatibilizer 

To aid in making material more miscible, PHBV/PBS blends have been prepared by in 

situ compatibilization using Dicumyl peroxide (DCP) as a free radical grafting initiator. Results 

showed that the use DCP aided in reducing the particle size of PBS and significantly increased 

PHB(V) and PBS interfacial adhesion. Elongation at break was shown to improve considerably.  

PBS’s particles experienced fibrillation, deformation, and dialation which contributed to 

improved strength (tensile) of blends87. In other studies, starch and glycidyl methacrylate grafted 

copolymers were produced to aid in improving the properties (mechanical) of PHBV71. Flexural 

and tensile strengths improved with use of compatilized PHBV. Improved interfacial adhesion 

between the starch-g-PGMA and the PHBV matrix was observed from SEM images. Fractured 

toughness was shown to significantly increase due to the incorporation of grafted starch71. In a 

recent study, PHBV/PCL blends were reactive extruded with a TAIC cross linker and peroxide. 

Fourier transform infrared (FTIR) showed that PHBV and PCL were cross-linked by TAIC 

forming a co-polymer. Compared to PHBV/PCL blend with no additives, elongation at break 

for optimal TAIC content (1 phr) was found to be 380% and compared to neat PHBV, the TAIC 

content was found to be 700%.  Uniform PHBV crystals and interfacial adhesion improved the 

toughness of the blend66. Oxygen barrier and ductility were shown to improve using compatlized 
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PHBV-PCL. Peroxide compatibilizers are more suitable to use to make blends biodegradable 

however depending on the performance application, non-biodegradable cross linkers like the 

above forementioned may need to be used in combination with peroxide. 

 Crystallinity  

Solvent casted blends of PHBV-P3/4HB films were shown to be miscible due to the 

presence of one Tg value indicating dependence on blend composition. PHBV’s crystallization 

rate decreased with the encorporation of P3-4HB, where equilibrium melt point was shown to 

decrease73. In a similar vein, morphological analyzes on melt blended PHBV-PLA samples 

indicated that increasing the PHBV content allowed PHBV crystals to act as a filler and 

nucleating agent for increasing the PLA crystallinity in blends77. Other studies on melt mixing 

PHBV-PLA also confirmed that PHBV induced crystallization of PLA where PHBV acted as a 

nucleating agent. The crystallinity of blends improved with increasing PHBV content which 

significantly enhanced the toughness of PLA78, 79. However it’s important to note, that the 

presence of PLA hinders the crystallinity of PHBV46. Blending with other biodegradable 

biopolymers, blends of PHBV-PBS showed an enhancement of the crystallization behavior of 

PBS after it was blended with PHBV, but compromised other properties such as thermal stability 

for binary blends82.  

Studies of PHBV-PCL binary blends showed that via thermal analysis and the Avrami 

equation that at 70°C, PHBV crystallization rate decreased with increased PCL components in 

the blends81. In recent studies of melt compounded ternary blends of PHBV-PLA-PBS, PHBV 
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again was able to show enhanced crystallization for PLA and PBS while PHBV crystallization 

was controlled by the neat biopolymer phases83, a similar behavior seen in recent study were 

PBS was replaced with PPC for the ternary blend of PHBV-PLA-PPC (Hedrick et. al). 

In summary, the type of plasticizer selected will depend on the chemical functionality 

(end groups) desired and whether the resulting bio blended material needs to be biobased. 

Peroxide compatibilizers are more suitable to use to make blends biodegradable however 

depending on the performance application, non-biodegradable cross linkers like the above 

forementioned may need to be used in combination with peroxide. In recent studies of melt 

compounded ternary blends of PHBV-PLA-PBS, PHBV again was able to show enhanced 

crystallization for PLA and PBS while PHBV crystallization was controlled by the neat 

biopolymer phases83, a similar behavior seen in recent study were PBS was replaced with PPC 

for the ternary blend of PHBV-PLA-PPC (Hedrick et. al). 

 Life Cycle Assessment  

The development process of biopolymers in the form of lactic acid polymers (PLA) was 

first started in the 1930s but commercially was not successful. The thermoplasticity of 

biopolymers makes it competitive to conventional polymers, especially in the food packaging 

and medical industry88-91; however, PLA is reported to be denser compared with some of the 

traditional polymers (PP, PA)89. Consequently, it is vital to develop lightweight 

biopolymers/binary blends to replace PLA as well as synthetic polymers.   
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However, nowadays, biopolymers are emerging as an integral part of the automotive 

industry because of the advantages of greenhouse gas (GHG) emissions. It can reduce GHG 

emissions compared with synthetic polymers. The carbon footprint of polymers and 

biopolymers depends on the source of raw materials as well as the type of biopolymers89, 92, 93.   

The life cycle of various biopolymers has been studied by many authors and noted that 

biopolymers are environmentally advantageous compared with conventional polymers89, 92, 94. 

GHG emissions are also reported to dependent on the sources of raw materials. For example, 

polyhydroxybutyrate (PHB) produced from the cellulosic portion of the residual organic 

material recovered in a materials recovery facility emits a lower amount of GHG compared with 

PHB from corn92. The emission also depends on the waste management systems of the material 

recovery facility. The GHG emission from the corn-based biopolymer from corn starch was 1.54 

kg CO2 eq/kg biopolymer and which is noted to be lower than the GHG emitted in the case of 

PHA, PLA, TPS, and others93. On the other hand, it was reported to be −1.7 kg CO2 eq/kg PHB 

to 6.3 kg CO2 eq/kg PHB92. A wide range of GHG emissions might result from the choices of 

the system boundary, sources of raw materials, and the types of polymers. 

A few studies on sustainability and LCA were performed for biopolymers. In recent 

literature, a sustainability study revealed that Portland cement, the main binder used for 

concrete, was problematic to the environment as it emits a large amount of carbon dioxide and 

consumed a large amount of natural resources. Agricultural and manufacturing waste such as 

corn cob ash and, glass powder were used as alternative fillers, partially replacing Portland 
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cement in a 20:80 ratio of filler to Portland Concrete mixture for concrete production. This was 

done to aid in reducing CO2 and demand for resources. Results showed that incorporation of 

these natural wastes decrease in the slump of the concrete mixtures, improved mechanical 

properties with 10% waste substitution being optimal and reduced the embodied energy and 

carbon of concrete mixtures95. In similar studies, blended Fly Ash (FA), Ground Granulated 

Blast-Furnace slag (GGBFS), and Silica Fume (SF) concretes were also used to substitute some 

parts of Portland cement where results showed that blends containing 40% of GGBFS was the 

most sustainable among the studied mixtures and blends with 15% of SF performed poorly in 

sustainability. Optimal blend ratio was found to be: 40% for GGBFS, 5% for SF, and 20% for 

FA and that if that ratio blend was exceeded, lower sustainability may result96. 

In a cradle-to-gate study LCA study of Polyhydroxyalkanoates (PHAs) produced from 

corn grain, and corn stover via fermentation and recovering processes contributed CO2 

emissions of 1.6–4.1 kg-CO2 eq. kg–1 to GWP with the exception of photochemical smog and 

eutrophication where the latter resulted from nitrogen production in soil from cultivating corn.  

At the time of publication, in 2005, PHA fermentation was an immature technology and showed 

signs of improvement to decreasing environmental impacts. If corn stover was harvested and 

used along with corn grain as raw materials, greenhouse gas emissions were shown to decrease 

to negative values. In general, depending on the fermentation technologies used, PHA would 

contribute significantly to reducing environmental impacts compared to corn based PHA. 

However, it should be noted that although corn grain-based PHA performs better than petroleum 

based manufacturing as performed for polystyrene production, it does not provide better 
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environmental impacts. This is due to PHAs impact emissions from corn cultivation. However, 

if using buffer strips in the integrated system, PHA does perform better in most categories except 

eutrophication97.  In a similar vein, produced several years later, production of- mcl-PHA-

P(3HB) obtained from vegetable oil (crude), P(3HB) from biodiesel by-product, and mcl-PHA-

P(3HB) from vegetable oil (waste) were studied in LCA. Results showed that P(3HB) 

manufacturing had greater impacts compared to mcl-PHA production. This was due to the low 

yield that resulted from using P3HB from biodiesel by-product. Raw materials used and 

separation processes in bacterial fermentation production contributed to negative impacts. 

However, using waste vegetable oil instead of virgin vegetable oil significantly improved 

environmental impact. The sensitivity analysis revealed that biopolymer yield was beneficial 

but significant improvement made to manufacturing processes was still needed to be better on 

the environment98. 

