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ABSTRACT 

SUSTAINABLE BIOCOMPOSITES FROM ‘GREEN’ PLASTICS AND NATURAL 
FIBERS 

 

Vidhya Nagarajan      Advisor: Dr. Amar K. Mohanty 

University of Guelph, 2012     Co-Advisor: Dr. Manjusri Misra 

 

This study involves the fabrication and performance evaluation of injection molded 

biomass based biocomposites. The matrix material chosen for this study was a preblend of poly 

(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly (butylene adipate-co-terephthalate) 

(PBAT). In the first part of the study, the effect of incorporation of switchgrass at loading levels 

of 20 to 40 wt% was investigated. The hydrophobic-hydrophilic disparity between the matrix and 

fiber was solved by the addition of compatibilizer, poly diphenylmethane diisocyanate (pMDI). 

Loading levels of pMDI at 0.5, 0.75 and 1 parts per hundred (phr) were investigated. (PHBV-

PBAT) matrix with 30 wt% switchgrass compatibilized by 0.75 phr pMDI resulted in the highest 

tensile properties and heat deflection temperature. In a second part, the potential of various 

biomass fibers including agricultural residues like soy stalk, corn stalk, wheat straw and other 

perennial grasses like miscanthus were explored as reinforcing filler for (PHBV-PBAT) at 30 

wt% fiber loading. All the composites using different fiber types exhibited improved modulus 

performance and showed significant increase in heat deflection temperature (HDT). This study 

has revealed prospects for hybrid composite fabrication to further enhance the performance of the 

composites. 

ii 
 



ACKNOWLEDGEMENT 

I would like to express my sincere gratitude and appreciation to my advisor Dr. Amar 

Kumar Mohanty for the valuable guidance, sage advice, encouragement and support he 

provided all through my graduate program. I would also like to thank my co-advisor Dr. 

Manjusri Misra whose firm support, suggestion and assistance was greatly needed and deeply 

appreciated. Special thanks to my committee member, Dr. William David Lubitz for his 

valuable comments and suggestions. I would like to sincerely thank Dr. Mohanty and Dr. 

Misra once again for providing me an excellent opportunity to pursue graduate studies at 

University of Guelph under their continuous advice and systematic guidance. 

 I am also indebted to Dr. Abdul Kader for guiding and encouraging me in applying 

for this Masters program. I express my sincere thanks and appreciation to all researchers of 

‘Bioproducts Discovery and Development Centre’ whose knowledge and experience was an 

invaluable source of inspiration for my academic achievements. Their friendship and 

assistance have meant more to me than I could ever express. I acknowledge and thank 

Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA), New Directions 

Research Program (SR9211) and OMAFRA Highly Qualified Personal (HQP) Scholarship 

program for providing financial support to carry out this research work. My parents and sister 

receive my deepest gratitude and love for their dedication and support. There are no words 

that adequately express my appreciation to them. Thank you for having confidence in me. I 

have been fortunate to have many friends who cherish me and I thank them all for their 

support. Heartfelt thanks to my landlord, Mr. William Keith McLean for being a great pillar 

of support throughout my stay in Canada and teaching me that even the largest task can be 

accomplished if it is done one step at a time. I dedicate my thesis to all these people who 

made it happen.  

iii 
 



TABLE OF CONTENTS 
 

ACKNOWLEDGEMENT ............................................................................................... iii 

LIST OF TABLES .......................................................................................................... vii 

LIST OF FIGURES ....................................................................................................... viii 

LIST OF ABBREVIATIONS ......................................................................................... xi 

LIST OF PUBLICATIONS .......................................................................................... xiii 

 

CHAPTER 1 INTRODUCTION ..................................................................................... 1 

1.1 Overview of Composites ........................................................................................... 1 

1.2 Biopolymers .............................................................................................................. 3 

1.3 Natural Fibers ............................................................................................................ 5 

1.3.1 Composition of natural fibers ......................................................................................... 8 

1.4 Biocomposites ......................................................................................................... 11 

1.5 Need for Current Research ...................................................................................... 14 

 

CHAPTER 2 LITERATURE REVIEW ....................................................................... 18 

2.1 Polyhydroxyalkanoates ........................................................................................... 18 

2.1.1 Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) .......................................................... 20 

2.2 Poly (butylene adipate-co-terephthalate) ................................................................ 21 

2.3 Bioblends ................................................................................................................. 22 

2.4 Lignocellulosic fibers .............................................................................................. 24 

2.4.1 Perennial Grasses .......................................................................................................... 25 

2.4.2 Agricultural Residues .................................................................................................... 27 

2.5 Factors affecting biocomposite performance .......................................................... 28 

2.6 Compatibilization .................................................................................................... 31 

2.7 Biocomposites based on perennial grasses .............................................................. 34 

2.8 Biocomposites based on agricultural residues ........................................................ 37 

2.9 Objectives and Hypothesis ...................................................................................... 44 

iv 
 



CHAPTER 3 MATERIALS AND METHODS ............................................................ 47 

3.1 Materials .................................................................................................................. 47 

3.2 Biocomposite fabrication ........................................................................................ 48 

3.3 Measurement of fiber dimension and composition analysis ................................... 51 

3.4 Testing and characterization methods ..................................................................... 51 

3.4.1 Tensile test .................................................................................................................... 51 

3.4.2 Flexural test ................................................................................................................... 53 

3.4.3 Impact test ..................................................................................................................... 53 

3.4.4 Density .......................................................................................................................... 54 

3.4.5 Fourier Transform Infrared Spectroscopy ..................................................................... 55 

3.4.6 Thermogravimetric Analysis (TGA) ............................................................................. 56 

3.4.7 Dynamic Mechanical Analysis (DMA) ........................................................................ 57 

3.4.8 Heat deflection temperature (HDT) .............................................................................. 59 

3.4.9 Melt flow index ............................................................................................................. 60 

3.4.10 Water absorption ......................................................................................................... 60 

3.4.11 Scanning electron Microscopy .................................................................................... 61 

 

CHAPTER 4 RESULTS AND DISCUSSION .............................................................. 62 

4.1 Biocomposites from (PHBV-PBAT) blends and switchgrass: fabrication and 
performance evaluation .............................................................................................. 62 

4.1.1 Switchgrass dimension .................................................................................................. 62 

4.1.2 Effect of switchgrass content on tensile properties ....................................................... 63 

4.1.3 Experimental and theoretical modulus comparison ...................................................... 65 

4.1.4 Proposed mechanism for compatibilization .................................................................. 68 

4.1.5 Effect of compatibilizer content on tensile properties .................................................. 70 

4.1.6 Impact strength .............................................................................................................. 72 

4.1.7 Fourier-Transform Infrared Spectroscopy (FTIR) analysis .......................................... 73 

4.1.8 Dynamic mechanical properties .................................................................................... 75 

4.1.9 Heat Deflection Temperature (HDT) ............................................................................ 77 

4.1.10 Melt Flow Index (MFI) ............................................................................................... 79 

4.1.11 Morphology................................................................................................................. 80 

4.1.12 Conclusion .................................................................................................................. 84 

v 
 



 

4.2 Biocomposites from agricultural residues and perennial grasses: comparison 
and analysis of composite properties ......................................................................... 85 

4.2.1 Fiber architecture and composition ............................................................................... 85 

4.2.2 Mechanical Properties ................................................................................................... 88 

4.2.3 Thermo-mechanical properties ..................................................................................... 91 

4.2.4 Heat deflection temperature (HDT) .............................................................................. 93 

4.2.4 Thermogravimetric analysis (TGA) .............................................................................. 94 

4.2.5 Density .......................................................................................................................... 99 

4.2.6 Melt flow index (MFI) .................................................................................................. 99 

4.2.7 Water absorption ......................................................................................................... 100 

4.2.8 Morphology................................................................................................................. 103 

4.2.10 Conclusion ................................................................................................................ 107 

 

CHAPTER 5 ECONOMIC ANALYSIS ..................................................................... 109 

5.1. Introduction .......................................................................................................... 109 

5.2. Raw materials: Availability and cost ................................................................... 110 

5.2.1 Polymer matrix ............................................................................................................ 110 

5.2.2 Perennial grasses and agricultural residues ................................................................. 112 

5. 3. Cost estimation for selected biocomposite formulation ...................................... 116 

 

CHAPTER 6 SIGNIFICANCE AND OVERALL CONCLUSIONS ....................... 120 

 

REFERENCE ................................................................................................................ 124 

 

 
 

 

vi 
 



LIST OF TABLES 
 

Table 2-1: Chemical composition of selected lignocellulosic fibers   25 

Table 3-1: Prepared formulation of biocomposites     50 

Table 4-1: HDT and MFI values for matrix, compatibilized and  

uncompatibilized biocomposites       78 

Table 4-2: Fiber dimension and composition of various lignocellulosics  87 

Table 4-3: Mechanical property data with one way ANOVA results for matrix    

and composites         89 

Table 4-4: HDT values for matrix and biocomposites     94 

Table 4-5: Decomposition temperature of various fibers and biocomposites  98 

Table 4-6: Density and melt flow index of biocomposites     99 

Table 5-1: Estimated amount of switchgrass and miscanthus biomass availability  

by percentage of all land class in Ontario allocated to their production (tDM/yr) 113 

Table 5-2: Estimated sustainably removable residues based on land area distribution  

under corn-soy-wheat rotation in Ontario       115 

Table 5-3: Biomass availability from agricultural residues in Canada   115 

Table 5-4: Breakeven price estimated for biomass      116 

Table 5-5: Raw material pricing for cost estimation of the biocomposites   117 

Table 5-6: Cost estimation for selected biocomposite formulations    118 

 

 

 

 

vii 
 



LIST OF FIGURES 

 

Figure 1-1: Classification of composite constituents     2 

Figure 1-2: Classification of biopolymers       4 

Figure 1-3: Classification of natural fibers       7 

Figure 1-4: Structure of cellulose        8 

Figure 1-5: Structure of lignin        10 

Figure 1-6: Terminology of biocomposites       12 

Figure 1-7: Schematic of bio-based product life cycle     13 

Figure 2-1: Structure of poly (hydroxyl butyrate-co- hydroxy valerate)   21 

Figure 2-2: Structure of poly (butylenes adipate-co-terephthalate)    22 

Figure 2-3: Structure of pMDI        32 

Figure 2-4: Schematic summary of literature review    46 

Figure 3-1: Perennial grasses and agricultural residues    48 

Figure 3-3: Fabrication of biocomposites      49 

Figure 3-3: Stress strain curve        52 

Figure 3-4: DMA clamp configuration       59 

Figure 4-1: Histogram showing switchgrass fiber dimension with switchgrass digital  

photograph          63 

Figure 4-2: Effect of fiber loading on tensile properties of the biocomposites 64 

Figure 4-3: Comparison of experimental and theoretical modulus of  

(PHBV-PBAT)/SG biocomposites        67 

Figure 4-4: Schematic representation of the hypothesized mechanism for  

compatibilization          69 

viii 
 



Figure 4-5: Effect of compatibilization on tensile properties of the biocomposites  71 

Figure 4-6: Impact strength of the matrix, uncompatibilized and compatibilized  

composites           72  

Figure 4-7: FTIR Spectra of (a) pMDI (b) Switchgrass (c) (PHBV-PBAT)  

(d) (PHBV-PBAT) +30% SG (e) (PHBV-PBAT)+30% SG+0.75 phr pMDI  75 

Figure 4-8: Storage modulus and tan delta of the matrix and selected 

 biocomposites          76 

Figure 4-9: SEM micrographs of uncompatibilized (PHBV-PBAT)/SG (70:30)  80 

Figure 4-10: SEM micrographs of compatibilized (PHBV-PBAT)/SG/pMDI 

(70:30/0.75 phr)          81 

Figure 4-11: SEM micrographs showing interphase between the matrix and  

the fiber of uncompatibilized (PHBV-PBAT)/SG (70:30)    82 

Figure 4-12: SEM micrographs showing interphase between the matrix and the 

fiber of compatibilized (PHBV-PBAT)/SG/pMDI (70:30/0.75 phr)   83 

Figure 4-13: Fiber length distribution before processing    86 

Figure 4-14: Storage modulus and tan δ of biocomposites     92 

Figure 4-15: TGA of lignocellulosic fibers       95 

Figure 4-16: DTG of lignocellulosic fibers       96 

Figure 4-17: TGA of composites with various lignocellulosic fibers   97 

Figure 4-18: DTG of composites with various lignocellulosic fibers   98 

Figure 4-19: Water absorption behavior of biocomposites     102 

Figure 4-20: SEM micrographs of (a) (PHBV-PBAT)/SG (70:30)   103 

Figure 4-21: SEM micrographs of (b) (PHBV-PBAT)/MS (70:30)    104 

ix 
 



Figure 4-22: SEM micrographs of (c) (PHBV-PBAT)/SS (70:30)   105 

Figure 4-23: SEM micrographs of (d) (PHBV-PBAT)/CS (70:30)    106 

Figure 4-24: SEM micrographs of (e) (PHBV-PBAT)/WS (70:30)    107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

x 
 



LIST OF ABBREVIATIONS 
 

ASTM   American society for testing and materials 

CA   Cellulose acetate 

CS   Corn stalk 

DMA   Dynamic mechanical analysis/analyzer 

DTG   Derivative thermogravimetry 

FTIR   Fourier transform infrared  

HDPE   High density polyethylene 

HDT   Heat deflection temperature 

LDPE   Low density polyethylene 

MAPE   Maleated polyethylene 

MAPP   Maleated polypropylene 

MFI   Melt flow index 

MS    Miscanthus 

PBAT    Poly (butylene adipate-co-terephthalate) 

PCL   Polycaprolactone 

PDLA   Poly (d-lactide) 

PE   Polyethylene 

PEA   Poly (ester amide) 

PHA   Polyhydroxyalkanoate 

PHB   Polyhydroxybutyrate 

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

(PHBV-PBAT) Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) - Poly (butylene 
adipate-co-terephthalate) 

 

xi 
 



Phr   Parts per hundred 

PLA   Poly (lactic acid) 

PLLA   Poly (l-lactide) 

pMDI   Polymeric diphenyl methane diisocyanate 

PP   Polypropylene 

PPC   Polypropylene carbonate 

PTAT   Poly (tetramethylene adipate-c-terephthalate)  

PTT   Poly (trimethylene terephthalate) 

PU   Polyurethane 

PVA   Poly (vinyl alcohol) 

RPM   Rotation rep minute 

RWF   Recycled wood fibers 

SEM   Scanning electron microscopy 

SG   Switchgrass 

SS   Soy stalk 

Tg    Glass transition temperature 

TGA    Thermogravimetric analysis/analyzer 

Vf     Volume fraction 

WS    Wheat straw 

Wt    Weight 

 

 

 

 

 

xii 
 



xiii 
 

LIST OF PUBLICATIONS 
 

International Journal Publication 

1. Vidhya Nagarajan, Manjusri Misra, Amar K. Mohanty. “New engineered 
biocomposites from poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/ poly 
(butylene adipate-co-terephthalate) (PBAT) blends and switchgrass: Fabrication and 
performance evaluation.” Industrial Crops & Products, 2013; 42: 461-468. 
 

2. Vidhya Nagarajan, Amar K. Mohanty, Manjusri Misra. “Sustainable green composites: 
Value addition to agricultural residues and perennial grasses.” Submitted to ACS 
Sustainable Chemistry and Engineering (August 2012). 