Other biopolymers have been studied, such as L-lactide, D-lactide, poly-L-lactide 

(PLLA), and two PLLA/ poly-D-lactide PDLA blends produced from cane sugar (Thailand), 

that were studied in cradle-to-gate using ISO standards. Use of less material resources and 

nonrenewable sources significantly lower emissions of greenhouse gasses compared with fossil 

based polymers99.  

LCA Waste management options for end-of-life scenarios for starch–polyvinyl alcohol 

(PVOH) biopolymers have been reported. It was found that anaerobic digestion was the 

optimum choice for starch–PVOH biopolymer containing N and S elements for some impact 
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catogories100. Bio-based polymers, thermoplastic starch and petroleum-based polymers showed 

similar impacts compared to petroleum-based plastics for GWP and fossil resource depletion.  

There was much variation in the scope of assessment for the studies. When end-of-life was 

included in a study, GWP results were reported to be higher compared to those that focused only 

on resin or granule production and as such, provided greater amounts of uncertainty and 

variability. Different disposal methods would need to be considered in order to provide an 

accurate end of life impacts101. In another review on the same biopolymers, it was found that the 

majority of literature out was on consumption of petroleum-based energy and GWP, however, 

studies which considered other impact categories, regional or product-specific information 

concluded that the aforementioned was not accurate102.  

In another study published by Hottle a few years later, it was found that PET, HDPE, 

and LDPE produced through fossil and biobased production pathways either contributed to or 

helped environmental impacts depending on the method of disposal. It was found that recycling 

biopolymers was needed for a more sustainable waste scenario as discarding biopolymer 

materials generates methane in landfills contributing to GWP. Recycling biopolymer materials 

were shown to provide improvements. Sensitivity analysis showed that end of life treatments 

revealed that composting fared better in terms of environmental impacts when compared to 

landfilling; however, recycling in terms of end-of-life showed the greatest environmental 

benefits103. With other study highlighting the fact that there few consequential studies performed 

in this area where information on eco-design strategies are lacking for bio-based products and 

this is due to misconceptions that renewable materials are by default an eco-design strategy104. 
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 Conclusion 

PHBV is shown to be an excellent PHA as it is commercially viable, has good thermal 

properties and is slightly more flexible than PHB due to the presence of its longer alkyl side 

group on the biopolymer backbone. However, PHBV is still very brittle and crystalline so it 

must be blended with other semi-crystalline aliphatic biodegradable biopolymers such as PLA, 

PBS, and PCL to balance stiffness-toughness-thermal resistance properties and remain 

biodegradable. PHBV can also be blended with amorphous biodegradable biopolymers such as 

PPC, however PPC in ternary blends would benefit from the use of compatibilizer for improved 

miscibility between immiscible biopolymers. These studies offer a start of balancing out 

mechanical and thermal properties of biodegradable biopolymers, however more work needs to 

be performed as there are still different blend compositions that can be obtained. More research 

is also needed to apply the use of a biodegradable compatibilizer to improve properties such as 

interfacial adhesion and biopolymer blend miscibility. Although chemical modification is an 

option, unless the modification is biodegradable, the resulting material formed will not be 

biodegradable. PHBV’s nucleating behavior is well known on semi-crystalline material such as 

PLA but more research is needed in blending amorphous biopolymers such as PPC where 

biopolymer compatibility is a concern. Although LCA studies have not been performed for 

biodegradable biopolymer blends, it has shown some promise in substitution of concrete 

components and detailing environmental effects of neat polymers of PHAs, PLA and starches. 

Although, use of biopolymers, and  more sustainable fermentation and farming practices shows 
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improvements to impact categories compared to use of fossil base counterparts, the 

environmental footprint is concerning when you consider end of life scenarios and eco-impact. 
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Mary M. Hedrick, Feng Wu, Amar K. Mohanty, Manjusri Misra “A study on ternary blends 
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 Abstract 

A biodegradable ternary blend fabricated from polylactic acid (PLA), poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and polypropylene carbonate (PPC) with a 

good balance of stiffness and toughness via optimizing composition ratio and morphology 

structure is, to the best of the authors’ knowledge, reported here for the first time. The optimal 

blend formulation was comprised of 20% PLA, 40% PHBV and 40% PPC where tensile strength 

was found to be 44 MPa with an elongation at break of 215%. Thermal performance showed an 

HDT value of 72°C. The Harkins equation predicted that the three immiscible polymers formed 

a complete wetting morphology, which was also confirmed by scanning electrical microscopy 

images. With increasing PPC content, the ternary blends experienced a morphology transition 

from droplet to co-continuous structure, resulting in a significant improvement in elongation at 

break (approximately 40 times higher than that of PLA-PHBV binary blend). Excellent stiffness 

and over 200% elongation at break make these sustainable ternary blends feasible to be used in 

packaging for substituting certain non-biodegradable petroleum-based single use plastics. 
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Graphic Abstract 

 

 Introduction  

Petroleum-based plastics are a concern as they use limited fossil sources and take a 

long time to break down in the environment 19, 20. Biodegradable plastics that are made 

from biomass or bacterial processes are a sustainable solution to substitute for petroleum-

based plastics in many applications19, 20. Polylactic acid (PLA), poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV), and polypropylene carbonate (PPC) are biodegradable 

environmentally friendly biopolymers that would be an excellent choice as alternatives 

to petroleum-based plastics19, 20, and these biopolymers are currently being used in 

biocomposite manufacture and design47. PLA is a polyester produced from renewable 

resource such as corn starch or sugarcane24. Lactic acid or lactide monomers fermented 

from biomass are then polymerized into PLA by ring-opening polymerization or 
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polyconsendation22, 23. PLA is chosen for being biodegradable, commercially available, 

affordable, and comparable in performance to polystyrene. PLA exhibits high modulus 

and strength, however, it is brittle and fractures easily, greatly hindering its potential for 

high performance applications46, 105, 106. PHBV is a linear aliphatic polyester bioplastic 

that is nontoxic, biodegradable, and biocompatible. It is produced by bacteria and is a 

good substitution for petroleum-based polymers107. By itself, PHBV is very brittle but 

has high thermal resistance and has been studied extensively in fibre-based 

biocomposites108. PPC is synthesized using a zinc glutarate catalyst in copolymerization 

between repurposed CO2 and propylene oxide109. PPC is an amorphous polymer and can 

be used as a toughening agent in biopolymer blends. 

However, in an individual polymer, mechanical properties may not be sufficient for 

high performance applications. To achieve comparable properties to fossil-based plastics, 

biopolymers need chemical or physical modification so that desirable mechanical 

features such as stiffness, high thermal resistance and toughness can be achieved and 

balanced. Polymer blending has been widely researched as it is versatile, economic, and 

effective. By optimizing blend ratios, a balance of mechanical-thermal properties for 

materials can be obtained, making them competitive in high performance applications.  

Binary blends prepared by melt blended injection moulding of PHBV-PPC were found 

to exhibit good dimensional and thermal stability and that increasing crystalline PHBV 

in PHBV-PPC blends improved the tensile strength and modulus but reduced the 

elongation at break80.  Previously, it was reported110, 111 that the ductility of PPC 
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improved toughness i.e. impact strength and elongation at break of PHBV, with 

elongation at break increasing from 4% to 74%. Other research of 50:50 PHBV-PPC 

binary blends discovered that PHBV improved the dimensional stability of PPC80. 

Thermal properties of PHBV-PPC blends were reported110-115. PLA-PHBV binary blends 

were fabricated and the study showed that incorporating PLA improved the modulus and 

strength of PHBV46. With increasing PHBV content in the binary blend, the glass 

transition temperature (Tg) and crystallization temperature (Tc) of PLA were found to 

decrease. Electron microscope micrographs (SEM) of fractured specimens revealed that 

PLA and PHBV were phase separated46. Crystallization kinetics have shown that the 

incorporation of PCL116, PGA116, PHB116, ECO117, and PBAT118 into PLA can improve 

its performance. Blends containing PHBV with PCL, PBSU or PES showed a reduction 

in PHBV’s crystallization rate due to limited nucleation and heterogeneity for PHBV in 

binary blends119-121. The reduction of PHBV crystallization rate in blends was attributed 

to the physical restriction of crystal growth. 

Other blended types, such as ternary blends of PLA-PHBV-Polybutylene succinate 

(PBS) biopolymers, were also studied83. Dispersions of PHBV as the major phase and 

PBS as the minor phase showed significant improvement in flexibility and toughness. 

PLA-PHBV-PBS ternary blends were shown to exhibit good stiffness and toughness 

balance with PHBV as the matrix. PLA’s thermal resistance was shown to improve with 

the incorporation of PHBV and PBS83.  These newly blended ternary polymers show 
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promise as biodegradable materials that can be used in biomedical or packaging 

applications. 

To further investigate balancing stiffness, heat deflection temperature and toughness, 

PBS was substituted by PPC to fabricate a novel blend with increased bio-content and 

reduced carbon footprint as PPC is synthesized from carbon dioxide (CO2). Additionally, 

experimental studies have shown that the source of propylene glycol122, precursor to 

propylene oxide123 to produce PPC109, can come from biomass. To the best of the authors’ 

knowledge, such PLA-PHBV-PPC ternary blends have not been reported before. Ternary 

blends with different composition ratios were prepared, expecting to achieve a decent 

stiffness-heat deflection temperature-toughness balance. The mechanical properties and 

morphology development with increasing PPC content were characterized to give the 

morphology-properties relationship in this ternary blend. With 40 wt% PPC incorporated, 

the blend exhibited high elongation at break (~215%), suitable for use in applications 

requiring high flexibility. 

 Materials and Experiment 

Materials 

Three different biodegradable polymers, PLA 3251D purchased from NatureWorks 

LLC (Minnetonka, USA), PHBV ENMAT Y1000P (3% HV) from Tianan Biological 

Materials Co., Ltd. (Ningbo City, China) and PPC QPACVR 40 purchased from 

Empower Materials (New Castle, USA) were used in this study. The PPC was stored in 

a freezer to avoid physical aging due to its low glass transition temperature (Tg). 
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Sample Preparation 

PLA and PHBV were dried in an 80°C oven for 4 hours prior to handling. PPC was 

kept in the freezer until used to retain shape and usability. The moisture content of neat 

biopolymers was measured to be lower than 0.5 wt% prior to melt processing. Twin 

screw extrusion was performed using a lab-scale DSM (Netherlands) extruder. The barrel 

had a volume of 15 cm3 with 150 mm long screws.  Extruder temperature was set to 

180°C, with screw speed of 100 rpm and a mixing time of 120 seconds. The extruded 

material was inserted into a 180 °C micro injector and injected into ASTM test moulds 

at a temperature of 30°C. The moulded samples were then allowed to condition at room 

temperature for two days. Neat biopolymers of PLA and PHBV, 35:65 PLA-PHBV 

binary blend, and ternary blends of PLA-PHBV-PPC with increasing PPC content from 

20wt% to 40 wt%, i.e., PLA-PHBV-PPC (30:50:20, 25:45:30 and 20:40:40), were 

prepared. Impact samples were notched prior to testing. After being conditioned, the 

remaining untested samples were cryofractured and examined by scanning electron 

microscopy for phase morphology. Table 3.3.1. shows weight percentages of each 

polymer used in the melt blended samples. 

Mechanical Properties  

ASTM standard D638 Type IV dumbbells were used for tensile testing to obtain 

strength, elongation at break and modulus. The tests were performed at ambient temperature at 

a rate of 5 millimetres/minute using an Instron Universal Testing Machine (Norwood, MA). 

Tensile testing was performed on five replicates of each material. Impact strength was measured 
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using a TMI Monitor Impact Tester (Testing Machines Inc., DE) and followed ASTM standard 

D256 for notched Izod samples. Six notched samples of each material were prepared two days 

in advance for conditioning. Statistics for each group of test pieces were obtained. ASTM 

standards does not require to reproduce each blend. Experimental design was not used in this 

study.  

Heat Deflection Temperature (HDT)  

ASTM Standard D648 was used to determine HDT by dynamic mechanical analysis 

(DMA) (Q800, TA Instruments) in three-point bending mode. The temperature at which 

250 µm displacement was reached at a heating rate of 2°C/minute under a load of 0.445 

MPa was used to obtain HDT. Measurements for three replicates were obtained.  

Thermogravimetric Analysis (TGA) 

TGA (Q500, TA Instruments) was used to measure thermal characteristics of sample 

blends. Approximately 15–20 mgs of material was measured for each test. The heating 

rate used was 10°C/minute from ambient temperature to 600°C under inert conditions. 

Differential Scanning Calorimetry (DSC) 

5–10 mg of each sample in Tzero aluminium pans was characterized using DSC 

(Q200). Samples underwent a heat/cool/heat test in the range of -30 to 200°C, with 

heating and cooling rates of 10°C/minute under nitrogen at a flow rate of 50 mL/minute.  

Scanning Electron Microscopy (SEM) 
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Before imaging, the samples were cryogenically fractured and coated by nanoparticles 

using a Cressington sputter coater for 8 seconds. Surface structure of coated, non-etched 

and etched (using acetone), samples was imaged using SEM (Phenom-World ProX 

desktop) with an accelerating voltage of 5 kilovolts and were collected at 3000 

magnification. The etched samples were prepared by soaking fractured samples in 

acetone for seven days at ambient temperature until the PPC had completely dissolved. 

PPC was completely solubilized leaving PHBV and PLA undisturbed. 

Contact Angle Analysis 

The instrument used to obtain the contact angle measurements for neat PLA, PHBV 

and PPC was a Ramé-hart standard goniometer (260-U1). Tests were performed at 

ambient temperature using deionized water (γp = 51.0 mN·m−1 and γd = 21.8 mN·m−1) as 

the polar liquid and diiodomethane (γp = 0.4 mN·m−1 and γd = 50.4 mN·m−1) as the 

nonpolar liquid124. DROPimage software (Version 2.8.05) recorded the interface between 

liquid and surface and calculated the contact angles. Three replicates were performed. 

Surface tension was calculated using Owen-Wendt-Rabel-Kaelble equations125. 

 Results and Discussion 

  Thermal-Mechanical Properties 

Table 3.4.1. Sample formulations designated by letters for each biopolymer blend 

with weight percentages of neat polymer used. 

Blend Formulations (wt. %) 

 PLA PHBV PPC 

A 100 - - 

B - 100 - 
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C 35 65 - 

D 30 50 20 

E 25 45 30 

F 20 40 40 

 

PHBV was modified by melt blending with semi-crystalline PLA and amorphous PPC to 

produce a material that had improved toughness. Figure 1 shows the tensile properties of neat 

polymers (PLA and PHBV) and their binary/ternary blends. In Figure 1, PLA neat polymer is 

represented as A, and neat PHBV is represented as B. C represents a binary blend that contains 

35% PLA and 65% PHBV by weight. The PHBV-PPC (65:35) blend was chosen for its high 

heat deflection temperature based on preliminary studies. Blends D, E and F represent PLA-

PHBV-PPC in percentage ratios of 30:50:20, 25:45:30 and 20:40:40, respectively.  Both PLA 

and PHBV are semi-crystallization polymers with high modulus and tensile strength, but suffer 

from inherent brittleness with extremely low elongation at break and impact resistance80,126. 

However, PPC is a completely amorphous polymer that has high impact strength and elongation 

at break127. The addition of PPC into PLA, PHBV or PLA-PHBV blends is expected to improve 

the toughness and flexibility of these biopolymers, as PPC can work as a toughening agent for 

ternary blends due to its ductile and amorphous nature80. This is counter intuitive as it has been 

seen previously that applying a toughening agent significantly reduces the stiffness of binary 

blends46, 128-136. However, as shown here and in a recent study83, both significant stiffness and 

toughness can be achieved for blends when using PLA for stiffness reinforcement and PPC as 

toughening component. 
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From Figure 3.4.1.1, the incorporation of 35% of PLA in the PLA-PHBV binary blend 

increased tensile strength by ~ 20% compared to neat PHBV polymer, with unchanged modulus. 

The addition of amorphous and ductile PPC to the PLA-PHBV binary blends slightly decreased 

the modulus and tensile stress. The decrease is more significant as the PPC content increases. 

As well as the fact that addition of rubber material normally leads to a decrease of stiffness, 

phase separation between the three biopolymers might also be responsible for this behaviour137. 