 

Conference Publication 
 
1. Vidhya Nagarajan, Amar K. Mohanty, Manjusri Misra. “Biodegradable green 
composites from natural fibers and bioplastics” Proceedings of 26th ASC Annual 
Technical Conference / The Second Joint US-Canada Conference On Composites. 
Montreal, Quebec, Canada. September 26-28, 2011.  

 

2. Manjusri Misra, Vidhya Nagarajan, Jeevan Prasad Reddy, Amar K. Mohanty. 
“Bioplastics and green composites from renewable resources: where we are and future 
directions!”  Proceedings of 18th International Conference on Composite Materials. Jeju 
Island, Korea, August 21-26, 2011. 
 
 



1 
 

CHAPTER 1 INTRODUCTION 
 

1.1 Overview of Composites  
 

A composite is defined as a material having two or more distinct materials 

differing in form or composition on a macroscale. The continuous phase of the composite 

is termed a matrix while the other components are referred to as reinforcements (when 

their addition to the matrix system improves the mechanical properties of the composite) 

or as fillers (when only cost reduction or other property modification is achieved). Ideally 

the second component added to the matrix will act as both reinforcement and filler. 

Composites are classified into three main categories: fiber reinforced composites, particle 

reinforced composites and structural composites (laminates and sandwich panels). The 

classification of matrix and reinforcement/fillers is given in Figure 1-1. 

 

Polymers are the most widely used matrix materials. Compared to metals & 

ceramics the mechanical properties of polymers, especially their strength & stiffness are 

seen as inadequate, but this drawback in polymers can be over-come by reinforcement 

with other materials. Processing conditions & equipment for manufacturing polymer 

matrix composites are in addition, simpler.  Such materials often result in light weight 

structures with high stiffness & the properties of these materials can be tailored for 

specific applications thereby reducing energy needs & saving weight. Historically, fiber-

reinforced plastic composites came into use with cellulose fiber phenolics during 1908. 

Later composites were extended to urea & melamine reaching commodity status during 

the 1940’s with glass fibers in unsaturated polyesters [1]. The manufacture, use, and 
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removal of traditional composite structures with synthetic polymers and glass, carbon or 

aramid fiber reinforcements are being scrutinized from legislative and environmental 

perspectives [2]. Mainly because of the use of nonrenewable resources and problems 

associated with the removal after their end use.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Classification of composite constituents (partly redrawn after reference [3]) 
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structures with synthetic polymers, glass, carbon or aramid fiber reinforcement are being 

scrutinized from legislative & environmental perspectives, mainly because of their use of 

nonrenewable resources & problems of removal after their end use. Traditional 

composites are made from two dissimilar materials derived from nonrenewable resources 

that are not biodegradable. They stay interconnected & relatively stable making reuse & 

recycling difficult. Methods of disposing of these composites include land-fill & 

incineration. However, over the past several years [1988-2002] the number of land-fill 

sites in the USA has dropped from 8000 to 1767 as sites have reached fullness of their 

capacity [4]. Related investigations reveal that five states have less than 5yrs of land-fill 

capacity & 14 other states have only 5-10yrs of land-fill capacity [5].  These problems 

coupled with a depletion of petroleum resources, escalating cost & sustainability issue are 

driving demand for materials derived from renewable resources. Using materials from 

renewable resources could become an important part of the solution to this problem as 

concern increases about the effect of petroleum based plastics and increased dependence 

on oil & gas imports. In addition renewable resource based biodegradable composites can 

help mitigate the land-fill problem as products made with these materials degrade under 

composting conditions after their useful life. 

1.2 Biopolymers 
 

As mentioned above, today’s social conscience, driven by environmental 

awareness is challenging industry & designers to develop ingenious materials that 

minimize the carbon footprint. Biopolymers have potential to be a cardinal component of 

a continuously emerging line of reduced impact materials. Bio-polymers refer to 

materials that are either biodegradable, derived from renewable & nonrenewable 
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resources, or materials that are non-biodegradable but derived from renewable biological 

resources. Biopolymers are also referred to as bioplastics. Blending different polymers to 

achieve a bioplastic blend with optimum properties designed for specific requirements 

can also be arranged/ performed easily in the manufacturing process. A broad 

classification of biopolymers/bioplastics is shown in Figure 1-2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: Classification of biopolymers (redrawn after reference [1] ) 
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Bioplastics are not always biodegradable & all biodegradable plastics are not bio-based 

[1]. However, as novel manufacturing techniques developed through advancements in 

bio-technology are applied to their production they are becoming more popular. Only one 

class of biopolymers is renewable & biodegradable as is shown in the classification. 

When bio-composites are composted bio-degradability is triggered at a particular 

temperature by micro-organisms in the compost. Renewable resource based bio-polymers 

can therefore help create a sustainable plastics industry. Dependence on petroleum based 

raw materials for manufacturing can also be decreased by use of bio-based non-

biodegradable plastics like bio-polyethylene decrease our dependence on petro-based raw 

materials for manufacturing. Yu and Chen [6] have reported that the production of 1 kg of 

polyhydroxyalkanoate (PHA) resin contributed to only 0.49 kg of CO2 emission as 

opposed to 2-3 kg of CO2 emissions by the production of same amount of petroleum 

based plastics. They have also mentioned that this is about 80% reduction in the global 

warming potential. The fossil energy required for bioplastics production (44 MJ/kg) is 

also nearly half of that required for the petro-based plastic (78-88 MJ/kg) [6]. 

Preservation of petroleum resources, complete biodegradability, reduction in 

volume of garbage & protection of climate through reduced carbon dioxide emissions, 

are major factors driving interest in bio-polymers [7].  

1.3 Natural Fibers 
 

Most plastics by themselves are not suitable for load-bearing applications as they 

lack sufficient strength, stiffness, & dimensional stability [ability to maintain original 

dimension when subjected to changes in temperature & humidity]. Fibers, however, 
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possess high strength & stiffness, but it is difficult to use fibers alone in load-bearing 

applications due to their fibrous nature. In fiber-reinforced composites fibers serve as 

reinforcement that giving strength & stiffness to the structure. The polymer matrix serves 

as the adhesive to hold fibers in place & make suitable structural components [1].  

Synthetic fibers such as glass, aramid & carbon are used extensively as reinforcement. 

There are major draw-backs to their use: they are non-biodegradable; additionally, large 

amounts of energy which adversely affects the environment are used in manufacturing 

these fibers. Natural fibers are, therefore, seen as an important alternative material in 

overcoming these concerns.  

 

All natural fibers are a renewable resource of raw material through their 

biodegradability. They have excellent specific strength & high modulus. Reduced density 

& lower cost of these fibers compared to synthetic fibers makes their use advantageous. 

They also have a safer manufacturing process and exhibit good thermal properties & ease 

of separation in manufacturing with enhanced energy recovery, plus reduced tool wear. 

Other advantages are; natural fibers offer good acoustic & thermal insulation properties 

combined with ease of processing. [1]. A broad classification of natural fibers is 

represented in Figure 1-3. 

 

The tensile strength & Young’s modulus of natural fibers; like flax, hemp, kanef, 

sisal & jute are lower compared to E-glass fiber which is commonly used in composites. 

However, low specific gravity results in bio fibers having higher specific strength & 

stiffness that is beneficial especially in products designed for bending stiffness. 
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Figure 1-3: Classification of natural fibers (modified after reference [1]) 

 

The density of E-glass is ~2.5g/cc while that of natural fibers is much lower at 

~1.4g/cc [1]. This is particularly important when low weight of the structure is a 

production requirement. Place of origin & climatic conditions affect the 

physicomechanical properties of these natural fibers. It is, therefore, difficult to achieve 

consistent fiber quality for industrial use & this remains a serious challenge for 

researchers. Genetic manipulation [GM] can produce fibers with consistent properties & 

low lignin content, it is possible therefore, that a new generation of cellulose rich bio-
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fibers for use in wide-scale industrial applications may be assured through GM in the 

near future [1]. 

1.3.1 Composition of natural fibers 
 

The basic chemical structure of many natural fibers is similar, in terms of 

constituents, but varies in composition depending on the type & origin of the fiber. 

Natural fiber is itself a composite as it contains rigid, crystalline cellulose micro fibrils in 

a matrix of lignin & hemi-cellulose that is amorphous. The major components of natural 

fiber are cellulose, hemi-cellulose & lignin. The strength & stiffness necessary to the 

fibers is provided by hydrogen bonds [8].  

 

Cellulose is a hydrophilic glucan polymer consisting of linear chain of 1, 4-β 

anhydroglucose units which contain alcoholic hydroxyl groups which form 

intermolecular and intramolecular hydrogen bonds within the macromolecule and also 

with other cellulose macromolecules.  

 

 

 

 

 

Figure 1-4: Structure of cellulose 

 

http://en.wikipedia.org/wiki/File:Cellulose_Sessel.svg�
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This relationship makes all natural fibers hydrophilic in nature [8].  The ability of 

hydroxyl groups to form hydrogen bonds plays a significant role in governing the 

physical properties & directing the crystalline packaging of cellulose material. Though 

the chemical structure of cellulose obtained from different natural fibers is the same; the 

degree of polymerization varies & it is this that controls the mechanical properties of a 

fiber. The amount of cellulose in lignocellulosic systems also varies depending on the 

species & age of plant material. 

Hemicellulose contains short highly branched chains of sugars and is a fourth 

form of sugar polymers found in natural fibers/biomass. The five carbon sugars usually 

found in hemi-cellulose are; D-xylose & L-arabinose. Six carbon sugars include; D-

galactose, D-glucose & D-manose. Hemicellulose also contains uronic acid. The sugars 

in hemicellulose are highly substituted with acetic acid. The branched nature of hemi-

cellulose makes it amorphous & relatively easy to hydrolyze by dilute acid or base into 

its constituents [8].  

 

Lignin is an integral part of the secondary cell walls of fibers & is a complex 

compound. Lignin is referred to as a cross linked racemic macro-molecule, or a 

biochemical polymer that functions as a structural support material in plants. Lignin is a 

phenolic polymeric material formed from phenolic precursors such as; [i] p-

hydroxycinnamyl alcohols, [ii] p-coumarylalcohol, [iii] coniferyl alcohol, [iv] sinapyl 

alcohol through a metabolic pathway [8]. A probable structure of lignin is represented in 

Figure 1-5.  
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Figure 1-5: Structure of lignin (redrawn after reference [8]) 

 

Currently for automotive applications, several non-wood fibers (flax, hemp, kenaf 

& sisal) are commercially used in combination with polypropylene. Native grass fibers 

are, however, attracting research attention as reinforcing fibers for bio-composite 

applications [9]. Recycled newspaper, which belongs in the wood fiber category is 

another latent source of fiber reinforcement [10].  Straw fiber from wheat, rice, & corn 

are widely available in different parts of the world & all possess the potential to be used 

as inexpensive reinforcement for bio-composites [1,11]. 
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1.4 Biocomposites 

Biocomposites are broadly defined as the composite materials that are made from 

natural fibers and petroleum based non-biodegradable polymers or biopolymers. 

Composite materials that are derived from biopolymers and synthetic fibers like carbon 

fibers and glass fibers also come under this term. Simply put, when at least one of the 

constituent in the composite system is from a renewable resource then it is considered a 

biocomposite. Biocomposites made from plant-derived fiber (natural/biofiber) and 

crop/bio derived plastics (biopolymer/bioplastic) are more eco-friendly and termed ‘all 

green composites’. Composite system containing natural fiber as reinforcement refers to 

‘natural fiber composites’.  Combination of two or more biofibers with a polymer matrix 

results in “hybrid” biocomposites. For clear understanding a schematic representation of 

the terms and definitions is given in Figure 1-6. 

 

A biocomposite derived from renewable resources that has the attractive attributes 

of recyclability, triggered biodegradability or compostability (stable in use but 

biodegradable under compost conditions), with environmental acceptability and 

commercial viability is referred as a sustainable biobased product [1]. An additional 

benefit of ‘sustainable bio-based products’ & indeed of an ‘all green composite’ is that 

decomposition does not result in addition of new net CO2 to the environment because 

these components came originally from plant material [1].  
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Figure 1-6: Terminology of biocomposites 
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Figure 1-7: Schematic of bio-based product life cycle1

 

(modified after reference [2]) 

 

                                                           
1 Source for the images 
1*http://www.ncn-uk.co.uk/DesktopDefault.aspx?tabindex=139&tabid=431 
2*http://www.pwpindustries.com/j/i/25673/Agroresin.html 
3*http://www.reap-canada.com/bio_and_climate_3_2.htm 
4*http://www.wholesalesyntheticoil.com/Help-Save-The-Planet.html 
 

4* 
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1.5 Need for Current Research 

Bioplastics in their present economic state cannot go up against petroleum based 

plastics & composites. Natural fiber reinforced bio-composites can, however, compete 

economically because of the low cost of natural fibers compared to synthetic fibers. It is, 

therefore, imperative to derive cost-effective bio-based products or biocomposites 

through the use of inexpensive natural fiber reinforcement. New applications & uses for 

biocomposites will spur large scale demand for bioplastics which will help the attainment 

of long-term sustainability. The foundation for development of new & emerging bio-

based composite materials industry lies in detailed understanding of natural fibers, bio-

plastics & bio-composite formulations. 

 

Three key factors driving automaker interest in biocomposites are; reduction in 

use of petroleum based materials, increased efficiency & fuel saving capability, 

environment-friendly technologies the publication of which click with consumer 

concerns. Toyota, Daimler/Chrysler & Ford already incorporate bio-based composite 

materials in some of their product range [12]. Toyota plans to replace 20 wt% of all oil-

based plastics for auto’s by 2015; this is equivalent to 360,000 metric tons of bio based 

materials [13]. As demand for these materials accelerate & their production broadens they 

will have to meet the various requirements for different uses set by the industry. Bio-

degradable composites, therefore, need to be developed to duplicate or surpass 

conventional composite characteristics in different fields of use while retaining the 

advantages of light weight, reduced density, minimal green house gas emissions & end of 

life bio-degradability. 
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1.6 Thesis Structure  

This thesis is organized as below: 

Chapter 2: Literature survey chapter contains background information on biopolymers 

like polyhydroxy alkanoates (PHA), poly (3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) and poly (butylenes adipate-co-terephthalate) 

PBAT and their blends (PHBV-PBAT). In addition, composition of natural 

fibers is analyzed from previously published literature. Particular 

importance is given to literature on perennial grasses such as switchgrass 

and miscanthus and also agricultural production residues like soy stalk, corn 

stover and wheat straw. Major factors influencing the biocomposites 

performance are reviewed. Properties and performance of composites 

containing aforementioned fibers as reinforcing agents studied previously 

by other researchers are reviewed. Compatibilizers added to improve the 

properties of the composites are also reviewed. 

Chapter 3:  This chapter starts with information regarding the matrix material (PHBV-

PBAT), compatibilizer polymeric diphenyl methane diisocyanate (pMDI), 

perennial grasses and agricultural residues used for the work along with the 

supplier information. Biocomposite fabrication process by industry 

prevalent melt mixing technique i.e. extrusion compounding followed by 

injection molding process is explained. The processing parameters and 

conditions such as processing time, rotation per minute (RPM), residence 

time, injection pressure and time involved in the process are listed. All the 
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prepared formulations are clearly indicated with weight percentage of 

different materials. Several testing methods used for characterization of the 

base polymer matrix and composites are explained with test standard, 

procedure, parameters and conditions adopted for testing a particular 

sample.  