The type and strength of interface bonding between polymeric  phases is a critical factor in 

determining mechanical and physical properties for blends117, 138. The voids formed allowed 

some relief of the stress present between interfaces118, 138 and, during yielding, the PPC domain 

absorbed the stress before the matrix and disperse phases separated, which would probably have 

occurred in this case. Phase separation in PLA-PHBV-PPC ternary blends will be further 

explored using SEM. 
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Figure 3.4.1.1. Tensile strength and modulus of samples where A: 100% PLA, B: 

100% PHBV, C: PLA:PHBV(35:65), D: PLA:PHBV:PPC (30:50:20), E: 

PLA:PHBV:PPC (25:45:30), and F: PLA:PHBV:PPC (20:40:40). 

 

Figure 3.4.1.2. Impact strength and elongation at break of samples where A: 

100% PLA, B: 100% PHBV, C: PLA:PHBV (35:65), D: PLA:PHBV:PPC (30:50:20), E: 

PLA:PHBV:PPC (25:45:30), and F: PLA:PHBV:PPC (20:40:40). 

 

The impact strength and elongation at break of the neat polymers and their blends are shown 

in Figure 3.4.1.2. The impact strength of PLA-PHBV (35:65) was between that of neat PLA and 

PHBV, with a value of ~20 J/m. The addition of PPC slightly increased the impact strength of 

the binary blends which was optimal at 40 wt% PPC. However, even with 40% PPC, the 

toughness represented by impact strength of ~23 J/m is still very low. This means that the rubber 

PPC phase could not absorb energy during high speed fracture, resulting from the poor 

compatibility between amorphous PPC and the crystalline components contained in PLA-PHBV 

blend.  The addition of flexible polymeric phase imparts, not only toughness, but has the ability 

to absorb energy from shear deformation processes occurring during impact118, 138. However, 
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improvements in miscibility (addition of compatibilizer) or the presence of more polar surface 

groups to blends would need to be made to significantly improve impact performance.  

Different to impact strength, the elongation at break of the binary blends can be significantly 

improved by addition of 40% PPC, achieving a significant value of 215%. Surprisingly, this 

significant improvement only occurred when PPC increased from 30% to 40%, while at 30% 

PPC the elongation at break of the ternary blend was only 5.2%, almost identical to that of PLA-

PHBV (35:65) binary blend. The significant improvement at 40% PPC results from the 

morphology evolution from sea-island dispersion at 30% PPC to co-continuous structure with 

40% PPC, which will be discussed later in the SEM morphology observations. The improvement 

of elongation at break but not impact strength with 40% PPC mainly resulted from the two 

different facture modes. In tensile characterization, the sample breaks in a low speed mode, in 

which the rubber PPC phase has enough time to deform. The deformation of rubber PPC phase 

consumes energy generated during extension and lead to the improvement of the flexibility of 

blends.   
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Figure 3.4.1.3 HDT of samples where A: 100% PLA, B: 100% PHBV, C: 

PLA:PHBV(35:65), D: PLA:PHBV:PPC (30:50:20), E: PLA:PHBV:PPC (25:45:30), and 

F: PLA:PHBV:PPC (20:40:40). 

 

Heat deflection temperature (HDT) is important for materials because it determines the 

highest temperature a material can withstand before deformation105. It is well known that PLA 

exhibits rather low HDT (~55°C) and the addition of PLA normally leads to a decrease of HDT 

of blends46. In this study, the addition of 35% PLA did not weaken the HDT of PHBV 

dramatically. The binary blend exhibits a rather high HDT of ~135°C (similar value to pure 

PHBV), as shown in Figure 3.4.1.3. This mainly resulted from the high crystallinity of PHBV 

in the blend. As expected, the addition of thermoplastic elastomer, PPC, resulted in reduction of 

HDT of the binary blends. The HDT reduced more with increasing PPC content, from 100°C 

(20% PPC) to 72°C (40% PPC). The HDT of the flexible sample (PLA-PHBV-PPC (20:40:40)) 

with 40% PPC was much higher than that of pure PLA, which will benefit the application of 

this biopolymer blend at higher temperature. 

In summary, the biodegradable blends can be tailored to form stiffness-HDT-toughness 

balanced materials by adjusting the composition ratios appropriately. With 40% PPC added, the 

ternary blends of PLA-PHBV-PPC (20:40:40) exhibited high stiffness with modulus of 2.7 GPa, 

acceptable HDT of 72°C and high flexibility with elongation at break of 215%. The designed 

ternary blend (PLA-PHBV-PPC (20:40:40)) is expected to be used in different applications to 

substitute for petroleum-based plastics. To reveal the mechanism behind the thermal-mechanical 
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performance of ternary blends, the crystallization, thermal degradation, and morphology were 

evaluated and analysed and are discussed in the following sections. 

 Thermogravimetric Analysis (TGA) 

Thermal behaviour of ternary blends as analysed by TGA is presented in Figure 3.4.2.4. 

Compared to PLA, the thermal stability of PHBV is poor with much lower maximum 

degradation temperature. As PHBV contents are greater than 40% in the ternary blends, the 

thermal stability is dramatically influenced by PHBV, where all ternary blends show similar 

onset and maximum degradation temperature to that of PHBV. 

 

Figure 3.4.2.4. Thermal decomposition of samples where A: 100% PLA, B: 100% 

PHBV, D: PLA:PHBV:PPC (30:50:20), E: PLA:PHBV:PPC (25:45:30), and F: 

PLA:PHBV:PPC (20:40:40). 

 

B 

F 

E 
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 Differential Scanning Calorimetry (DSC) 

The DSC curves of the ternary blends are presented in Figure 3.4.3.5., and the corresponding 

crystallization-melting properties were compared with those of the neat PLA and PHBV. At 

10°C/minute cooling, PLA showed an amorphous state because of its slow crystallization rate. 

Zero crystallization peaks were observed for neat PLA, as shown in Figure 3.4.3.5(a). However, 

for the neat PHBV and its ternary blends, crystallization peaks at 115–125°C were found, 

resulting from fast crystallization of the PHBV matrix.  Compared to that of neat PHBV, the 

crystallization temperature of ternary blends reduced slightly, indicating the decreased 

crystallization of PHBV in the presence of PLA and PPC. This is probably due to the phase 

separation of the three biopolymers where PLA and amorphous PPC hindered the crystalline 

growth of PHBV.   

         

Figure 3.4.3.5. The DSC thermograms of (a) cooling cycle and (b) second heating 

cycle at 10°C/minute for samples where A: 100% PLA, B: 100% PHBV, D: 

PLA:PHBV:PPC (30:50:20), E: PLA:PHBV:PPC (25:45:30), and F: PLA:PHBV:PPC 

(20:40:40). 

a a b 
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Because of the slow crystallization rate, PLA exhibits cold crystallization in the following 

heating cycles, as shown in Figure 3.4.3.5(b). The cold crystallization peak at 110°C for PLA 

disappeared in the ternary blends, indicating that the crystallization rate of PLA had been 

improved with addition of PHBV and PPC. If there is sufficient chain and surface mobility, as 

seen in binary139 and ternary blends83, PHBV can act as nucleating centres to enhance PLA 

crystallization. Specifically, the phase interface has a strong effect in determining nucleation 

enhancement139. The interface between phase domains must be taken into account in order to 

properly evaluate rate of crystallization in melt blended polymers140, 141. Differing terminal and 

bulk biopolymer functionality of small molecules that contain an abundance of shorter chain 

ends encourages free mobility of biopolymer chains to the interface, as well as being oriented, 

where localized alignment could promote crystalline growth140, 142, 143.  

The overlap of melting peaks of PLA and PHBV results in only one melting point being 

found in the ternary blends. The melting points of ternary blends are slightly higher than that of 

neat PLA and PHBV, indicating the probability of special crystals forming between PLA and 

PHBV, which needs to be further investigated in the future.  
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 Morphology 

 

Figure 3.4.4.6. SEM for cryofractured samples before acetone treatment where a: 

100% PHBV, b: PLA:PHBV (35:65) , and c: PLA:PHBV:PPC (30:50:20). 

 

Morphologies of the ternary blends were observed by Scanning Electron Microscopy (SEM) 

and are shown in Figure 3.4.4.6 and 3.4.4.7. It was difficult to distinguish the different phases 

from the PLA-PHBV binary blends and PLA-PHBV-PPC ternary blends without phase etching, 

resulting from the multi-phase structures of the blends, as shown in Figure 3.4.4.6. To better 

differentiate between polymer domains in the ternary blends, and determine changes in 

polymeric particle sizes, samples were soaked in acetone to extract the PPC phase then sputter 

coated with gold nanoparticles and observed by SEM. The images of etched samples are shown 

in Figure 3.4.4.7. 
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Figure 3.4.4.7. SEM for cryofractured samples before acetone etching where a: 

PLA:PHBV:PPC (30:50:20) and after acetone treatment where b: PLA:PHBV:PPC 

(30:50:20), c: PLA:PHBV:PPC (25:45:30) and d: PLA:PHBV:PPC (20:40:40).  

 

From the SEM images of etched samples, ternary blend morphology transitioned from sea-

island structure with elliptical shaped droplets at low PPC contents (20%) to co-continuous 

structure at higher PPC contents (30 and 40%). Particle size was shown to increase slightly with 

the increasing PPC contents where it was more pronounced with 40% PPC. However, this is not 

necessarily indicative of improved miscibility but rather the effect of adding higher contents of 

PPC. For polymer blends with high compatibility, a considerable reduction in particle size of 



 

 

44 

 

the minor phase was observed resulting from enhanced interfacial adhesion87.  However, the 

three biodegradable biopolymers are not completely immiscible, leading to the slightly 

increased PPC size at higher PPC contents.  Therefore, it can be expected that the continuity 

would be greater with 40% PPC, which is why the elongation at break experienced a dramatic 

improvement at 40% PPC, jumping from 5.2% to 215%. The mechanical performance of the 

ternary blends was determined, not only by the phase morphology of co-continuous droplets, 

but also by the wetting behaviour of the different components. The blends can form complete 

wetting or partial wetting scenarios which can be predicted by the spreading coefficient from 

the Harkins equation. 

Hobbs et al. adjusted the Harkins equation to account for a spreading coefficient that would 

determine if separate or miscible phases were present in the matrix and detail ternary blend 

morphology83, 144. The modified Harkins equation is shown below.  

𝜆31 = 𝛾12 −  𝛾32 − 𝛾13 

λ31 represents the spreading coefficient of polymer 1 over polymer 3. The interfacial interaction 

is denoted as γij. If polymer 1 is encapsulated by polymer 3, λ31 is positive. If terms λ31 and λ13 

are negative, polymer 1 and polymer 3 will disperse into separate phases83, 144. γ12, γ32, γ13 were 

computed from a harmonic mean equation145 using surface data for PLA, PHBV and PPC at 

processing temperatures with -0.06 mJ m-2 as the temperature constant. The equation below 

details the harmonic mean equation used to determine γ12.  

𝛾12 = 𝛾1 +  𝛾2 − 4 [
𝛾1

𝑑𝛾2
𝑑

𝛾1
𝑑 + 𝛾2

𝑑 +  
𝛾1

𝑃𝛾2
𝑃

𝛾1
𝑃 + 𝛾2

𝑃] 
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The data for surface tension of polymers at 180°C are listed in Table 3.4.4.2. 

Table3.4.4.2. Surface tension of polymers at 180°C processing temperature. 

Polymer γs (mN/m) γd (mN/m) γp (mN/m) 

PLA 32.4 29.2 3.2 

PHBV 35.2 26.9 8.3 

PPC 32.9 25.8 7.0 

The spreading coefficient equation was used to calculate the surface tension of neat polymer 

at a mixing temperature of 180°C. Those results are shown in Table 3.4.4.3.  

Table 3.4.4.3. Polymer spreading coefficients from interfacial interaction. 

Sample λ31 (mN/m) 

PLA/PPC/PHBV Harmonic   1/3/2 = γ12 -3.98 

PLA/PHBV/PPC Harmonic   1/2/3 = γ13 -0.84 

PPC/PLA/PHBV Harmonic   3/1/2 = γ32 0.58 

 

It was demonstrated that 30% PLA, 60% PHBV and 10% PBS had a calculated λ31 of 3.83 

mN/m. PBS enveloped PLA lending itself to a core-shell scenario83. However, for PLA-PHBV-

PPC ternary blends, both γ13 and λ31 were found to be negative, indicating that PLA and PPC 

formed separate phases. This means that the three components were separated from each other, 

and complete wetting morphology was formed in the ternary blends. That is why the flexibility 

of ternary blends can only be improved at 40% PPC where a co-continuous structure was 

successfully formed. This is unlike the previous study where only 10% PBS surrounded by 30% 
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rigid PLA (40% (PLA+PBS)) could improve the toughness and flexibility of blends17. In this 

study, PCC not only played the role of a toughening agent but also improved sample flexibility. 

Figure 3.4.4.8 shows the schematic representation of phase morphology of the ternary blends. 

PLA, PHBV and PPC are separated from each other with morphology evolution from elliptical 

shaped droplets to co-continuous structures. As such, the toughness of PLA-PHBV matrix can 

only be improved with high contents of PPC (40%), in which co-continuous structures can be 

formed in the melt blending. Since all three biodegradable biopolymers are mostly immiscible 

with each other, as predicted by spreading coefficients from interfacial interaction, use of 

compatibilizer such as peroxide or modification of the surface groups of biopolymers such as 

maleic anhydride grafting would increase miscibility among the three polymers where added 

functionality promote intermolecularinteractions between each biopolymeric species. 

 

Figure 3.4.4.8. Schematic illustration detailing the transition from droplet-droplet 

to co-continuous morphology for biopolymer phases of ternary blends. 
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 Conclusion 

Ternary blend containing 20:40:40 weight percentage of PLA-PHBV-PPC was 

found to be an optimal blend with high stiffness of 2.7 GPa, an HDT of 72 oC and a high 

elongation at break of ~215%. HDT was seen to reduce with 40% PCC, however tensile 

flexibility showed great improvement compared to neat PHBV. To reveal the mechanism 

behind mechanical performance of ternary blends, the crystallization and morphology 

were studied. The SEM studies showed that a co-continuous structure was formed at 40% 

PPC, leading to significant improvement in elongation at break of the ternary blends. 

Furthermore, the phase morphology was predicted by theoretical spreading coefficient 

calculations. It was found that PLA, PHBV, and PPC were separated from each other in 

the ternary blends and as such the toughness of blends could only be improved at high 

PPC content. Overall, ternary blends containing at least 40% PPC provided a balance of 

mechanical and thermal properties necessary for high performance applications. In the 

future, compatibilizer or surface polarity modification of PLA or PPC will be 

investigated to further enhance mechanical and thermal properties of the blends using 

low amounts of PPC. 
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4 Life Cycle Assessment of PLA-PPC Binary Blends  

 Abstract 

Fabrication of petroleum-based plastics uses fossil fuel sources, causing harmful by-

products to flow into waste sites, water streams, oceans, and land. At end-of-life, these plastics 

take many decades to break down in the environment. A potential solution may be biodegradable 

plastics that are made from bacterial processes because they require less energy to produce on 

an industrial scale and are more environmentally friendly. Plastics such as Polylactic Acid 

(PLA) and polypropylene carbonate (PPC) are both biodegradable and known to be 

environmentally friendly biopolymers. Life Cycle Assessment (LCA) has been applied to PLA 

to assess global warming potential. Initial impact assessment of 1:1 PLA-PPC binary 

biodegradable blend produced at lab scale revealed that materials are the main contributor to the 

life cycle of binary blend followed by manufacturing and transportation. Among the materials, 

the major contributor is found to be PCC. This LCA study provided an initial baseline for these 

biodegradable materials. For future studies, biobased PPC unit processes will need to be 

accessed. A sensitivity analysis will need to be performed to see if any parameter that may 

reduce the environmental impacts. 
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 Introduction 

Petroleum-based plastics use limited fossil fuel energy and cause pollution worldwide20. 

At end-of-life, petroleum-based plastics take many decades to break down in the landfill. 

Biodegradable bioplastics are a solution to petroleum-based plastics. The use of biodegradable 

plastics produced from bacteria requires less energy to produce on an industrial scale and are 

environmentally friendly19, 20. Biodegradable plastics such as Polylactic Acid (PLA) and 

polypropylene carbonate (PPC) would be excellent choices in alternatives to substitute 

petroleum-based plastics as they are more environmentally friendly19, 20. PLA was previously 

assessed by prior studies22-24 by Life Cycle Assessment (LCA) to determine global warming 

potentials. LCA is a powerful tool to model the environmental impact of a product through either 

its cradle-to-gate or cradle-to-grave life cycle21.  