Chapter 4: This results and discussion chapter is divided into two parts. The first part 

targets the development, testing and characterization of the biocomposite 

from (PHBV-PBAT) blend and switchgrass. Switchgrass loading of 20-40 

wt% in (PHBV-PBAT) blend is investigated. The static and dynamic 

mechanical and thermo-mechanical properties as a function of switchgrass 

weight content in the (PHBV-PBAT) matrix are evaluated. Compatibilizer 

level starting from 0.5 to 1 parts per hundred (phr) is investigated. 

Compatibilization reaction scheme between the fiber and matrix is 

established in this section and a clear schematic of the proposed reaction 

explains the compatibilization mechanism. Mechanical, dynamic mechanical 

and thermal properties are studied and a critical concentration of 

compatibilizer is found to exist in the composite system. Heat deflection 

temperature, density and melt flow index test is also conducted. Morphology 

of fractured surface was also investigated by scanning electron microscopy 

(SEM).  

The second part of this chapter, illustrates the development and 

characterization of biocomposites from (PHBV-PBAT) blend and different 

agricultural residues like soy stalk, corn stover, wheat straw and miscanthus 
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(perennial grass). Thermogravimetric analysis of all the fibers and composite 

system are studied to determine their thermal stability. The mechanical and 

thermo mechanical properties of composites developed from various 

lignocellulosic fibers are compared to the switchgrass based composites. 

Water absorption behavior of all the composites is established.  

Chapter 5: This chapter analyses the economic aspects of the best performing 

formulations. From commercial point of view, biocomposites can be 

considered as a potential substitute for conventional composites only when 

they are economically viable. This chapter covers the basic economic analysis 

of raw materials and cost estimations for (PHBV-PBAT)/switchgrass 

composites are established.  

Chapter 6: A summary of the research work findings is presented in this chapter with 

specific conclusions from the experimental results and discussion. Scope for 

future work and references follows.  
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CHAPTER 2 LITERATURE REVIEW 
 

In the current chapter, a summary of the relevant literature surveyed during the 

course of the research is presented. The purpose of this survey was to provide the 

background information and select the objectives of the present investigation. The survey 

is divided according to the order of concepts introduced in the previous chapter. In the 

concluding section of this chapter, knowledge gap in earlier investigations is outlined and 

the objectives of the present research are listed. 

 

2.1 Polyhydroxyalkanoates 

 
Polyhydroxyalkanoates (PHAs) are a class of biopolymers produced in nature by 

bacterial fermentation of sugars or enzyme thinned starch. They are found as intracellular 

carbon storage compounds and energy reserves in bacteria like Ralstonia eutropha 

(Alcaligenes eutrophus), Bacillus, Clostridium, Azotobacter, Rhodococcus, Rhizobium 

etc., produced through a series of enzymatic reactions in both native and recombinant 

organisms [14]. Many different monomers can be produced within this class of 

biopolymer. PHAs can be homopolymers or co-polymers, and depending on the 

monomer used, the mechanical properties of PHAs can be tailored from rubbery to rigid 

properties. Depending upon the chain length of monomer units PHAs are classified into 

three types: (i) short chain length (SCL) PHAs, having monomer chain length 3-5 carbon 

atoms, (ii) medium chain length (MCL) PHAs, having monomer chain length 6- 14 

carbon units and long chain length (LCL) PHAs, consisting of more than 14 carbon units 

[15].  PHAs differ in their properties according to their chemical composition. Polymers 
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composed of SCL units have thermoplastic properties while those composed of MCL 

units have elastomeric properties.   

PHA copolymers with relatively high mole% of SCL and low mole% of MCL 

have properties similar to that of polypropylene [16]. The synthesis of monomeric 

composition in PHAs is influenced by the type of organism, carbon source on which the 

cells are grown and metabolic process of the cell.  The starting carbon feedstocks and the 

metabolic pathways for the conversion of those feed stocks into monomers have an effect 

on the final properties of PHAs [15]. At present Metabolix, Monsanto and Tianan 

Biologic Materials are the major companies producing PHA. The current production of 

PHA is 80,000 tons per year and expected to reach 400,000 tons in 2013 [17]. 

 

Poly (3-hydroxybutyrate), PHB is one of the major types of PHAs. PHB is a 

highly crystalline polymer with crystallinity above 50% and melting temperature of 180 

°C. The glass transition temperature (Tg) is around 55 °C [18]. The strength and stiffness 

of PHB is closer to that of polypropylene (PP) [19]. PHB is widely studied as 

biodegradable polyester. Doi et al. [20] found that PHB had a perfectly isotactic structure 

with R- configuration which was responsible for high crystallinity of PHB. Secondary 

crystallization of the amorphous phase has been reported to occur in PHB during its 

storage. As a result, stress and elongation modulus increases and thereby make the 

polymer brittle and hard [18]. The high melting point and mechanical properties of PHB 

have been reported in literature [21]. PHB has a narrow processing window as it is 

susceptible to thermal degradation at temperatures close to its melting point [18].  
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2.1.1 Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 

 
To overcome the shortcomings, copolymers of PHB were developed.  One of the 

copolymers of PHB is poly (3-hydroxybutyrate-co-3-hydroxyvalerate), PHBV, (Figure 2-

1) with randomly arranged 3-hydroxybutyrate (HB) and 3-hydroxyvalarate (HV) groups. 

It was first synthesized by ICI in 1983 [22]. PHBV is a biopolymer with high crystallinity 

having a melting point of 180 °C. The glass transition temperature (Tg) of the polymer is 

in the range -5 °C to 20 °C [23]. The flexibility and processability of PHBV is higher than 

PHB. Elongation at break for PHBV is lower than 15% and elastic modulus is 1.2 GPa. 

The valerate content in the PHBV strongly influences the crystallinity, melting point and 

rate of crystallization of the copolymer [24]. The copolymer melting point, glass 

transition temperature and the crystallinity decrease as the hydroxyvalerate unit content 

increases [25,26]. With an increase of the HV units in the copolymer, impact strength 

increases and the tensile strength decreases [25,26]. The rate of degradation of PHBV is 

faster than that of PHB. The degradation kinetics was found to depend on the structure 

(copolymer or homopolymer), crystallinity, and processing conditions [27]. 

 

            PHBV has a heat deflection temperature similar to that of PP and acceptable 

impact strength. The rate of degradation of PHBV in different environments has been 

studied previously and it has been reported that PHBV was completely degradable in 

anaerobic sewage, soil, and sea water after 6, 75, and 350 weeks respectively [28]. Major 

drawbacks of PHBV are low strength and modulus, development of interlamellar 

secondary crystallization on storage, slow crystallization rate and high production cost 

[29]. 
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Figure 2-1: Structure of poly (hydroxyl butyrate-co- hydroxy valerate) 

Although PHAs have desirable mechanical properties and environmentally 

friendly characteristics such as biodegradability, the biopolymer is still not used 

extensively in commercial applications. The limited use is primarily due to their high cost 

relative to polyolefins (such as PE and PP). Currently, PHBV produced from Chinese 

supplier Tianan Biologic Material Co. Ltd, sells for US $ 0.90/kg. With production 

capabilities expanding, Tianan has projected that their price for PHBV can reach US $ 

0.73/kg [30]. While this is a good improvement, it still does not compare well with US $ 

0.36 - $0.43/kg for PE or PP.  

 

2.2 Poly (butylene adipate-co-terephthalate) 
 

As a result of increasing problem of domestic waste, particularly with plastics, a 

new class of petroleum based biodegradable polymers are being developed. Generally 

biodegradability is a function of a polymer structure and does not depend on the origin of 

the raw materials. Poly (butylenes adipate-co-terephthalate) (PBAT), shown in Figure 2-2 

is aliphatic-aromatic copolyester commercialized by BASF under the trade name 

Ecoflex®. It is a petro-based polymer but completely biodegradable. Witt et al [31] 

investigated the biological degradation behavior of Ecoflex® with regard to the 
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intermediates formed during the degradation process and the degree of degradation. They 

observed that Ecoflex® degraded within a few weeks with the aid of naturally occurring 

enzymes.  

 

Ecoflex® is a flexible plastic designed for film extrusion and extrusion coating. 

Better use properties, processability compared to conventional plastics, constant material 

quality and in many cases a significantly lower price point makes it advantageous. It also 

overcomes the disadvantages of many aliphatic materials and combines useful material 

properties with biodegradability [31].  

 

 

 

 

 

 

Figure 2-2: Structure of poly (butylenes adipate-co-terephthalate 

2.3 Bioblends 
 

Blending of polymers is an effective, economical, and alternate way of acquiring 

new materials with accepted properties. Blends are advantageous as they combine the 

physical and mechanical properties which are collectively absent in individual polymers 

[18]. 
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In order to improve the material properties of PHBV, different polymers such as 

polystyrene, starch, poly (styrene-co-acrylonitrile), starch-graft-poly (glycidyl 

methacrylate) poly (butylene succinate) (PBS), thermoplastic starch (TPS) and poly(lactic 

acid) (PLA) have been blended with PHBV [32-37]. PHBV is tougher compared to PHB; 

however, more toughness is required for PHBV to broaden the field of application. 

Blends of PHBV and polypropylene carbonate (PPC) were also studied. The crystallinity 

and morphology of those blends have been reported [38]. A transesterification reaction 

between PHBV and PPC has been outlined. The melting temperature of the blend 

composed of 70%wt PPC was 4 °C lower than that of pure PHBV, and the crystallization 

temperature decreased by about 8 °C.  

 

In view of its high toughness and biodegradability, PBAT can be considered as an 

excellent polymer for toughening the biobased polymers like PLA and PHBV. It also 

offers practical and economical solution to improve the inferior properties these 

polymers. The PLA/PBAT blends showed decreased tensile strength and modulus. 

Nevertheless, elongation and toughness increased dramatically [39]. 

 

Javadi et al [40] studied the solid and microcellular components of PHBV blended 

with PBAT that are commercially available in three different weight ratios (i.e., 

PHBV/PBAT 98.5/1.5 (Y1000P), 45/55 (5010P), and 30/70 (6010P)). The composites 

were prepared by conventional and microcellular injection molding process. They 

investigated the effects of the varying composition of the PHBV/PBAT blend (both solid 

and microcellular) on various material properties like morphological, mechanical, and 
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thermal properties. Their results showed that blending PHBV with PBAT improved the 

specific toughness up to two orders of magnitude for both solid and microcellular 

specimens compared to neat PHBV. The PHBV/PBAT blend of both solid and 

microcellular samples showed an increment of 500 % in strain-at-break when compared 

to neat PHBV. Also, it was found that the degree of PHBV crystallinity decreased 

consistently with increasing PBAT content in both solid and microcellular samples. 

However, the drastic increase in strain-at-break and toughness observed in the 

PHBV/PBAT blends were accompanied with reduction in strength and modulus when 

compared to neat PHBV [40].  

 

The strength and stiffness lost while blending can be improved by adding certain 

types of fillers. Javadi et al [41] also studied the effect of incorporation of recycled wood 

fibers (RWF) and nanoclay into PHBV/PBAT (30:70 wt%) matrix. Addition of 10 wt% 

RWF had significant effect on the cell morphology of PHBV/PBAT/RWF composites 

and also increased the specific strength and modulus. Nevertheless, addition of 2 wt% 

nanoclay to the composite system did not contribute any significant improvement in the 

mechanical properties of the composite. 

2.4 Lignocellulosic fibers 
 

As mentioned in the introduction section, natural fibers including grasses and 

agricultural residues are being considered as filler/reinforcing materials for thermoplastic 

composites. As all these plant-based materials are composed of the polymeric 

components such as cellulose, hemicellulose and lignin they are often collectively 
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labelled as lignocellulosic fibers or in short as lignocellulosics. The chemical composition 

of selected lignocellulosic fibers [42,43] is given in Table 2-1. 

 

Table 2-1: Chemical composition of selected lignocellulosic fibers [42,43] 

 

Sample  Cellulose 
(% of dry 
matter) 

Hemicellulose 
(% of dry matter) 

Lignin 
(% of dry 
matter) 

Switchgrass  37 29 19 

Miscanthus  43 24 19 

Soy Stalk  33 14 14 

Corn Stover  38 26 19 

Wheat Straw  38 29 15 

 

 

2.4.1 Perennial Grasses 
 

Switchgrass (Panicum virgatum L.) is a perennial grass native to North America. 

The grass has a wide range of adaptation from Central America to deep into Canada but it 

is also grown in South America and Africa. It has high yields under poor, low input 

conditions and is used for forage production, soil conservation and as an ornamental crop. 

During the last 10 years it has been developed for energy and fibre applications in 

America, Canada and more recently in Europe [44-46]. Production costs of switchgrass 

are much lower compared to annual fibre crops or compared to other biomass crops like 

short rotation willow and miscanthus, this is mainly due to the low establishment costs 

and low input requirements [47]. Switchgrass can grow on marginal lands and requires 
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relatively moderate levels of chemical fertilizers. Generally, switchgrass is considered as 

a resource-efficient, low-input energy crop from farmland [48-50]. 

 

Currently, switchgrass is being promoted as the major biomass source for biofuels 

such as ethanol [44]. Studies have also been conducted on the potential of using 

switchgrass as a source for paper and composites [45,49,51-53]. Switchgrass fibers may be 

an interesting reinforcing and filling agent for thermoplastic composites because they 

provide relatively good quality fibers that can be produced at low cost. In addition, the 

advantages of using switchgrass in the composites are it is annually renewable, acts as 

excellent carbon sink, environmentally friendly & lower in density compared to glass 

fibers. Energy use and environmental impacts of growing switchgrass in Ontario has been 

evaluated through life cycle analysis (LCA) by Kalita [54]. 

 

Miscanthus is a perennial, warm seasonal grass with an estimated productive 

lifetime of 10–15 years. Both the leaves and stems of miscanthus can be harvested 

annually. Miscanthus species are native to Southeastern Asia, China, Japan, Polynesia and 

Africa, and are distributed throughout the tropical and temperate areas of the world [55]. 

Miscanthus is a promising non-food crop that has potential to yield high quality 

lignocellulosic material for energy as well as fibre production. The plant has received 

widespread attention as a biomass crop in Europe. Miscanthus is primarily used for the 

generation of electricity by combustion in power plants in Europe. 

 

Benefits of miscanthus include relatively high yield, rapid growth, low moisture 

content at harvest, high water and nitrogen use efficiencies and low susceptibility to pests 
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and diseases. In addition, it has very low ash content and a high output to input ratio [56]. 

Although, water-use efficiency of miscanthus is high, at most sites it requires irrigation to 

achieve its maximum potential yield [57]. Stems are the most commercially important 

portions of giant Miscanthus and harvesting the dried stems may occur during winter or 

spring. Harvestable stems resemble bamboo and are usually 1.3 to 2.0 cm in diameter and 

more than 3 m long [55]. Their abundance and potential to yield good quality fibers make 

these perennial grasses an interesting candidate for reinforcing fibers in composite 

application. They can be principal source of fibers serving as a substitute for wood and 

synthetic fibers. 

 

2.4.2 Agricultural Residues 
 

Agricultural residues can be further classified in to two distinct categories: 

Agricultural production residues and agricultural processing residues [58]. 

 

Agricultural production residues mainly consist of stalk and leaf tissues. Often, 

they may also contain cob and shuck materials. On-field residues like straw, stalk and 

leaf tissues from wheat, corn and soy fall under this category. Variations in the physical 

properties of these residues are expected due to harvest date and storage time [58]. 

Agricultural processing residues include waste material or co product stream that 

remains after crop/grain processing. Typically it would be hull or unused grain 

components. One primary physical advantage of processing residues over production 

residue is their homogeneity [58]. These materials are usually washed, grounded and 
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sorted for maximizing the functional grain component’s yield. The availability of 

sustainably removal residues from the field is detailed in economic analysis chapter.  

 
Biomass derived from agricultural residues has potential to act as product and 

process feedstocks for a growing bio-based economy.  Currently, interests in crops like 

corn and soy for conversion to chemical and fuel products are increasing yet the 

lignocellulosic stem, leaf, cob, and hull materials from these crops remain as unused 

resources for conversion and material applications. One further area of potential 

utilization for both classes of residues is durable composite materials, especially in the 

form of lignocellulosic fillers or reinforcement. 

 

2.5 Factors affecting biocomposite performance 
 

A review of the literature has revealed that although the performance of the 

composite material is dictated by the intrinsic properties of the constituents, number of 

other factors combine to affect the composite properties.  It is largely governed by fibre 

architecture, fibre–matrix interface and processing aspects. 

 

Fiber architecture: 

Fibre architecture includes several factors such as fibre geometry, fibre 

orientation, packing arrangement and fibre volume fraction. All this together controls 

many composite properties, particularly mechanical properties [59]. 
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The geometry of natural fibres is ultimately controlled by the morphology of the 

fibre tissues. Fibre geometry could be influenced to some extent by the way in which the 

fibres are extracted from the plant and processed. Aspect ratio is the ratio of fibre length 

to diameter. Fibres having high aspect ratio are very long and thin, while the fibers with 

low aspect ratio are usually shorter in length and broader in the transverse direction. 

Aspect ratio of the fibers can be maintained if the fibers are obtained through chemical or 

thermomechanical pulping process but hammer milling considerably reduces the fiber 

aspect ratio. Higher aspect ratio leads to greater reinforcing efficacy and good stress 

transfer. Therefore, it is advantageous in using high aspect ratio fibers as reinforcements 

but it is difficult to retain the fiber aspect ratio while extrusion or injection molding 

process. 

 

Fiber orientation plays an important role in the final properties of a composite 

material. Random fiber composites have isotropic properties. As the fiber orientation 

becomes aligned, the properties change from isotropic to anisotropic (properties 

throughout the composite are not the same). This is directly related to the processing 

technique by which the composite is produced [60,61]. The properties of the composite in 

the direction of fiber orientation and transverse to it are significantly different [62]. The 

elastic modulus is much higher when stress is applied in the direction of fiber orientation 

than when the stress is applied transverse to it. Elastic modulus of a randomly oriented 

fiber composite will be somewhere in between the abovementioned ones.  
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Fiber volume fraction (Vf) is probably the next most crucial factor in determining 

the composite properties [63]. Usually the mechanical properties have been observed to 

increase with increasing fiber content but only to a certain level. However, the maximum 

achievable fiber volume fraction in a composite is mainly governed by the orientation 

and packing arrangement of the fibres in the composite system and this in turn is 

dependent on the processing technique adopted for manufacturing the composites. 

 
 
Fiber-matrix interface: 

The interface between fibre and matrix is crucial in terms of composite 

performance. The role of the interface is to transfer the externally applied load to the 

reinforcement via shear stress that exists over the interface. In such case, controlling the 

strength of the interface is imperative. Clearly, this indicates that good bonding is 

foremost if stresses are to be adequately transferred to the reinforcement and thus provide 

a true reinforcing effect. Owing to the general incompatibility between natural fibres and 

most polymer matrices, methods for promoting adhesion are frequently needed. 

Numerous approaches have been explored so far including chemical modification of the 

fibre prior to its incorporation in the matrix [8] and introducing compatibilizing agents to 

the polymer/fibre mix during processing.  

 

Processing aspects: 

Shear forces of an extruder plays a role in deciding the properties of the 

composites. High shear forces could result in fibre breakage or reduction in the aspect 

ratio of the fiber [64]. It implies that as the rotational speed of the extrusion or injection 

moulding machine screw is increased, the shear forces would increase. Therefore, the 
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possibility of fibre breakage occurring would be greater at higher rotational speeds 

leading to a higher degree of fibre damage thus reducing the composite properties. Lower 

rotational speeds may cause lower fibre breakage [64]. At the same time, mixing achieved 

at lower speed is less vigorous which could affect the homogeneity of the material.  

 

The maximum processing temperature of the natural fibers is around 200 °C [65], 

therefore appropriate matrix material having melt temperature in this zone should be 

chosen to manufacture better performing composites. At temperature higher than 200 °C, 

natural fibers start to degrade and the effect of fiber degradation during processing is 

reflected as reduction in properties of the composites. 

 

2.6 Compatibilization 
 

A clear insight of the chemical composition and surface bonding of natural fiber 

is required for developing natural fiber-reinforced composites. Natural fibers are 

hydrophilic in nature; there arises the issue of compatibility with polymer matrix. 

Achieving good fiber dispersion and fiber matrix interphase becomes a major challenge. 

Therefore, to develop composites with good properties it is necessary to decrease the 

hydrophilicity of the fibers either by chemical modifications or by compatibilization. This 

is often addressed by the use of adhesion-promoting agents such as a compatibilizing 

agent, or a fiber-surface modifying treatment. Another major issue associated with the 

use of incompatible materials within short-fiber composites is poor fiber dispersion 

within the matrix. Additives, which compatibilize the different solid phases within the 
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composite, have been found to contribute to the development of a more even fiber 

distribution within the composite.  

 

The compatibilizing agents modify the interface by interacting with both the fiber 

and matrix, thus forming a link between the two phases of the composite [66]. A number 

of compatibilizers have been investigated.  In recent years polymeric 4, 4’ 

diphenylmethane diisocyanate (pMDI) and other isocyanates have found uses as 

compatibilizing agents in thermoplastic polymer and natural fiber composites and have 

been shown to be more efficient compatibilizing agents than maleic anhydride grafted 

copolymers [67]. For many years, pMDI has been used as an adhesive in oriented strand 

board composites [68]. Geng et al [69] work utilizing pMDI grafted stearic anhydride as 

an interfacial modifier for PE/WF composites report significant improvements in both 

strength and stiffness over the unmodified composites. 

                                                       

 

 

 

Figure 2-3: Structure of pMDI 

Chen et al [67] have studied the effect of pMDI on poly (lactic acid) and sugar 

beet pulp (SBP) composites. The addition of 30 % SBP to neat PLA resulted in a 

composite which showed 26 % increase in modulus but the yield strength and the 

elongation was drastically reduced. The elongation showed a continuous increase with 
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pMDI from 0.5 to 3 %. The water uptake continuously decreased with pMDI ranging 

from 0 to 3 %. Micrographs of composite with 2 % pMDI showed that the pores of the 

SBP particles were better filled with PLA, and the interstices between the particle and 

matrix became less, suggesting that better wetting was achieved.  

Jiang et al [70] studied the effect and mechanism of pMDI on the PHBV/bamboo 

pulp fiber biocomposite system. They found that tensile strength and flexural strength 

increased with increasing concentration of pMDI. The strain at break during both tensile 

and flexural testing decreased with pMDI concentration, implying decreased ductility 

with improved fiber-polymer interaction. 

Wang et al [71] studied the effects of MDI on PLA/starch blend and observed that 

a low concentration (0.25– 0.5 wt %) of MDI during the hot mixing of approximately 

equal weights of dry granular starch and PLA dramatically improved the tensile strength 

with MDI, a covalent linkage likely was formed at the PLA/starch interface so that the 

interfacial adhesion was enhanced and, consequently, improved the tensile strength. No 

significant difference in water absorption occurred between the blends with and without 

MDI.  

The fractured surface morphology of the composites before compatibilization had 

fiber pullouts due to insufficient interfacial bonding strength between the fiber and the 

matrix. The SEM micrographs of the blend after compatibilization showed that the fibers 

were coated with matrix and all fibers were broken at the fracture surface [67,70,71]. 
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2.7 Biocomposites based on perennial grasses 
 

Oever at al [53] evaluated the use of switchgrass from different source and their 

pulping effect on polypropylene (PP) composites with and without maleated 

polypropylene (MAPP) as a compatibilizer. The addition of 30 wt% switchgrass pulp 

resulted in an increase of the flexural modulus by a factor of about 2.5 compared to pure 

polypropylene which was only slightly lower than values found for jute and flax. The 

flexural strength of PP composites reinforced with pulped switchgrass and MAPP was 

almost doubled compared to pure PP and approached close values found for jute and flax. 

Their observations also concluded that use of different varieties of switchgrass had no 

significant effect on the performance of the resulting composite.  

  

Zou et al [72] fabricated light-weight PP composites reinforced with switchgrass 

stems up to a length of 10 cm and they concluded that there was 56 % increase in flexural 

strength, 63 % increase in Young’s modulus and 15 % increase in impact resistance 

compared to jute-PP composites. Reddy and Yang [50] have investigated the potential of 

using switchgrass leaves and stems as a sources for natural cellulose through alkaline 

extraction method. The structure and properties of the natural cellulose from switchgrass 

fiber were studied in comparison to cotton, linen and kenaf. 

 

Liu et al [73] have studied the fiber characteristics and performance of native 

Indian grass reinforced soy based bioplastics. Indian grass belongs to Poaceae family and 

is a native grass of USA that grows throughout most of North America [73].  Influence of 

fiber treatment on the properties of biocomposites derived from soy based bioplastic and 
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grass fiber were investigated by them. The results showed that alkali solution treatment 

on Indian grass removed hemicellulose and lignin and allowed the separation of the grass 

fibers into finer micro-fibers. As a result better dispersion of the fibers in the matrix was 

achieved which in turn increased the impact strength of alkali treated fiber reinforced soy 

biocomposite by 40 %, compared to raw fiber reinforced soy based biocomposites.  

 

Miscanthus, genus of rhizomatous is one of the first explored varieties of this 

species for biocomposite application by Johnson et al [74,75]. In their first study [74], they 

were keen on studying the impact performance of the miscanthus reinforced 

biocomposites with Novamont Mater-Bi® as the matrix. They found that in comparison 

with pure Mater-Bi®, the miscanthus filled polymer exhibited up to 30 % higher impact 

loads. The important parameters that affected the performance were discovered to be the 

temperature of the barrel and the rotational speed of the screw. In their next work, the 

researchers examined the possibilities of using Miscanthus giganteous as reinforcement 

for Novamont Mater-Bi® [75].  The results of the impact tests revealed that incorporation 

of miscanthus into the matrix enhanced the impact performance of the resulting 

biocomposite. As the processing temperature was increased the impact energy absorbed 

by the composite was also found to increase. They have also mentioned that increasing 

the fiber loading level did not significantly affect the performance of the composites.  

 

Followed by the literature reviewed above, the next work concerning miscanthus 

composites was reported by Kirwan et al [76]. They determined the suitability of 

Miscanthus giganteousas as a reinforcing agent for poly (vinyl alcohol) (PVA) when 
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dissolution blended and injection moulded. They employed a design of experiments 

methodology to determine whether the variation of factors had led to improved 

performance of the composites. This work has shown that the addition of miscanthus to 

PVA resulted in improved flexural properties when compared to the unfilled 

formulations. 

 
Investigations on mechanical properties of miscanthus reinforced PP and PLA 

were conducted by Bourmaud and Pimbert [77]. They have found that the mechanical 

properties of the miscanthus (reed fiber) are between those of sisal and hemp which are 

commonly used as natural fiber reinforcement. The tensile modulus of PP and PLA/reed 

fibers further increased with the addition of compatibilizer which was related to better 

dispersion of fiber bundles in the matrix.  However, the strength at yield was observed to 

decrease with the incorporation of reed fibers. They have concluded that the reed fibers 

acted more like filler rather than a reinforcing agent.   

Latest work on miscanthus is reported by Ragoubi et al [78]. They have 

determined the effect of corona discharge treatment on thermal and mechanical properties 

of PP and PLA reinforced with miscanthus.  They have proved that the treatment of fibres 

by corona discharge has resulted in surface oxidation and an etching effect and this has 

led to an improvement in the interfacial compatibility between matrix and fillers. Due to 

this Young’s modulus and stress at yield were greatly enhanced for both PP and PLA 

matrices reinforced with treated miscanthus. The thermal stability of the composites with 

treated fibers was also found to increase systematically. 
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2.8 Biocomposites based on agricultural residues 
 

One of the earliest works incorporating agricultural residue as reinforcement was 

reported by White and Ansell [79] under the title ‘Straw reinforced polyester composites’ 

in 1983. Effect of various volume fraction of wheat straw in unsaturated polyester resin 

has been studied by them. They have also analyzed wheat straw fiber structure and 

properties. The composites were fabricated using compression molding technique by 

placing layers of fibers alternating with layers of resin. Their results demonstrated that 

wheat straw fibers considerably improved the stiffness, strength and toughness of the 

composites while reducing its density.     

 

Hornsby et al [80,81] in 1997 reported their work on polypropylene composites 

reinforced by wheat straw and flax fibers in two parts. The first part detailed the fiber 

characterization with a view to their use as reinforcing agents in thermoplastics whereas 

the second part explained the mechanical properties and the microstructure of these 

composites. Compared to unfilled polypropylene, addition of up to 25 wt% of flax and 

wheat straw caused a significant increase in tensile modulus. Particularly, in the case of 

flax fibers it gave higher tensile yield strength and Charpy toughness mainly because of 

higher strength of flax fiber itself. Inclusion of 5 wt% maleic anhydride modified 

polypropylene further increased the tensile strength as a result of improved adhesion 

between the matrix and the filler. 

 

Among all the agricultural residues, wheat straw seem to have gained increased 

attention from researchers in the past 8 yrs which is apparent from the number of 
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literature published on wheat straw reinforced PP/PE composites [76-86] in this period.  

Panthapulukkal et al [82] have evaluated the properties of PP reinforced with 30 wt% 

wheat straw pulped by chemical and mechanical process. The composites showed 

significant improvement in strength properties with mechanically pulped wheat straw 

performing better than chemically pulped one. This behavior was attributed to lack of 

fiber dispersion in the matrix in case of chemically pulped wheat straw. 

 

Schirp et al [83] explored the feasibility of using wheat straw treated with a 

species of white rot fungus as a reinforcement for high density polyethylene (HDPE). 

Results obtained from this study demonstrated wheat straw as a promising alternative to 

wood fillers. Mengeloglu and Karakus [84] have reported that wheat straw flour (WF) 

filled recycled HDPE and PP performed in a similar way. Normally PP based composites 

provides higher properties compared to HDPE based ones. The similar performance of 

both the matrix after incorporation of WF has been attributed to their poor distribution in 

the matrix and their cellular structure. The main conclusion from their study was that 

incorporation of WF reduced the thermal stability of the composite.  

 

Pan et al [85,86] have conducted a detailed study on wheat straw composites. In 

their first study [85] effects of acetylation, alkalization and maleic anhydride grafted 

polypropylene (MAPP) treatments on the chemical and thermal properties of the wheat 

straw were investigated. In case of all the above treatments, it was found that the treated 

wheat straw fiber exhibited more thermal stability than the untreated wheat straw fiber. In 

their next study [86] they have investigated the effect of wheat straw fiber content (10, 20, 
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30, 40, and 50 wt %) on PP matrix with different sized fiber. In this work they also 

studied the effect of MAPP at different concentrations. The modulus and strength 

increased linearly with increase in percentage of fiber till 40 wt% and the highest 

modulus was achieved at 10wt% MAPP content. On the other hand, the elongation of the 

composites decreased due to stiff wheat straw fibers. Fiber agglomeration was noticed 

from SEM micrographs in the case of composites filled with 50 wt% of fiber which was 

reflected as reduction in the properties of the composites. 