PLA is produced by fermentation of corn starch or sugar cane biomass146 and has been 

recently detailed in an LCA study analyzing farming practices used to obtain sugarcane for PLA 

production24. PPC is made via copolymerization of carbon dioxide and propylene oxide using a 

catalyst (zinc glutarate)109 . Zinc glutarate is a good choice of catalyst as it can be immobilized 

on silica bed which would allow it to be used in a gas phase and batch reactors. Results showed 

that combining CO2 from power plant flue gas may improve catalyst commercial 

applicability147. Carbon capture facility requires that carbon dioxide comes from biomass that is 

captured and stored, used for energy or other industrial process production where carbon dioxide 

streams are produced from biomass feedstocks 148. Ethanol fermentation, along with carbon 
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dioxide enhanced oil recovery, has been shown to be the best method for Bio-carbon capture 

storage149. Studies also detailed energy consumption for compressing carbon dioxide by 

compressor design, the pressure required inside of a pipeline containing carbon dioxide, and the 

temperature needed to cool the pipelines and tanks150. Propylene oxide can be produced using 

propylene glycol (a derivative of bio-glycerol) and catalysts123. The source of carbon dioxide 

comes from recycled sources in which a recent LCA study showed that from CO2-conversion 

technologies that polyol production had the highest potential for reducing the global warming 

impact151. CCU sources in the LCA model involved CO2 capture from the atmosphere, coal 

power plants and methanol and polymer production.152  

While the source of PLA and repurposed CO2 has been studied in LCA, the LCA of PPC 

is not available. Using the zinc catalyst as studied in the experiment by Demirel for this LCA 

study would be beneficial to gleam the environmental impacts from a good choice of catalyst in 

the PPC production147. These neat polymers are chosen not only for their sustainability, but they 

are chosen as they demonstrate comparable mechanical and physical properties when compared 

to their petroleum-based counter parts19, 20. However, for a neat biodegradable polymer, not all 

mechanical properties are present in the individual polymers. To achieve comparable properties, 

biopolymer blends must be produced so that thermal, and mechanical properties can be 

balanced.  Optimal blend ratios can be obtained and will allow for enhanced properties in 

mechanical and physical properties. Melt blending and injection molding PHBV-PPC binary 

blends were found to exhibit thermal and dimensional stability80. PHBV and PPC were chosen 

to balance stiffness and toughness properties. It was found that increasing PHBV in the PPC 
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phase improved mechanical performance. Ternary blends of PHBV-PLA- Polybutylene 

succinate (PBS) biopolymers were shown to have significant improvement in flexibility and 

toughness and thermal resistance83. Optimal blend formulations of PHBV, PLA and PPC were 

obtained exhibiting decent stiffness-toughness balance with improved mechanical and thermal 

properties (Hedrick et al). However, their impact on the environment is not well studied, namely 

in global warming potentials. To assess the sustainability factor from cradle-to-gate life cycle of 

a biopolymer blend, an LCA study will be performed on lab-produced biopolymer blends of 

PLA-PPC.  

 Methods 

This LCA study follows ISO 14040 series methodology provided by the International 

Organization of Standardization (ISO)153. The methodology for LCA consists of goal and scope, 

inventory analysis, impact assessment and interpretation. The inventory and impact assessment 

results are discussed in the interpretation stage. 

 Goal and Scope  

This LCA study aims at quantifying the GHG emissions of PLA-PPC binary blended 

biopolymer that assumed to be produced at BDDC lab in Guelph, Ontario, identifying the hot 

spots and environmental impacts of PLA-PPC binary blend. The production process of PLA-

PPC biopolymer blend includes chemicals and repurposed materials used to make neat PLA and 

neat PPC, PLA-PPC production, and the transportation distance used to get the raw materials 
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from the supplier to the BDDC. The fabricated PLA-PPC biopolymer blend will be treated as 

an intermediate product making the system boundary cradle-to-gate (Figure 4.3.4.1). 

 

   

Figure 4.3.4.1. System boundary of PLA-PPC 1:1 binary blended biopolymer. 
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Figure 4.3.4.1 shows the system boundary for the production of 1:1 binary blend of PLA-

PPC biopolymer material. Corn-PLA is defined as coming from the Blair, Nebraska plant 

provided by NatureWorks.  PPC is synthesized in house at the BDDC with methanol and 

benzene excluded due to amounts not specified. Transportation includes the nearest supplier of 

PLA, and local shipment of the necessary reagents, solvents, and catalysts needed to produce 1 

kilogram of binary blended PLA-PPC material. Manufacturing uses low voltage source from 

country source and includes the energy in kilowatt hours need to run the twin extrusion melt 

blend injection molding machinery to make a 1:1 ratio of PLA to PCC biopolymer blend. The 

energy for compounding and extruding was taken to be equal to the energy needed for twin 

extrusion melt blend injection molding machinery as determined by the BDDC, and the energy 

of the autoclave and heat energy of calcination was also defined in the manufacturing to make 

PPC. The functional unit is assumed to be 1 kilogram of blended biopolymer.  

 Process Description 

The production of PLA-PPC binary blend has 3 main stages: (1) PLA from a local 

supplier and transport to the BDDC lab; (2) Delivery of starting materials for PPC production 

at the BDDC lab and (3) Manufacturing of the PLA-PPC binary blend at the BDDC lab.. The 

production of propylene oxide (PO) and polypropylene carbonate (PPC) are detailed from 

representative lab scale experiments from already reported literature as commercial PPC has not 

yet been researched in an LCA study. PLA22, 23  data is taken from ecoinvent database.  Inventory 

is provided in the following table 4.3.2.1.  
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Table 4.3.2.1. Material Inventory from Ecoinvent database and Other references 

Process/Parameters Data Sources 

PLA  0.50kg 

PLA/1 kg of binary 

blend 

 

Ecoinvent 

database22, 23, 154- 

PG 0.25 kg PG/1 

kg binary blend 

Ecoinvent database, 

other123 

Potassium Nitrate 0.00005 

KNO3 kg/1 kg 

binary blend 

Ecoinvent database, 

other123 

Silica Sand 0.00005 kg 

SiO2/1 kg binary 

blend 

Ecoinvent database, 

other123 

PO 0.25kg PO/1 

kg binary blend 

Ecoinvent database, 

other109 

Zinc 0.025 kg 

Zn/1 kg binary blend 

Ecoinvent database, 

other 109 

Carbon dioxide 0.25 kg CO2/ 

1 kg binary blend 

Ecoinvent database, 

other155, 156 

Calcination 0.50kWh 

heat energy/1 kg 

binary blend 

Other123 

Autoclave 7.5 kWh 

autoclave /1 kg 

binary blend 

Other109 

Twin extrusion 1.20 kWh/1 

kg binary blend 

Author-defined 

Injection moulding 0.39 kWh/1 

kg binary blend 

Author-defined 

CO2 capture 0.35 kWh/1 

kg binary blend 

Other156 

Total Transportation 0.61 tkm/1 

kg binary blend 

Author-defined 

 

PLA and CO2 process are available in Ecoinvent database. However, PO and PPC 

processes are not available in Ecoinvent.  Therefore, the unit processes for PO and PPC have 
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been created ( Table 4.3.2.1). Energy for calcination, autoclave, twin extrusion-injection 

moulding for PLA-PPC binary blends and CO2 capture are also provided.  The required energy 

in the manufacturing process of binary blend  was taken from the literature109, 123, 156.  

4.3.3.1 Transportation 

PLA is purchased from NatureWorks Ingeo suppliers. The supplier is called Jamplast 

and they are located in St. Louis, Missouri, USA. Transportation distance from Jamplast to 

BDDC lab is 1,150 km by ground transportation. Propylene glycol, repurposed CO2 gas, 

chemical reagents, and solvent are purchased from Sigma Aldrich in Oakville, Ontario and is 70 

km from Guelph by ground transportation.  

4.3.3.2 Manufacturing 

The corn-based PLA is blended with biobased PPC to produce the binary blend at the 

BDDC, University of Guelph. PLA and PPC are blended in a lab-scale twin screw extruder 

DSM (Netherlands) using ASTM testing mould.  

Synthesis of Propylene Oxide 

Yu et al. detailed a synthesis technique for producing propylene oxide (PO) from bio-

based propylene glycol123. The reaction mechanism is detailed in Propylene glycol precursor to 

PO will come from Ecoinvent and is a synthetic source, not from biomass. The silica catalyst 

modified with alkali metal nitrate showed the best propylene oxide selectivity among the 

different experimental conditions tested. Specifically, in that adding higher concentrations of K 
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or Cs, selectively for propylene oxide showed the best improvement123. Calcination157 was 

included for this unit process; however, it was defined as coming from heat source for burning 

wood chips at an industry level as the heat range was close to the value needed for calcination. 