 

More research was conducted on the improvement of the properties of the wheat 

straw composites by use of coupling agents like MAPP and MAPE. Ashori and 

Nourbakhsh [87] examined the potential of wheat straw and rice husk as reinforcement 

for PP matrix.  They concluded that mechanical properties including tensile, flexural and 

impact strength of wheat straw filled PP where higher than rice husk filled composites 

and the properties further increased with the addition of coupling agent, MAPP. Like 

mentioned in the previous study, high percentage of wheat straw (50 wt%) in this case 

also reduced the strength of the composites. Followed by their work, Zabihzadeh and 

Dastoorian [88] conducted a study to find the effect of MAPE as compatibilizer on the 

morphology and mechanical properties of a high density polyethylene/ wheat straw 

composite. Increase in tensile strength (43 %), tensile modulus (116 %) and notched Izod 

toughness (12 %) were achieved with composites containing 2 % compatibilizer.  

 

Most of the wheat straw composites found in the literatures utilized straws in 

particle or fiber form at lengths ranging from 0.5 to 5 mm. The surface treatments and 
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addition of coupling agent adds to the cost of the manufacturing process of these 

composites. Use of longer fibers has the potential to offer better mechanical properties 

and at the same time maintaining the cost to a minimum level. Zou et al [89] followed a 

novel approach of composites fabrication by combining nonwoven PP webs and long 

wheat straw fibers to improve the composite performance. The difficulty in processing of 

long fibers has also been overcome by compression molding of stacked layers of matrix 

and fiber. Their result state that higher mechanical properties were achieved at 60 wt% 

loading of wheat straw that was 5 cm long. 

 

Water absorption behavior of loblolly pine, Euro-American poplar and wheat 

straw at 35 wt% fiber loading individually with 0 and 2 % compatibilizer content on 

HDPE matrix was studied elaborately by Zabihzadeh [90]. This study generated 

interesting results regarding the water absorption behavior of different composites. Wheat 

straw composites exhibited highest percentage of water absorption while pine composites 

absorbed minimum percentage of water. Also composites with 2 % MAPP as a 

compatibilizer showed relatively lower percentage of water absorption compared to the 

one without it indicating that the compatibilizer helps in repulsion of water. Micro cracks 

development, fiber swelling and fiber debonding are discussed as the main reason for 

higher percentage of water absorption. 

 

Reinforcing fibers are often added to natural oil-based materials to impart strength 

and stiffness. In that way Pfister et al [91,92] have explored the use of wheat straw and 

corn stover as reinforcement for conjugated linseed oil and soy bean oil based resin 
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respectively. Increasing the amount of the wheat straw, the crosslink density of the 

matrix, and the molding pressure has lead to improved thermal and mechanical 

properties. Increasing the amount of corn stover has results in a significant improvement 

in the mechanical properties of the composites, but a decrease in the thermal stabilities 

was observed resulting from the low thermal stability of the corn stover. Also, their water 

uptake data has suggested that the amount of fiber was the main factor in the absorption 

of water by the composites. 

 
 

Potential of sunflower stalk, bagasse fibers and corn stalk as an alternative to 

wood fibers for reinforcing thermoplastics have been explored by Ashori and 

Nourbakhsh [93]. Fiber characterization results revealed that bagasse fiber had higher 

fiber length and aspect ratio compared to other fibers which lead to superior mechanical 

properties of bagasse composites. To improve the bonding strength between the 

lignocellulosic fiber and the matrix polymer, coupling agent MAPP was used. Their SEM 

study showed that interfacial adhesion between the fiber and the matrix was improved 

with the addition of MAPP thereby improving the mechanical properties. 

 
Egyptian agro-industry fibers like corn stalk, rice straw, bagasse and banana plant 

waste have been utilized as reinforcing fiber for low density polyethylene (LDPE) in the 

research work done by Habibi et al [94]. Fiber characteristics and the influence of type 

and amount of the fibers on the mechanical properties of the composites were examined 

by them. Fiber characterization indicated that these lignocellulosic fibers were 

differentiated based on the fiber origin and lignin, cellulose and mineral content. 
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Panthapulakkal and Sain [95] researched on the potential of agricultural residues 

such as wheat straw, corn stalk and corn cob as a reinforcing agent for HDPE matrix. 

Their results showed that the agro-residues started to decompose at 200 °C indicating that 

they can be processed only with thermoplastics having a melt temperature less than 200 

°C.  Wheat straw filled HDPE composites demonstrated better mechanical properties 

compared to composites with cornstalk, corncob and also wood flour filled HDPE. They 

observed increment in tensile and flexural properties when the composites were 

compatibilized with 5 % maleated polypropylene than fungi-treated or untreated wheat 

straw and cornstalk composites. They also concluded that all the composites exhibited 

high water uptake because of the high amount of filler present in the composites but they 

noticed that addition of compatibilizer decreased the water uptake. 

 

 
Agricultural residue as a reinforcing agent for biopolymers was explored by 

Avella et al [96,97]. In their first work [96] they utilized polyhydroxybutyrate (PHB) as a 

biopolymer matrix and steam exploded wheat straw fibers as reinforcement. 

Incorporation of up to 50 wt% of wheat straw in PHB matrix was achieved. Their thermal 

and impact behavior was investigated. They showed that 20 wt% of wheat straw 

incorporation was the optimum level to achieve good mechanical performance by 

toughening PHB. Followed by this work, poly(3-hydroxybutyrate-co-hydroxyvalerate) 

(PHBV) as a matrix for biocomposite by incorporating steam exploded wheat straw fibers 

were explored [97]. Results of their study indicated that fiber incorporation increased the 

rate of PHBV crystallinity due to the effect of nucleation but without any change in 

crystallinity content. Furthermore, the composites exhibited higher Young moduli. The 
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biodegradability study results of this work suggested that the presence of straw did not 

reduce the biodegradation rate of PHBV/Straw composites under liquid environment and 

long term soil burial test. However, in a composting simulation test 80/20 and 70/30 

PHBV/Straw composites showed a lower rate of biodegradation compared with neat 

PHBV and 90/10 composite. 

 

Nyambo et al [98] prepared green renewable composites from polylactide (PLA) 

and agricultural residues (such as wheat straw, corn stover, soy stalks, and their hybrids) 

through twin-screw extrusion followed by injection molding. The effect of varying the 

wheat straw amount from 10 to 40 wt% in PLA-wheat straw composites on the 

mechanical properties was studied. The addition of the fibers were found to increase the 

tensile modulus but decreased the tensile strength of the composites. Systematic increase 

in tensile modulus was observed as the wheat straw loading was increased from 10 to 40 

wt%. Storage and loss modulus of the composites were increased which was attributed to 

the stiffening effect of the fibers. Micrographs of tensile fractured surface revealed poor 

interfacial adhesion. The hybrid composite concept introduced here provides an option 

for addressing concerns related to supply chain problems. 

 
 

Recently, Ahankari et al [99] have studied the effect of incorporating soy stalk, 

corn stalk and wheat straw as a reinforcing agent in PHBV matrix. The tensile and 

storage modulus of PHBV was improved up to 256 % and 308 % with the reinforcement 

of 30 wt% agricultural residues. They have mentioned that alkali treatment of wheat 

straw fibers enhanced strain at break and impact strength of PHBV composites by 35 %. 

The storage modulus and heat deflection temperature of the composites also increased 
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compared to the matrix polymer. With 40 wt% of the fibers, tensile and flexural strength 

of the biocomposites decreased due to agglomeration.  

2.9 Objectives and Hypothesis 

An extensive literature survey reveals that PHBV/PBAT blend has good 

properties and could perform better as a matrix for biocomposite application but no 

research has been conducted on reinforcing PHBV/PBAT with natural fibers.  

 

Switchgrass has high specific strength and modulus. Its porous structure can 

provide insulation against noise and it can be processed easily by conventional processing 

techniques. The potential of switchgrass to act as reinforcing agent has been established 

in petroleum based polymers like polypropylene but so far no research work has been 

carried out to evaluate the performance of switchgrass reinforced composite having a 

biopolymer matrix.  

 

The potential of polypropylene and polyethylene as a matrix for agricultural 

residue based composites have been studied, again not much research has been devoted 

towards assessing the ability of soy stalk, corn stover and wheat straw as reinforcement 

for biopolymers. Stimulating this research affirms the value enhancement for the crop by 

providing higher margins and by extending the value chains benefitting the agro-food 

sector. Secondly, these green composites would serve as major drivers of sustainable 

developments to automakers, making significant shift towards eco-friendly composites to 

reduce manufacturing cost and fuel usage while meeting the consumer demand for 

greener products.  
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In the present study the objectives are: 

1. To engineer composites from a pre-blend of (PHBV-PBAT) and switchgrass through 

extrusion followed by injection moulding, optimize the processing parameters and to 

study the effect of varying the switchgrass loading level from 20 to 40 wt% on the 

properties of the biocomposite. 

The hypothesis that will be tested here is the optimal fiber loading. As the fiber loading 

into matrix increases, there is a significant reduction in strength and elongation of the 

composite but the modulus (stiffness) of the material is increased.  

2. To improve the interfacial adhesion between the fiber and the matrix through 

compatibilization for further enhancement in properties of the biocomposite. 

Compatibilization will also help in achieving higher percentage fiber loading into the 

matrix.  

Hypothesis: A compatibilizer improves the interfacial interaction and reduces the 

interfacial tension, induces internal stress transfer from the filler to the matrix 

consequently enhancing the strength properties of the composite.  

3. To explore the use of other perennial grasses like miscanthus and agricultural residues 

like soy stalk, corn stover and wheat straw as a reinforcing agent for (PHBV-PBAT) 

matrix. 
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Figure 2-4: Schematic summary of literature review  
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CHAPTER 3 MATERIALS AND METHODS 
 

3.1 Materials 
 

Pre-blend of poly(hydroxybutyrate-co-hydroxyvalerate) and poly(butylene 

adipate co-terephthalate) (PHBV-PBAT) available in the trade name ENMAT® 5010 P, 

containing 45 % PHBV and 55 % PBAT (commercialized as ECOFLEX® by BASF) 

was procured from Tianan Biologic Materials Company. Ltd., China. The compatibilizer, 

polymeric diphenyl methane diisocyanate (pMDI) commercially available as Rubinate® 

was procured from Huntsman Polyurethanes, Canada. Switchgrass (SG) and miscanthus 

(MS) were kindly supplied by Nott Farms Ltd in Clinton, Ontario, Canada. Corn stalk 

(CS), soy stalk (SS) and wheat straw (WS) were obtained from University of Guelph 

Elora research station, Ontario. Figure 3-1 shows the perennial grasses and agricultural 

residues used for this work. They were received in chopped form and they were short 

individual fibers unlike a woven mat. The average fiber length was reported to be 4-8 mm 

by the supplying farms. They were sieved to remove the fine particles. Corn stalk of the 

same average length as other fibers was separated from corn stover by sieving. All the 

fibers and polymers were dried in oven at 80 °C for 6 hours prior to processing. The 

moisture content of the fiber after drying was analyzed using ‘Moisture Analyser IR35’ 

and it was found be less than 0.5 %. 
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Figure 3-1: Perennial grasses and agricultural residues 

(Image source: www.thecropsite.com) 
 

 

3.2 Biocomposite fabrication 
 

Fabrication of composites involved extrusion compounding followed by injection 

molding (Figure 3-2). The extrusion was accomplished in a Micro 15 cc co-rotating twin 

screw compounder, manufactured by DSM Research, Netherlands. Composites were 

extruded by varying the content of base polymer and fiber. The processing temperature 

zones for all the composites were limited to 180 °C from the feeding end to the nozzle 

due to the potential degradation of the polymer matrix beyond this temperature. The 

speed of the extruder screw was maintained at 100 rpm for extrusion of all the 

composites. The residence time given to base polymer matrix was 2 minutes while the 
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composites with fibers as reinforcing agents were processed with an increased residence 

time of 2.5 minutes to facilitate effective dispersion of the natural fiber in the polymer 

matrix. Test bars were prepared by injecting the extruded molten material, collected and 

transferred through a preheated collector built with piston cylinder assembly to a DSM 

Micro 12 cc injection moulding machine. The filling pressure was set for 5 bar and the 

packing pressures were set to 6 bar for both, 1st and 2nd stage. The mold temperature was 

held constant at 45 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2: Fabrication of biocomposites 
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Composites with 20, 25, 30 and 40 wt% switchgrass were prepared and the 

compatibilizer pMDI at a concentration of 0.5, 0.75 and 1 phr were added to the 

composites with 30 wt% switchgrass (Table 3-1). For the second part of the study 30 

wt% of different lignocellulosic fibers were mixed with (PHBV-PBAT) matrix and 

fabricated individually. The test specimens were conditioned according to ASTM 

standard D 618-08 prior to testing and characterization. 

 

Table 3-1: Prepared formulation of biocomposites2

Formulation 

 

(PHBV
-PBAT) 

(wt%) 

SG 

(wt%) 

pMDI 

phr 

MS 

(wt%) 

SS 

(wt%) 

CS 

(wt%) 

WS 

(wt%) 

(PHBV-PBAT) 100 -- -- -- -- -- -- 

(PHBV-PBAT)/SG (80:20) 80 20 -- -- -- -- -- 

(PHBV-PBAT)/SG (75:25) 75 25 -- -- -- -- -- 

(PHBV-PBAT)/SG (70:30) 70 30 -- -- -- -- -- 

(PHBV-PBAT)/SG (60:40) 60 40 -- -- -- -- -- 

(PHBV-PBAT)/SG/pMDI 

(70:30/0.5 phr) 
70 30 0.5 -- -- -- -- 

(PHBV-PBAT)/SG/pMDI 

(70:30/0.75 phr) 

70 30 0.75 -- -- -- -- 

(PHBV-PBAT)/SG/pMDI 

(70:30/1 phr) 

70 30 1 -- -- -- -- 

(PHBV-PBAT)/MS (70:30) 70 -- -- 30 -- -- -- 

(PHBV-PBAT)/SS (70:30) 70 -- -- -- 30 -- -- 

(PHBV-PBAT)/CS (70:30) 70 -- -- -- -- 30 -- 

PHBV-PBAT/WS (70:30) 70 -- -- -- -- -- 30 

                                                           
2 (PHBV-PBAT)- poly(3-bydroxybutyrate-co-3-hydraxy valerate)-poly(butylenes adipate-co-terephthalate) ; 
pMDI- polymeric diphenyl methane diisocyanate; SG-Switchgrass; MS- miscanthus; SS- soy stalk; CS- corn 
stalk; WS- wheat straw. 



3.3 Measurement of fiber dimension and composition analysis 
 

High resolution photographs of 75 individual fibers spread on a sheet of black 

paper framed with a ruler (for calibration) were captured. The length of each individual 

fiber was measured from this picture using image processing software, Image J. This 

method was followed because the entire length of the fiber could not be measured under 

the optical microscope. To measure the actual dimension of fibers in a composite 

specimen, fibers were recovered from the processed composite sample by dissolving it in 

chloroform. The dimensions of recovered fiber were measured using Nikon optical 

microscope 5x magnification lens. Fibers were not uniform throughout the length and 

were not perfectly cylindrical. Therefore, apparent length and width at three parts of the 

fiber was measured and their average was calculated. Likewise, the measurement was 

carried out for 75 individual fibers recovered from the composite. The thickness of the 

switchgrass after recovery for theoretical modulus calculation was measured using 

vernier micrometer with 0.0001” accuracy. The composition of fiber was analyzed based 

on wet chemistry method by Agrifood Laboratories, Guelph, ON.  

3.4 Testing and characterization methods 

3.4.1 Tensile test 

Principle and significance 

The tensile test measures the tensile force required to break a sample and the 

extent to which it elongates or stretches to that breaking point. The result of tensile tests 

is a stress-strain diagram (Figure 3-3), which is used for determining tensile modulus. 

The data is most often used for material selection, to design parts that can withstand the 

force applied and as a quality control tool for materials that were selected. Even when the  

86 
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Elastic Plastic 

application of the material is in shear or compression, tensile strength is measured as a 

general guide to quality. 

 

 

 

 

 

 

 

Figure 3-3: Stress strain curve (P is the proportionality limit; σy is the yield strength at 
0.002 strain offset) (redrawn from [3] ) 

 

Test apparatus, condition and sample geometry 

Tensile properties were measured using tensile tester, Instron (instrument model 

3382) according to ASTM standards D 638-10. A Specimen is placed in the grips of the 

Instron that is separated at a certain distance and pulled until failure.  For ASTM D 638 

the strain rate is determined by the material specification. A typical test speed for 

standard composite test specimen is 5 mm/min. An extensometer or strain gauge is used 

to determine elongation and tensile modulus. The test specimen utilized here is of type IV 

tensile bar with overall length- 115 mm; overall width- 19 mm; thickness- 3.2 ± 0.4 mm; 

gauge length- 25 ± 0.13 mm, width of narrow section- 6 ± 0.5 mm. The tensile properties 

of switchgrass stem were also tested according to ASTM D 638 with a cross head speed 

of 2 mm/min. The tensile modulus reported for switchgrass is an average of test results 

obtained from 10 samples. 
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3.4.2 Flexural test 

Principle and significance 

The flexural test measures the force required to bend the sample under three point 

loading conditions. The data is often used for material selection for parts that can support 

the applied loads without flexing. Flexural modulus is also used to indicate a material’s 

stiffness when flexed. Flexural stress at yield, flexural strain at yield, flexural stress at 

break, flexural strain at break and flexural modulus are obtained from the stress/strain 

curves.  

Test apparatus condition and sample geometry 

Flexural properties were measured using Instron (instrument model 3382) with 

flexural grips according to ASTM standards D 790-10. The specimen is placed on a 

support span and the load is applied to the center of the sample by the loading nose at a 

specified rate thereby producing three point bending. The distance between the support 

span, the speed rate of loading cell and the maximum deflection are the test parameters. 

These parameters are mainly based on the test specimen thickness. According to ASTM 

D 790, the test should be stopped when the specimen attains 5 % deflection or when the 

specimen breaks before 5 %.  

3.4.3 Impact test 

Principle and significance 

An impact test measures the resistance to failure of a material when subjected to a 

suddenly applied force such as collision, falling object or instantaneous blow. It measures 

the impact energy, or the energy absorbed prior to fracture. Methods like Izod, Charpy, 

Gardner, tensile impact, and others are used to measure the impact resistance of plastics. 
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The notched Izod impact test is the most common test method. This test results helps 

designers to compare the relative impact resistance of a sample under controlled 

laboratory conditions. Therefore, it is often used for material selection or quality control. 

However, these tests are not considered as explicit design parameters. In a notched Izod 

impact test, a pendulum swings on its track and strikes a notched test sample that is 

mounted in vertical position. The energy lost or in other words, the energy required to 

break the sample as the pendulum continues to trace its path is measured from the 

distance it follows through.  

 

Test apparatus, condition and sample geometry 

Notched Izod impact strengths of the composites according to ASTM D 256-10 

standard were measured using TMI 43-02 impact tester machine. The impact energy of 

the pendulum used is 5 ft-lb and notches of 4.0 mm depth are cut on the impact samples 

using a TMI notching cutter. According to the standard, sample thickness is usually 1/8 

in. (3.2 mm) but may be up to 1/2 in. (12.3 mm). The samples tested for this project were 

having a thickness of 3.2 mm. 

 

3.4.4 Density 
 

Density of the base polymer and fabricated composites were measured in Alfa 

Mirage electronic densimeter model MD-300 S which works based on Archimedes 

principle (water displacement method). 
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3.4.5 Fourier Transform Infrared Spectroscopy 

Principle and significance 

Fourier transform infrared spectroscopy (FTIR) helps to identify the chemical 

bonds present in a polymer molecule by producing an infrared absorption spectrum. A 

profile of the sample is produced by the spectra which are a distinctive molecular 

fingerprint that can be used to scan and screen samples for identifying different 

components. FTIR is known to be effective analytical instrument for detecting the 

functional groups present in the sample and characterizing covalent bonding 

information. It offers quantitative and qualitative analysis for organic and inorganic 

samples. 

Test apparatus, condition and sample geometry 

Thermo Scientific Nicolet™ 6700 Fourier transform infrared spectroscopy (FTIR) 

was used to obtain the FTIR spectra of pMDI, uncompatibilized and compatibilized 

composites. The FTIR is equipped with Attenuated Total Reflectance (ATR) sample 

accessory. In a traditional FTIR, the beam penetrates the sample entirely so the samples 

have to be prepared with very little thickness to facilitate the beam penetration. In the 

case of ATR, the beam penetrates only the surface of the sample eliminating the need for 

sample preparation. A sample is placed directly above the diamond crystal and when the 

IR beam from the beam splitter approaches the sample it passes through the crystal and 

reflects internally within the crystal and the sample above it. The reflected IR beam is 

attenuated based on the chemical composition of the test specimen.  
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3.4.6 Thermogravimetric Analysis (TGA) 

Principle and significance 

Thermogravimetric Analysis (TGA) measures the amount and rate of change in 

the mass of a material as a function of temperature or time under a controlled atmosphere. 

Test results are used to determine the primary composition of materials and to predict the 

thermal stability of the specimen at temperatures up to 1000 °C.  Null point type balance 

with a sensing element in TGA detects any slight deviation of a balance beam and applies 

a restoring force, which is directly proportional to the change in weight, and accordingly 

returns the beam to its original null-point.  

 

The technique can characterize materials that exhibit weight loss due to 

decomposition, oxidation, or dehydration. TGA also gives information regarding 

decomposition kinetics of materials, moisture and volatiles content of materials. Results 

are presented as a plot of mass, m, against temperature, T or time, t. The mass loss then 

appears as a step. An alternative presentation of result is to take derivative of the original 

experimental curve to give dm/dt (T), or rate of mass loss against time (temperature), and 

to plot that against temperature, T or time, t. The generation of such a curve is called 

derivative thermogravimetry (DTG). The area under the DTG peak is proportional to the 

mass loss of the material, thereby allowing comparison of relative mass losses. 

 

Test apparatus, condition and sample geometry 

Thermal decomposition of fibers and composites in a nitrogen atmosphere was 

observed in terms of mass loss using a TA Instrument TGA Q 500 thermogravimetric 
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analyzer. The temperature change was controlled from room temperature (25 °C ± 3 °C) 

to 600 °C with a heating rate of 20 °C/min. The balance and sample purge flow rate was 

maintained at 40 and 60 mL/min respectively. 5-10mg of polymer, fiber and composite 

samples were analyzed. The samples were tested three times to check the repeatability of 

results. 

 

3.4.7 Dynamic Mechanical Analysis (DMA) 

Principle and significance 

The study of elastic and viscoelastic materials under conditions of cyclic stress or 

strain is called dynamic mechanical analysis, DMA. The instrument which measures 

stress versus strain as a function of frequency and temperature is called a dynamic 

mechanical analyzer. The analysis of such data in terms of storage modulus, loss modulus 

and a mechanical damping factor at different frequencies and temperature is the subject 

of DMA. 

 For an applied stress varying sinusoidally with time, a viscoelastic material will 

respond with a sinusoidal strain for low amplitudes of stress.  The sinusoidal variation in 

time is described with a rate specified by the frequency.  The strain of a viscoelastic body 

is out of phase with the stress applied, by phase angle, δ.  This phase lag is mainly 

because of the excess time required for molecular motions and relaxations to occur [100]. 

Dynamic stress, σ, and strain, ε, can be given as: 

𝜎 = 𝜎𝑜 sin (ωt + δ)                                                          (1) 

𝜀 = 𝜀𝑜 sin(𝜔𝑡)                                                              (2) 
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Where, ω is angular frequency, t is time and δ is the phase lag between applied stress and 

strain. The storage modulus, E’ measures the stored energy and represents the elastic 

portion of the viscoelastic material while the loss modulus, E” measures the energy 

dissipated as heat, representing the viscous portion. They are defined as below, 

𝐸′ = 𝜎𝑜
𝜀𝑜

cos 𝛿                                                               (3) 

𝐸" = 𝜎𝑜
𝜀𝑜

sin 𝛿                                                               (4) 

The storage modulus is often times associated with stiffness of a material. The 

dynamic loss modulus is often associated with internal friction and is sensitive to 

different kinds of molecular motions, relaxation processes, transitions, morphology and 

other structural heterogeneities.   

Tan δ is the ratio of the loss modulus to the storage modulus and is also called damping,  

Tan 𝛿 =
𝐸"
𝐸′

                                                                           (5) 

Damping is a dimensionless property and is a measure of how well the material 

can disperse energy to molecular rearrangement and internal friction. Damping let us 

compare how well a material will absorb or loose energy. Thus, the dynamic properties 

provide information at the molecular level to understanding the mechanical behavior of a 

viscoelastic material. 

 

Test apparatus, condition and sample geometry 

  DMA Q800 supplied by TA Instruments was used to study the dynamic 

mechanical properties.  The test was performed following the ASTM standard D 4065-06 

by heating all the samples at a ramp rate of 3 °C/min from -50 to 130 °C using a dual 
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cantilever clamp. The test is conducted in multi-frequency mode which can assess the 

viscoelastic properties of a material as a function of frequency, while keeping the 

oscillation amplitude constant (15 μm).  Conditioning time of three weeks after 

processing of the samples was maintained for all the formulations. The clamp 

configuration is shown if Figure 3-4. The impact test samples were utilized for this 

characterization technique. Replicates of three samples were tested to check repeatability 

of the results.  

 

 

 

 

 

 

 

Figure 3-4: DMA clamp configuration  

3.4.8 Heat deflection temperature (HDT) 

 
Heat deflection temperature (HDT) represents the upper limit of the dimensional 

stability of polymers in service without significant physical deformations under a normal 

load and thermal effect. HDT was evaluated in DMA Q800 with three point bending 

clamps operated in the DMA controlled force mode. The ramp rate 2 °C/min was used. 

All the samples were heated from room temperature to 130 °C and the HDT was recorded 

at a deflection of 0.25mm. The sample geometry was same as the one used for DMA 
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analysis. Three samples of each formulation were tested to assure the repeatability of the 

results. 

3.4.9 Melt flow index 
 

Melt flow index (MFI) is the output rate (flow) of the material in grams per 10 

minutes through a standard die of 2.0955 ± 0.0051 mm diameter and 8.000 ± 0.025 mm 

in length under prescribed conditions of load and temperature. The MFI of the polymer 

matrix and the biocomposites, were measured with a Qualitest melt flow indexer 2000A 

according to ASTM standard D 1238-10 (procedure A 190/2.16). The test samples were 

taken in pellet form and dried at 80 °C for 6 hrs prior to testing. Since there is no 

established testing condition for the chosen matrix (pre-blend of (PHBV-PBAT)) and the 

composites with lignocellulosic fibers, the testing procedure for LDPE with temperature 

condition of 190 °C and a load of 2.16 kg was adopted. This test condition was used for 

the matrix and composite system, as heating the sample beyond this temperature will 

result in degradation of the material. Samples were dried before testing as the presence of 

moisture will affect the melt flow rate of the material.  

 

3.4.10 Water absorption 
 

Water absorption studies were performed according to ASTM D 570-98 standard. 

Three impact test samples for each formulation were dried in an oven for 24 hours at 103 

± 2 °C. The dried samples were weighed to a precision of 0.001 g and then immersed in 

distilled water at room temperature for 15 weeks. At periodic time intervals, the samples 

were taken out and weighed immediately after wiping out the surface water.  
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The percentage of water absorbed (Mt) at any time‘t’ was calculated by the 

following equation  

𝑀 𝑡(%) =  
𝑊(𝑡) −  𝑊(0)

𝑊(0)
 ×  100                                                        (6) 

Where W(t) is the weight of the sample at time ‘t’ and W(0) is the initial weight of the 

sample. 

 

3.4.11 Scanning electron Microscopy 
 

Morphological studies of fractured surface were observed by scanning electron 

microscopy (SEM), Inspect S 50, FEI Netherlands. The samples were sputter coated with 

gold for 30 seconds using a Cressington sputter coater 108 auto under an argon 

atmosphere. After sputter coating, the samples were placed in aluminum stubs inside the 

SEM chamber for viewing the surface morphology. An accelerating voltage of 10 kV was 

used for imaging. 
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CHAPTER 4 RESULTS AND DISCUSSION 
 

4.1 Biocomposites from (PHBV-PBAT) blends and switchgrass: fabrication and 
performance evaluation3

 
 

The effect of incorporating switchgrass at loading levels of 20 to 40 wt% in to the 

(PHBV-PBAT) matrix was investigated. To address the hydrophobic-

hydrophilic disparity between the matrix and fiber, poly diphenylmethane diisocyanate 

(pMDI) was added as a compatibilizer. Loading levels of pMDI at 0.5, 0.75 and 1 phr 

were investigated. The results obtained are discussed in detail below. 

 

4.1.1 Switchgrass dimension 

The average length, width and thickness of switchgrass before processing were 

determined to be 5.42 ±1.8 mm, 0.75 ± 0.24 mm and 0.3 ± 0.06 mm, respectively. The 

fiber length distribution histogram is provided in Figure 4-1. The switchgrass recovered 

from the composite had a rectangular geometry with an average length 1.58 ± 0.24 mm 

and an average width of 0.42± 0.20 mm. The thickness measured 0.14 ± 0.03 mm. The 

average aspect ratio (l\t) of switchgrass reduced from 18.06 to 11.28. The high shear 

forces involved in the processing of composites resulted in progressive fiber breakages 

thereby reducing the reinforcement efficiency. The tensile modulus of switchgrass stem 

was measured to be 9.0 ± 2.7 GPa and the tensile strength was 52.78 ± 8.27 MPa. 

 

 

                                                           
3 Results of this study are published in Industrial Crops and Products Journal [101] 
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Figure 4-1: Histogram showing switchgrass fiber length distribution with digital 

photograph of switchgrass [101] 

 

4.1.2 Effect of switchgrass content on tensile properties 
 

With the incorporation of 20 wt% switchgrass into the polymer matrix, the tensile 

strength remained almost the same compared to that of the matrix. With the addition of 

25 wt% switchgrass the tensile and flexural strength of the biocomposite improved 

slightly. This improvement in strength might be attributed to the effective stress transfer 

accomplished between the fiber and the matrix. On increasing the fiber content to 30 wt% 

and further to 40 wt%, both tensile and flexural strength dropped, as can be seen from 

Figure 4-2. Similar trends have been reported in literature by Rouison et al [102] and 
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Sreekumar et al [103] for hemp fiber reinforced and sisal fiber reinforced polyester 

composites, respectively. This trend probably results from increasing fiber content 

causing agglomeration of fibers by the incompatibility between the hydrophilic fiber and 

hydrophobic polymer matrix. Agglomeration could also cause crack initiation and 

subsequent material failure. Higher loading levels will cause agglomeration of the fibers 

rather than permitting interaction between the fiber and the matrix thereby reducing the 

strength of composites [103].  