It is to note that the authors of the study did not provide details on materials and equipment used 

in calcination so only a heat energy source could be taken for the initial study. The effect of 

drying was excluded from the unit processes as the authors did not make this process clear on 

what materials, and equipment was used for drying. Instead, 1 kWh of heat energy for 

calcination was chosen for initial assessment.  

Synthesis of Polypropylene Carbonate  

Chisholm et al. reported the synthesis procedure for making PPC.  PO was 

copolymerized with carbon dioxide using a zinc glutarate catalyst in an autoclave.  The reaction 

was allowed to copolymerize in the autoclave for 20 hours at 60 °C under 50 bar CO2 pressure. 

The final product was dissolved and precipitated109. Autoclave energy was included for this unit 

process158, 159. The procedure to produce lab synthesized non-biobased PPC is taken from 

Chisholm et al., who detailed the copolymerization of PPC using PO and CO2 gas. It is reported 

that the copolymerization synthesis at 60 °C in a autoclave with 2 mL (29 mmol) of PO, 50 bar 

pressure of CO2, and 0.1 g (0.5 mmol) zinc glutarate109.  Scaling up,0.05 kilograms of Zinc 

glutarate to 1 kilogram of PO is needed, PO and CO2 will be assumed to be in a 1:1 ratio.  

4.3.3.3 Inputs 

Inputs for CO2   
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In Ecoinvent, CO2 gas is based on a Swiss study performed by Ustadi regarding different 

cooling mediums and will be the input used in this LCA study155. The remaining inputs156 such 

as water, solvents, activated carbon and energy are not from ecoinvent (for the capture of CO2) 

and come from Ravikumar et al., 2020 (Figure 4.3.5.2, unit process P1).  

Inputs for PO 

Gonzalez-Garay performed a life cycle assessment on the different routes to produce 

biobased propylene glycol and found that the optimal route involved a two-step mechanism 

requiring a reactor with a temperature gradient that operates at 200°C at the top and 120°C at 

the bottom of the reactor122. Akiyama et al. determined that glycerol did not need to be diluted 

as it did not affect the chemical conversion160. Hydrogen (under ambient conditions) and 

glycerol were in a molar ratio of 5:1 as reported by prior study161. Glycerol is heated to 200°C 

where it is then sent to the reactor containing hydrogen heat to the same temperature as the prior 

step. The gas products are cooled to 30°C where it is then sent to a flash unit where a majority 

of the gas stream is recycled back into the process and the remaining amount is discharged to 

avoid product build-up. Reactors liquid stream is mixed with flash units’ liquid phase then sent 

to the distillations columns that are under atmospheric pressure.  Ethylene glycol and propylene 

glycol are recovered in the lower part of the first column then separated out in the second column 

were both products are obtained in a 99.5 wt % yield.  Methanol, water, and acetol are recovered 

in the top portion of the first column and sent to the third column where 99.5 wt. % of methanol 

is obtained122. The lower part of the water and acetol streams are piped into the distillation 
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column. From there the acetol is recovered and sent back to the main reactor. Water is sent to a 

wastewater treatment facility. The chemical process involves using Cu/Al2O3  at high heat 

(above 200°C) to catalytically convert bioglycerol and the acetol hydrogenation using lower 

heat (from 100-150°C). The temperature of the reactor should be considered as it represents the 

conditions of the full conversion of glycerol to obtain a 96.9% yield of propylene glycol122.  If 

used in the unit processes for future study, producing biobased propylene glycol using Cu/Al2O3 

hydrogen catalysts and glycerol from biomass would need to be scaled-down to a 5:1 ratio as 

inputs to the process.  Yu et al. reported the procedure for producing biobased propylene oxide 

in which alkali metals of lithium (Li), sodium (Na), potassium (K), and Cesium (Cs) in a nitrate 

solution were impregnated into porous silica. Afterwards the modified silica was dried and 

calcinated for 6 hours at 550°C. Glycerol is a byproduct from the production of biodiesel where 

transesterification takes place between vegetable oil and methanol in a strong base162-164. 

Propylene glycol (petroleum based) is coming from Ecoinvent database. PG and KNaNo3 (with 

potassium catalyst) were taken from Ecoinvent as an input. SiO2 is listed as silica sand and will 

also be taken as an input.  

Inputs for PPC 

Benzene and methanol solvents are needed for dissolving and precipitating PPC during 

the chemical process; however, both areexcluded as amounts are not provided from the authors. 

Energy from the Autoclave is be included. 0.05 kg of Zinc glutarate, 0.50 kg of PO, and 0.50kg 

of CO2 are taken as inputs coming from Ecoinvent and are not from biodegradable resources.  
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 Unit Processes Schematic 

The unit processes schematic for the synthesis of PLA and PPC to make a 1:1 PLA-PPC 

biopolymer blend is provided in Figure 4.3.5.2.  

 

  

 

 

 

 

Figure 4.3.5.2 Unit processes flow schematic for all combined unit processes  

 

 RESULTS AND DISCUSSION 

           Figure 4.3.5.2 Unit processes flow schematic for all combined unit processes 

 

 

4.4 Results and Discussion 
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Table 4.4.1. Life cycle impacts of binary blend/kg 

 

As shown in Table 4.4.1., the effect of materials show the strongest contribution towards all impact 

categories when comparing among the different processes (Materials, Manufacturing, and 

Transportation) for the life cycle of PLA-PPC binary blended material. 

 

Fig 4.4.1. Contribution of different unit process in the life cycle of binary blend 

 

Impact category Unit Materials Manufacturing Transportation Total 

Ozone depletion kg CFC-11 eq 1.19E-06 2.55E-07 2.54E-08 1.47E-06 

Global warming kg CO2 eq 6.75E+00 2.50E+00 1.04E-01 9.36E+00 

Smog kg O3 eq 4.11E-01 1.33E-01 1.72E-02 5.61E-01 

Acidification kg SO2 eq 4.56E-02 1.57E-02 6.47E-04 6.19E-02 

Eutrophication kg N eq 3.98E-02 1.71E-02 1.42E-04 5.70E-02 

Carcinogenics CTUh 3.31E-07 1.18E-07 3.06E-09 4.52E-07 

Non carcinogenics CTUh 2.73E-06 5.49E-07 3.09E-08 3.31E-06 

Respiratory effects kg PM2.5 eq 4.67E-03 1.98E-03 8.39E-05 6.74E-03 

Ecotoxicity CTUe 6.95E+01 2.90E+01 8.95E-01 9.94E+01 

Fossil fuel depletion MJ surplus 8.90E+00 2.85E+00 2.27E-01 1.20E+01 
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Figure 4.4.1 shows the intensity for each impact category for the binary blend. Materials 

(PLA, PPC) strongly contribute to each environmental category at 70-80% contribution 

indicating that some parts of the unit processes are strongly contributing to impact emissions. 

This is further explored in the following sections.  

Table 4.4.2. Contribution of materials in the life cycle of binary blend/kg. 

Impact category Unit PPC PLA  Total 

Ozone depletion kg CFC-11 eq 
1.04E-06 1.41E-07 1.19E-06 

Global warming kg CO2 eq 
5.05 1.70 6.75 

Smog kg O3 eq 
0.32 0.09 0.41 

Acidification kg SO2 eq 
0.03 0.01 0.05 

Eutrophication kg N eq 
0.03 0.01 0.04 

Carcinogenics CTUh 
2.67E-07 6.41E-08 3.31E-07 

Non carcinogenics CTUh 
2.54E-06 1.85E-07 2.73E-06 

Respiratory effects kg PM2.5 eq 
0.003 0.001 0.00 

Ecotoxicity CTUe 
51.29 18.206 69.50 

Fossil fuel depletion MJ surplus 
6.64 2.258 8.90 

 

Table 4.4.2 compares the impact categories between PPC and PLA. PPC is shown to 

contribute more emissions to each category. PPC contributes to global warming ~5 times 

compared to PLA. Fossil fuel depletion is 3.5 times higher in value for PPC than for PLA. And 

for ecotoxicity, PPC is 3 times is higher in value than compared to PLA.  
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Table 4.4.3. Contribution of various process in production of PPC/kg. 