 

 

 

 

 

 

 

 

 

 

 
Figure 4-2: Effect of fiber loading (wt%) on tensile properties of the 

biocomposites [101] 
(The error bars in the figure denotes the standard deviation of the results obtained for 

individual formulations) 
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In addition, the untreated switchgrass has surface impurities such as waxes along 

with other substances such as hemi-cellulose, lignin and pectin. Presence of these 

substances in the fiber has shown to reduce the adhesion between the matrix and fibers 

[104].  Also, the matrix contains PBAT, which is a thermoplastic with high melt viscosity 

that may hinder proper dispersion of fiber in the matrix during processing [105]. 

 

On the other hand, the modulus of the composites increased progressively with 

increasing fiber content. This occurrence is fairly common because of the incorporation 

of stiff lignocellulosic fibers such as switchgrass in to the polymer matrix. The molecular 

mobility of polymer chains present in the matrix is restricted as a result of the polymer 

molecules not being allowed to stretch freely [106].  Therefore, high modulus values 

resulted as the fiber content increased. Such an improvement in modulus due to reduced 

mobility also anticipates increased stiffness of the composites.  

 

4.1.3 Experimental and theoretical modulus comparison 
 

Based on visual observations, we concluded that the fibers in our composite 

samples were randomly oriented. Modulus values of randomly oriented discontinuous 

fibers can be calculated from the model proposed by Tsai-Pagano [107].  The theoretical 

tensile moduli of prepared composites were predicted using this model and have been 

compared with our experimental results.  

The equations for the Tsai-Pagano model is 

𝐸𝑟𝑎𝑛𝑑𝑜𝑚 = 3
8 𝐸11 + 5

8 𝐸22                                                           (8) 
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where, E random is the elastic modulus of composites with randomly oriented fibers. E11 

and E22 represent the longitudinal and transverse modulus, which can be derived from 

Halpin-Tsai model as shown below: 

𝐸11 = 1+ ξ  𝜂𝐿𝑉𝑓
1−η𝐿 𝑉𝑓

 𝐸𝑚                                                                     (9)  

𝐸22 = 1+2 η𝑇 𝑉𝑓
1−η𝑇 𝑉𝑓

 𝐸𝑚                                                                    (10) 

Parameters η𝐿  𝑎𝑛𝑑  η𝑇 are given by 

η𝐿  =
(𝐸𝑓 𝐸𝑚) − 1⁄
(𝐸𝑓 𝐸𝑚) +  ξ⁄                                                                (11) 

η𝑇  =
(𝐸𝑓 𝐸𝑚) − 1⁄
(𝐸𝑓 𝐸𝑚) + 2 ⁄                                                               (12) 

where Em, and Ef are the moduli of matrix and fiber, Vf  is the fiber volume fraction and ξ 

in the above equation represents the geometry of the reinforcement. For a fiber having 

rectangular geometry,  ξ is 2(l/t); l refers to the fiber length, and t is the fiber thickness 

[108].   

 

The elastic modulus of switchgrass stem and the modulus value of the matrix 

were measured to be 9.0 GPa and 1.16 GPa respectively. The aspect ratio of switchgrass 

in the composite was 11.28, calculated from length and thickness of switchgrass 

recovered from the composite. The density of (PHBV-PBAT) matrix was measured to be 

1.23 g/cc while the density of switchgrass fibers were back-calculated from composite 

density and found to be 1.24 g/cc. The volume fraction of switchgrass was determined 

using these density values. Because the density values were essentially identical, the 

calculated volume fraction was near to weight fraction. 
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A comparison between experimental and theoretical modulus of composites as a 

function of fiber volume fraction is presented in Figure 4-3. It can be seen that the 

increase in the experimental modulus followed the same trend as the modulus predicted 

by the Tsai-Pagano model.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 4-3: Comparison of experimental and theoretical modulus of (PHBV-
PBAT)/SG biocomposites[101] 
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leaves could be lower than the stem modulus, thereby reducing the overall modulus of the 

composites. In addition, the deviation of experimental modulus from theoretical modulus 

increased with increased fiber loading. As a result, the standard deviation of the 

experimental modulus value obtained for composites with 40 wt% fiber was relatively 

high.  This behavior could be attributed to the possible fiber agglomeration and to an 

uneven load distribution with increased fiber loading.  

 

4.1.4 Proposed mechanism for compatibilization 
 

Enhancement of mechanical properties while increasing the fiber content of a 

biocomposite can be achieved with improved fiber-matrix adhesion. This improvement 

was achieved by selecting pMDI as a compatibilizer to promote optimal interaction 

between (PHBV-PBAT) matrix and switchgrass fibers. The compatibilization reaction 

induced by the addition of pMDI can be accomplished in any of the ways shown in 

Figure 4-4. The isocyanate functional group of pMDI mentioned as R-N=C=O in the 

schematic is highly susceptible to reaction with the hydroxyl group of the biofibers. They 

form an intermediate having the urethane linkage (-HN-COO-) shown in Figure 4-4a. 

The carbonyl group present in the urethane linkage has two lone pair of electrons. One of 

the lone pair of electrons could form a hydrogen bond with an intermediate, as shown in 

Figure 4-4b. While it is a possible for the other lone pair of electrons to form secondary 

bonding with the hydroxyl group of the lignocellulosic fibers. However, there is no 

compulsion for either of the lone pair of electrons to react in the way proposed; at times 

only one of the pair might be engaged in the secondary bond formation. 
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Figure 4-4: Schematic representation of the hypothesized mechanism for 
compatibilization (a) reaction of NCO group with OH group of switchgrass (b) reaction 

of lone pair of electrons (c) secondary bond formation [101] 

 

The hydroxyl and carboxyl end groups of the (PHBV-PBAT) matrix can also 

react with the isocayanate functional group of pMDI, resulting in chain extension 

reactions. Besides these reactions, there could be secondary bond formation between the 

NH group of the urethane linkage and the carbonyl group of the matrix, as shown in 

Figure 4-4c. Maldas et al [109] reported that delocalized pi electrons of benzene rings 

present in the matrix and the covalently linked compatibilizer provide strong interaction 

between the matrix, compatibilizer and fiber. In a similar way, the benzene rings present 
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in the PBAT portion of the matrix and in the intermediate bridge the matrix and the fiber, 

thereby improving interfacial adhesion.  

4.1.5 Effect of compatibilizer content on tensile properties 
 

Addition of pMDI to composites containing 30 wt% switchgrass significantly 

improves the mechanical properties of the composites. The tensile and flexural strength 

of the composites in the presence of pMDI at 0.5 phr level increased by 22 % and 46 % 

respectively, as compared to the composites without pMDI. In the case of biocomposites 

with 0.75 phr pMDI, the average tensile and flexural strength improved by 40 and 56 % 

respectively. The improved fiber-matrix adhesion achieved through the compatibilization 

reaction enhanced the strength of the resulting composites.  

 

Further increase in compatibilizer content to 1 phr had virtually no effect on the 

tensile and flexural strength of the biocomposite. This result suggests that a point of 

critical concentration for a compatibilizer in a composite system exists. In this case, 0.75 

phr pMDI was sufficient to reach that concentration. Such behavior was also noticed by 

Zhang et al [110] in a poly (lactic acid)/starch composite system compatibilized by maleic 

anhydride. O’Shaughnessy et al [111] have explained that a critical density exists for 

molecules formed in situ by compatibilization, which in turn prevents further interfacial 

reaction. As a result, the strength of the composites was not enhanced even with addition 

of higher amounts of compatibilizer. 



71 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5: Effect of compatibilization on tensile properties of the biocomposites [101] 

 

The modulus of the compatibilized composites increased with the increasing 

content of pMDI, even up to 1 phr. The molecular mobility of the matrix chains are 

restricted by the compatibilization reactions at the interphase, thereby increasing the 

modulus. Addition of fibers as well as compatibilization had a positive effect on 

increasing the modulus of the composites. It is also important to mention that fiber 

incorporation had a pronounced effect on improving the modulus compared to the effect 

of compatibilization. This increment in the modulus from compatibilization also did not 

modify the effective stress from the matrix to the fiber. Thus we can conclude that 
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compatibilization has helped in improving the strength as well as the modulus of the 

composites. 

4.1.6 Impact strength 
 

Impact strength depends on certain factors like fiber and matrix strength, load 

transfer efficiency, resistance to crack propagation, bonding strength, volume fraction, 

fiber distribution and geometry.  The impact strength values of the matrix and 

biocomposites are shown in Figure 4-6.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6: Impact strength of the matrix, uncompatibilized and compatibilized 
composites 
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becomes reduced with the incorporation of the fibers, and the toughness of the system is 

also reduced because a certain percentage of the matrix is replaced with fiber.  

In the case of uncompatibilized composites, impact strength of 53 J/m was 

achieved for composites with 25 wt% switchgrass because of the achievement of proper 

wetting between the fiber and the matrix as discussed earlier. Impact strength reduced 

with increase in fiber content, because the stiff lignocellulosic fibers added to the matrix 

drastically reduced the elongation at break of the composite. The low impact strength at 

high fiber content might also be attributed to the probability of fiber agglomeration or to 

the presence of too much fiber causing crack initiation and resulting in composite failure. 

Bhardwaj et al. [29] have also discussed such reduction in impact strength of the PHBV 

composites as a result of increase in recycled cellulose fiber loading.  

 

The addition of pMDI significantly increased the impact strength of the 

composites. When compatibilized with 0.75 phr pMDI, the strength increased by 80 % in 

comparison to the uncompatibilized composite because of the enhanced interfacial 

adhesion. With further increase in the compatibilizer amount to 1 phr, the impact strength 

of the composite increased to 72 J/m, which in percentage maximum is 102 % higher 

compared to uncompatibilized composite with 30 wt% switchgrass. 

 

4.1.7 Fourier-Transform Infrared Spectroscopy (FTIR) analysis 
 

The FTIR spectra of pMDI (a), switchgrass (b), (PHBV-PBAT) (c), 

uncompatibilized composites (d), compatibilized biocomposite (e) and recovered 

switchgrass (f)  is presented in Figure 4-7. The strong absorption peak found at 2292 cm-
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1 for pMDI (Fig. 4-7 spectrum a) was attributed to the stretching vibrations of free –

N=C=O groups. Strong peaks between 1630-1695 cm-1 were attributed to the stretching 

vibrations of C=O groups in pMDI. The broad band at 3,328 cm-1 for switchgrass (Fig. 4-

7 spectrum b) was assigned to hydroxyl groups, and the bands at 2,917 and 2,850 cm-1 

were attributed to C–H groups present in the fiber. (PHBV-PBAT) (Fig. 4-7 spectrum c) 

showed –CH stretching and bending vibration bands at 2933, and 1452 cm-1; and C=O 

vibration bands at 1773 cm-1. In the compatibilized composites (Fig. 4-7 spectrum d), the 

2292 cm-1 peak disappeared, suggesting that all free –N=C=O groups from the pMDI 

were consumed during compatibilization reaction. This claim is substantiated with 

similar spectra obtained by Li et al [112] for poly (lactic acid) (PLA) and distillers dried 

grains with solubles (DDGS) composites compatibilized by MDI.  

 

A peak at 1653 cm-1 was expected in the compatibilized composites; it was 

overlapped with a –C=O absorption peak of matrix. New peaks related to the bending 

vibration of the carbonyl band of the amide groups appeared at 1504 and 1590 cm-1. The 

switchgrass recovered from compatibilized composites (Fig. 4-7 spectrum f) also showed 

the same peaks, with relatively high peak intensity. In addition, the recovered switchgrass 

was found to show the characteristic peaks of the polymer matrix. This confirmed that the 

compatibilization reaction had occurred between (PHBV-PBAT) and the switchgrass via 

pMDI. 
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Figure 4-7: FTIR Spectra of (a) pMDI (b) Switchgrass (c) (PHBV-PBAT) (d) (PHBV-
PBAT)/SG (70:30) (e) (PHBV-PBAT)/SG/pMDI (70:30/0.75 phr) (f) Recovered 

switchgrass [101] 
 

4.1.8 Dynamic mechanical properties 
 

Storage modulus and tan δ graphs of selected composites as a function of 

temperature at 1 Hz is plotted in Figure 4-8. The storage modulus increased substantially 

with increasing fiber loading and compatibilizer content, particularly in the glassy state. 

At the glass transition zone (between -35 °C and 0 °C), a sharp decrease in the storage 

modulus can be seen for all the samples. A decrease in the storage modulus was observed 
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with increasing temperature in both uncompatibilized and compatibilized composites, a 

result associated with the softening of the composites at higher temperatures.  The height 

of the damping peaks of composites with switchgrass was lower than those of the 

(PHBV-PBAT) matrix and the height of composites with pMDI was even lower than the 

uncompatibilized composites.  

 

 

 

 

 

 

 

 

 

 

Figure 4-8: Storage modulus and tan δ of the matrix and selected biocomposites [101] 
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of the composites. Furthermore, the enhanced interfacial adhesion through specific 

interaction between the fiber and polymer matrix through pMDI increased the storage 

modulus and lowered the damping peak. Such a trend has also been discussed by Wang et 

al [113] in a PLA/starch blend compatibilized by MDI. The tan δ peak value also gives the 

dynamic glass transition temperature. The increase in glass transition temperature (Tg) 

observed through the shifting of the tan δ peak values have been shown to be an 

indication of improved interaction between the fiber and the polymer matrix by Ahankari 

et al [99]. Accordingly, from Figure 4-8 it was observed that the glass transition 

temperature of compatibilized composites was ~3 °C higher compared to the 

uncompatibilized composites thereby confirming the improved interfacial adhesion. 

 

4.1.9 Heat Deflection Temperature (HDT) 
 

The HDTs of the composites were higher than the HDT of the base polymer 

matrix and HDT increased as the fiber content in the composite was increased (Table 4-

1). According to Nielsen’s prediction [114,114], the increase in the HDT of the polymer 

with the addition of fibers is due to the increase in modulus. The increase in the HDT 

values of the (PHBV-PBAT)/SG composites with increasing switchgrass content was in 

good agreement with the modulus enhancement for the biocomposites, thereby 

conforming Nielsen’s prediction.  
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Table 4-1: HDT and MFI values for matrix, compatibilized and 
uncompatibilized composites [101] 

 

 

A striking increase was observed in the HDT of biocomposite when 

compatibilized with pMDI. The biocomposite with 0.75 phr pMDI displayed a HDT of 

123 °C which has increased considerably compared to the uncompatibilized composite 

counterparts.  The major contributing factor to the improved HDT with higher degrees of 

fiber content was good interfacial adhesion and effective fiber reinforcement on to the 

matrix through compatibilization.  Addition of even small amounts of compatibilizer had 

significant effects on the HDT of the composite system. However, increasing the amount 

of compatibilizer from 0.75 phr to 1 phr did not further increase the HDT of the 

composite.  

 

 

Sample HDT 

 (°C) 

MFI 

(g/10 min) 

(PHBV-PBAT) 91±1.2 19±2.02 

(PHBV-PBAT)/ SG (80:20) 96± 0.8 13± 0.86 

(PHBV-PBAT)/ SG (75:25) 103±0.5 11±1.40 

(PHBV-PBAT)/ SG (70:30) 107±1.5 7±0.63  

(PHBV-PBAT)/ SG (60:40) 111±1.1 7± 0.89 

(PHBV-PBAT)/ SG/pMDI (70:30/0.5 phr) 117±0.8 5±0.05  

(PHBV-PBAT)/ SG/pMDI (70:30/0.75 phr) 123±1.0 5±0.26  

(PHBV-PBAT)/ SG/pMDI (70:30/1phr) 120±1.3 3±0.04  
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4.1.10 Melt Flow Index (MFI) 
 
 

MFI gives an idea about the processability of the material by predicting if the 

flow will be compatible with the industrial processes used in manufacturing. It is also an 

indirect measure of viscosity and molecular weight (MW). Lower MFI is associated with 

higher viscosity and MW. Incorporation of fiber into the matrix resulted in a significant 

decrease in the melt flow index value of the biocomposites. Incorporation of 30 wt% 

switchgrass reduced MFI to 7 g/10 min. This follows the prediction of Sanadi et al [115] 

that presence of the fiber surface restricts the mobility of the polymer molecules, and the 

type of fiber and fiber characteristics will decide the length of the entanglements.  