Impact category Unit PO 

Catalyst 

(Zinc) 

CO2 

Capture Electricity Total 

Ozone depletion 

kg CFC-11 

eq 
1.89E-06 1.63E-08 3.76E-09 1.83E-07 2.09E-06 

Global warming kg CO2 eq 
4.522741 0.247965 0.563807 4.77211 10.10662 

Smog kg O3 eq 
0.333646 0.028044 0.020666 0.262465 0.64482 

Acidification kg SO2 eq 
0.025486 0.003029 0.002713 0.038123 0.069351 

Eutrophication kg N eq 
0.037243 0.002093 0.000996 0.023028 0.06336 

Carcinogenics CTUh 
2.24E-07 2.07E-08 1.24E-08 2.77E-07 5.34E-07 

Non carcinogenics CTUh 
1.55E-06 2.2E-06 5.56E-08 1.28E-06 5.09E-06 

Respiratory effects kg PM2.5 eq 
0.003511 0.000349 0.000255 0.002643 0.006758 

Ecotoxicity CTUe 42.73589 10.5676 12.16824 46.74576 
102.5843 

Fossil fuel 

depletion MJ surplus 9.385299 0.178028 1.645841 2.801231 
13.28347 

 

Table 4.4.3 compares the impact categories of PO, zinc, CO2 capture and electricity for 

the production of PPC. PO and electricty are shown to contribute more emissions to each impact 

category with lesser emissions coming from Zinc and CO2. 

 

Table 4.4.4. Contribution of various process in production of PO/kg. 

Impact category Unit           Glycol  

Sodium 

nitrate  

Silica 

sand  Heat Total 

Ozone depletion kg CFC-11 eq 3.44E-07 8.63E-08 1.37E-09 1.82E-10 4.32E-07 

Global warming kg CO2 eq 2.339807 1.21716 0.010961 0.001204 3.569133 

Smog kg O3 eq 0.099486 0.059795 0.00113 3.22E-05 0.160443 

Acidification kg SO2 eq 0.009314 0.005222 7.99E-05 3.55E-06 0.014619 

Eutrophication kg N eq 0.012954 0.005274 2.42E-05 1.74E-06 0.018254 

Carcinogenics CTUh 7.49E-08 3E-08 4.02E-10 1.49E-11 1.05E-07 

Non carcinogenics CTUh 3.01E-07 1.99E-07 2.2E-09 9.74E-11 5.02E-07 
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Respiratory effects kg PM2.5 eq 0.00118 0.000504 8.68E-06 3.35E-07 0.001693 

Ecotoxicity CTUe 14.16094 7.025184 0.057171 0.001697 21.24499 

Fossil fuel 

depletion MJ surplus 7.345515 1.045609 0.012451 0.002214 8.405789 

 

The production of PO in Table 4.4.4. also had strong emissions for global warming, 

ecotoxicity, and fossil fuel depletion. However, the total emissions from the production of PPC 

had the strongest contribution in terms of impact on the environment. 

Table 4.4.5. Environmental impacts of the life cycle of different polymers/kg. 

Impact category Unit Binary blend PLA PP 

Polyster-

biopolymer 

Ozone depletion 

kg CFC-11 

eq 

1.47E-06 2.921E-07 1.947E-08 4.975E-07 

Global warming kg CO2 eq 
9.36E+00 3.141E+00 2.056E+00 9.506E-01 

Smog kg O3 eq 
5.61E-01 1.823E-01 9.642E-02 1.106E-01 

Acidification kg SO2 eq 
6.19E-02 2.106E-02 6.801E-03 1.139E-02 

Eutrophication kg N eq 
5.70E-02 1.939E-02 9.181E-04 8.821E-03 

Carcinogenics CTUh 
4.52E-07 1.278E-07 5.523E-08 7.547E-08 

Non 

carcinogenics CTUh 

3.31E-06 3.485E-07 4.769E-08 1.232E-06 

Respiratory 

effects 

kg PM2.5 

eq 

6.74E-03 2.566E-03 5.371E-04 1.308E-03 

Ecotoxicity CTUe 
9.94E+01 3.616E+01 3.745E+00 2.393E+01 

Fossil fuel 

depletion MJ surplus 

1.20E+01 3.851E+00 1.022E+01 5.368E+00 

 

Table 4.4.5 shows that compared with neat polymers PLA, PP, and general polyester 

biopolymer that the binary blend is an order of magnitude higher for the impact categories in 
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ozone depletion, global warming, ecotoxicity, and fossil fuel depletion. In the binary blend, it 

appears that the contribution from PPC increased the emissions impact across all categories. 

Although CO2 was from biomass, PG input was from petroleum-based sources.  Additionally, 

the use of catalyst and other materials used in the synthesis of PO seem to contribute more to 

increased emissions when compared to neat PLA and neat PP.  The system boundary might have 

been a source of sensitivity as more inputs might have been needed to ensure comparability to 

PLA and PP in terms of LCA inventory.   

The production of PO also had strong emissions for global warming, ecotoxicity and 

fossil fuel depletion. However, the total emissions from the production of PPC had the strongest 

contribution in terms of impact on the environment. The effects of manufacturing and 

transportation seem negligible, especially with transportation. The effects from materials 

dominate all categories for emissions around 80% impact. From this study, PPC and PLA 

contributed to all impact categories showing that making a 1:1 biodegradable blend will in fact 

have an impact on the environment using CO2 from biobased sources.  
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 Conclusions 

This study revealed that materials are the main contributor in the life cycle of 1:1 PLA-PPC binary 

biodegradable blend produced at lab scale for all impact categories This was due to the use of non-

biobased polypropylene glycol, potassium nitrate, and catalysts. In terms of energy, the use of the 

autoclave had a strong impact on emissions.  This LCA study provided an initial baseline for these 

biodegradable materials. Further optimizations to the unit processes may be needed to fully 

encompass the effects of producing a binary blend of PLA-PPC. For future studies, the use of 

biobased propylene glycol will need to be considered, and a sensitivity analysis will need to be 

performed to see if there is any parameter that can change impact results. 

 

 

 

 

 

 

 

 



 

 

83 

 

 

5 General Conclusions and Future Studies   

 Conclusions 

PHBV is commercially viable, has good thermal properties, and is slightly more flexible 

than PHB. However, PHBV is still very brittle and crystalline, so it must be blended with other 

semicrystalline aliphatic biodegradable biopolymers to balance stiffness-toughness-thermal 

resistance properties and to remain biodegradable. PHBV can also be blended with amorphous 

biopolymers such as PPC; however, PPC in ternary blends would benefit from the use of 

compatibilizer for improved miscibility between immiscible biopolymers. Ternary blend 

containing 20:40:40 weight percentage of PLA-PHBV-PPC was found to be an good blend with 

high stiffness of 2.7 GPa, an HDT of 72 oC, and a high elongation at break of ~215%. HDT was 

seen to reduce with 40% PCC; however, tensile flexibility showed a great improvement 

compared to neat PHBV. The SEM studies showed that a co-continuous structure was formed 

at 40% PPC, leading to significant improvement in elongation at the break of the ternary blends. 

It was found that PLA, PHBV, and PPC were separated from each other in the ternary blends, 

and as such, the toughness of blends could only be improved at high PPC content. In the future, 

compatibilizer or surface polarity modification of PLA or PPC will be investigated to further 

enhance the mechanical and thermal properties of the blends using low amounts of PPC. Initial 

impact assessment revealed that 1:1 PLA-PPC binary biodegradable blend produced at lab scale 
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had emissions for all impact categories that resulted from the effects of materials PLA and the 

materials used to make PPC. This LCA study provided an initial baseline for these biodegradable 

materials. Further optimizations to the unit processes may be needed to fully encompass the 

effects of producing a binary blend of PLA-PPC. For future studies, PG produced from biomass 

will need to be considered and a sensitivity analysis will need to be performed to see if there is 

any parameter that can change impact results significantly.  

 Future Studies of LCA of Ternary Blends  

For the PLA-PPC binary blend, the effect of autoclave and calcination will need to be 

further investigated by conferring with researchers who work directly with these processes. For 

future studies on PLA-PPC, PG produced from biomass will need to be considered, and a 

sensitivity analysis will need to be performed to determine if there is any parameter in the unit 

processes that, if changed would make a difference to overall emissions in impact categories. 

Additionally, PHBV will need to be incorporated using secondary sources outside of Ecoinvent 

database for consideration of a ternary blend. Ternary blend of PHBV-PLA-PPC will need to be 

combined with a compatlizer to improve miscibility.  
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