 

In addition to restricted mobility due to the fibers, covalent linkage and hydrogen 

bond formation due to compatibilization also affected the MW of the composite system. 

This is reflected through reduction in MFI in the case of compatibilized composites. 

Moreover, MFI was found to decrease with increase in the amount of pMDI added to the 

composite system. The biocomposites compatibilized with 1 phr pMDI have higher 

impact strength, but MFI of the system is below 4 g/10 min. It could be used for 

commercial injection molding only with addition of flow additives which suggests the 

possibility of considering this formulation for thermoforming applications [116]. 
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4.1.11 Morphology 
 

The fracture surface of 30 wt% switchgrass based biocomposites 

(uncompatibilized and compatibilized with 0.75 phr pMDI) were observed under SEM; 

their micrographs are presented in Figure 4-9 to 4-12.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9: SEM micrographs of uncompatibilized (PHBV-PBAT)/SG (70:30) [101] 

 

 

Fiber pull outs, voids and fiber breakage were observed with uncompatibilized 

composites.  Incorporation of high amounts of switchgrass led to the clustering of fiber in 

the matrix. Also the switchgrass fibers were not completely embedded in the matrix. All 

this indicated poor fiber-matrix adhesion. In composites having short fibers and poor 

interfacial adhesion, fiber pull out and debonding is the major energy dissipating process 
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as mentioned by Neilsen [114,114]. Singh et al [117] observed similar morphology for 

bamboo fiber reinforced PHBV composites. They also reported that such morphology 

was responsible for decreasing tensile and impact strength of their composites with 

increasing fiber content 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4-10: SEM micrographs of compatibilized (PHBV-PBAT)/SG/pMDI  

(70:30/0.75 phr)[101] 

 

 

In the case of composites containing pMDI, switchgrass was well embedded in 

the matrix and the fracture mechanism that was prevalent was fiber breakage. It is 

important to mention that fiber breakage is a less energy dissipating process compared to 

pull out or debonding. However, the impact strength of the compatibilized composite had 



82 
 

increased mainly because of the decreased ease of crack propagation in compatibilized 

composites. Figure 4-10 shows that there was a significant enhancement in the level of 

adhesion between the fiber and the matrix. In fact, the well embedded fibers in the matrix 

and absence of voids might have resulted in the enhanced mechanical properties that 

were attained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11: SEM micrographs showing interphase between the matrix and the fiber 

of uncompatibilized (PHBV-PBAT)/SG (70:30) [101] 
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Figures 4-11 and 4-12 show that the large interfacial gap between the fiber and 

the matrix in the (PHBV-PBAT)/switchgrass composites were greatly reduced in the 

compatibilized composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-12: SEM micrographs showing interphase between the matrix and the fiber 

of compatibilized (PHBV-PBAT)/SG/pMDI (70:30/0.75 phr) [101] 
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4.1.12 Conclusion 
 

Novel biocomposites from a pre-blend of (PHBV-PBAT) matrix and switchgrass 

fibers were successfully fabricated through extrusion followed by injection molding 

process and showed some enhanced properties. The effect of adding varying amounts of 

switchgrass fibers up to 40 wt% were investigated and results showed that continually 

increasing the fiber loading diminished the mechanical properties. The optimum level of 

loading switchgrass was found to be 25 wt%.  To incorporate more fiber in to the matrix 

and to improve the properties, compatibilization agent pMDI was introduced. As a result, 

up to 30 wt% fiber loading in the composite systems were achieved by incorporating 

pMDI. Furthermore, compatibilized composites demonstrated significant improvement in 

mechanical and dynamic mechanical properties.  FTIR results suggested possible 

interaction between (PHBV-PBAT) blends and switchgrass fibers with the addition 

of pMDI. SEM micrographs confirmed improved interfacial interactions between the 

matrix and the fiber in the compatibilized composites. These observations suggest the 

compatibilization reaction is taking place between the matrix and the fiber as 

hypothesized. Although the compatibilized biocomposites with 1 phr pMDI show good 

tensile properties, impact resistance and storage modulus, the MFI of the system is below 

4 g/10 min which reduces the effective injection molding ability. Such biocomposite 

formulation may be more suitable for thermoforming processes.  

 

 

 

 



85 
 

4.2 Biocomposites from agricultural residues and perennial grasses: comparison and 
analysis of composite properties 
 

The main objective of this work was to explore the potential of various biomass 

including agricultural residues like soy stalk, corn stover, wheat straw and perennial 

grasses like miscanthus as reinforcements for biocomposites application. The effect of 

incorporating these lignocellulosic fibers into PHBV-PBAT has been studied extensively 

and the results obtained are presented in comparison with (PHBV-PBAT)/SG 

composites. 

 

4.2.1 Fiber architecture and composition 
 

As mentioned in the literature review, fiber architecture includes several factors 

such as fiber geometry, aspect ratio, orientation, and fiber content which together control 

many composite properties, particularly mechanical properties [118]. The fibers utilized 

for this work were found to have rectangular geometry rather than perfectly cylindrical 

structure. Fiber length distribution of all the reinforcement fibers before processing is 

given in Figure 4-13 and the average fiber dimensions after recovery from the composite 

sample is given in Table 4-2. The average fiber length after processing was reduced 

drastically mainly due to high shear forces involved in the processing operation. The 

length of different type of fibers recovered from the composites is all in the same range 

considering the standard deviation except for wheat straw, which is lower than all other 

fiber types. This might be due to comparatively lower average fiber length before 

processing.  
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Figure 4-13: Fiber length distribution before processing 

 

Fiber orientation plays an important role in the final properties of a composite 

material and is directly related to the processing technique by which the composite is 

produced [118]. Based on visual observations, we can say that all the composites prepared 

by extrusion and injection molding for our study had random fiber orientation. 

Percentage of fiber content or loading is also a significant factor in determining the  

86 
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mechanical properties of the composite. Usually, mechanical properties have been 

observed to increase with increasing fiber content but only to a certain level. Based on the 

previous study conducted on switchgrass (Section 4.1) and studies conducted by other 

researchers on agricultural residues reinforcement [98,99], 30 wt% loading of fibers into 

the matrix was chosen. The fiber loading was kept constant and only the effect of 30 wt% 

loading was studied for different green composites. 

 
Chemical composition of fiber is also an important variable that determines the 

overall properties of the composites and is given in Table 4-2. Cellulose and 

hemicellulose are highly hydrophilic whereas lignin is totally amorphous and 

hydrophobic in nature. Miscanthus had the highest cellulose and lignin content while 

switchgrass had the lowest of both. However, the hemicellulose content was highest in 

switchgrass and lowest in corn stalk.  

 

Table 4-2: Fiber dimension and composition of various lignocellulosics 

 

 
 

    Sample Average fiber 
dimensions 
(after recovery) 

Cellulose 
(% of dry 
matter) 

Hemi-
cellulose 

(% of dry 
matter) 

Lignin 
(% of dry 
matter) 

Length 
(mm) 

Width (mm) 

      
Switchgrass (SG)    1.555±0.375   0.462±0.258 36.12 28.18 10.14 

Miscanthus (MS)   1.535±0.494   0.446±0.169 50.19 20.47 15.08 

Soy Stalk (SS)    1.455±0.496   0.458±0.267 45.01 11.42 13.93 

Corn Stalk (CS)   1.473±0.456   0.433±0.185 44.77 22.68 10.63 

Wheat Straw (WS)   1.101±0.180   0.468±0.167 47.98 23.97 11.04 
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4.2.2 Mechanical Properties 
 

The mechanical properties of the matrix and composites combined with the 

results from statistical analysis are listed in Table 4-3. One way ANOVA using Tukey 

method of multiple comparison at 95% confidence level was performed to determine if 

the composite properties were significantly different. The tensile strength of composites 

reinforced with switchgrass (SG), soy stalk (SS), corn stalk (CS) and wheat straw (WS) 

was statistically the same as the tensile strength of the matrix. The retained strength of 

(PHBV-PBAT) matrix after incorporation of these lignocellulosic fibers suggests that a 

reasonable amount of stress was transferred from the matrix to the fiber. Miscanthus 

(MS) incorporation resulted in increased tensile strength of the composite.  This could be 

attributed to relatively higher amount of cellulose present in miscanthus. The average 

fiber length of SG, MS, SS, and CS were all statistically the same. However, the strength 

of these composites did not increased like MS based composites mainly because of their 

difference in cellulose content. In the case of WS, the cellulose content was close to MS, 

but the average fiber length was slightly lower than that of above mentioned fibers. SG 

had essentially the same average fiber length as MS but very low cellulose content. These 

observations suggest that fiber length and fiber composition have a complementary effect 

in improving the tensile strength of the composites.  

The flexural strength of composites with different fibers improved significantly; 

the exception being switchgrass based composites which were statistically the same as 

that of the matrix. It was observed that the presence of fiber markedly improved the 

composite modulus as the molecular chain mobility of the polymer matrix was hindered 

by the incorporation of fibers [119]. 
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Both tensile and flexural modulus of the biocomposites showed similar trends. 

The moduli of the composites improved drastically yet the modulus increase in 

composites with different fiber types was not significantly different from each other. 

However, statistical analysis grouped the composites based on the improvement in 

modulus range achieved as shown in the Table 4-3. Correlation of groupings with the 

composition of fibers indicates that the modulus improvement is also dependent on the 

composition of the individual fibers. Bourmaud et al [120] have observed improved 

modulus performance of polypropylene/miscanthus and polylactic acid/ miscanthus 

composites and attributed it to high cellulose content. 

Incorporation of fibers into the polymer matrix also drastically reduced the 

elongation at break of the composites.  The elongation of (PHBV-PBAT) was greater 

than 100 % whereas with the composite materials the elongation at break was found to be 

less than 5 % regardless of the bio-fiber type. As discussed earlier, this observation is 

rather common because the molecular mobility of the polymer chains in the composite is 

restricted due to the addition of fibers. The lignocellulosic filler added to the matrix 

reduces the ductility of the matrix. Similar behavior has been reported by Habibi et al 

[121] in case of LDPE reinforced with Egyptian agro-residues.  

Impact strength is the ability of a material to withstand fracture, or the amount of 

energy required to propagate a crack. It depends on certain factors like fiber and matrix 

strength, load transfer efficiency, resistance to crack propagation, bonding strength, 

volume fraction, fiber distribution and geometry [122]. Fibers are known to reduce the 

impact strength of a composite by two mechanisms: 1. Drastic reduction in elongation at 

break thus reducing the area under stress strain curve; 2. Stress concentration at areas of 
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poor adhesion, around fiber ends and fiber-fiber contact [114]. Impact strength of the 

composites decreased drastically due to the incorporation of fibers (Table 4-3). In our 

case, the impact strength behavior can be directly correlated to the observed reduction in 

percentage elongation at break. Maximum impact strength achieved was 45 J/m with 

green composites containing 30% soy stalk. However, statistical analysis revealed that 

the impact strength of green composites with different lignocellulosic fiber types did not 

vary significantly. 

From the above observations, we can say that similar trend in property change 

could be ideally achieved by balancing the fiber length and composition. This realization 

could be beneficial for commercial injection molding application, mainly because, these 

lignocellulosics could be substituted/ combined for the fabrication of hybrid composites 

to achieve the right property balance without compromising mechanical performance in 

the event of supply chain issues like fiber shortages.  

4.2.3 Thermo-mechanical properties 
 

Figure 4-14 depicts the temperature dependence of storage modulus (E’) and tan δ 

for (PHBV-PBAT) and biocomposites. Considerable improvement in the storage moduli 

of all the biocomposites was observed and can be attributed to the introduction of rigid 

filler particles into the matrix phase. Throughout the investigated range of temperature, 

the storage moduli of all the biocomposites were found to be higher than the matrix. At 

the glass transition zone (primary relaxation of PBAT), there was a sharp decrease in the 

storage modulus but the degree of modulus loss in the fiber filled system was reduced 

markedly compared to the matrix. As temperature increased, composites passed through 
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the glass transition zone of PHBV and then softened which was again observed as a 

further decrease in the storage modulus. The highest storage modulus at any given 

temperature was noticed in (PHBV-PBAT) with 30 wt% miscanthus.  

 

The damping peak is associated with the partial loosening of the polymer chains 

facilitating the movement of small groups and chain segments and it occurs near the glass 

transition (Tg) [114]. In the tan δ curve, the first peak at a lower temperature corresponds 

to Tg of PBAT, while the second peak corresponds to Tg of PHBV. 

 

 

 

 

 

 

 

 

Figure 4-14: Storage modulus and tan δ of biocomposites 
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It is evident from Figure 4-14 that the damping peak height of all the composites 

is reduced and the peak width is slightly broadened. In a composite, the interface is 

usually assumed to be the more dissipative component. When the composite is under 

strain, the fiber controls the strain in such a way that the interface is strained to a lesser 

degree [123,124]. This could be one possible reason for the aforementioned behavior 

noticed in the biocomposites. Secondly, the restricted movement of the polymer 

molecules due to the incorporation of stiff lignocellulosic fillers also accounts for the 

reduction in peak height. However, the decreased mobility of the polymer chains elevated 

the Tg of the composite system. The increase in Tg is believed to be a manifestation of 

improved interfacial interaction. The increase in storage modulus with fiber 

incorporation, decrease in tan δ peak height and shifting of Tg towards higher temperature 

are consistent with the observations of many other researchers [99,123,124]. 

4.2.4 Heat deflection temperature (HDT) 
 

Higher HDT values are critical for composite application. Therefore, the HDT of 

composites were tested to assess their performance at elevated temperature. The HDT 

values are summarized in Table 4-4. It can be seen that HDT of the biocomposites 

increased considerably with incorporation of different lignocellulosic fibers. Modulus 

enhancement due to the addition of reinforcing fillers has been reported to have a greater 

effect in increasing the HDT of the composite which in turn is dependent on various 

factors like filler shape, size, aspect ratio, distribution and orientation [125]. The 

increased storage modulus of composites at higher temperature is in line with the HDT 

values. Nielson [114] also predicted that in a fiber filled system, the heat deflection 

temperature is related to flexural modulus behaviour. HDT values obtained for the 
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biocomposites were in reasonable agreement with flexural modulus data thereby proving 

Nielson’s prediction. Composites with 30% miscanthus exhibited relatively higher heat 

deflection temperature than the composites with the other fibers.  

 

Table 4-4: Heat deflection temperature values for matrix and biocomposites 

 

Sample HDT (°C)  

(PHBV- PBAT) 91±1.2  
(PHBV-PBAT)/ Switchgrass 107± 1.5  
(PHBV-PBAT)/ Miscanthus  110± 0.2  
(PHBV-PBAT)/ Soy stalk  107± 2.3  
(PHBV-PBAT)/ Corn fiber  108±1.8  
(PHBV-PBAT)/ Wheat straw  108±0.9  

 

 

4.2.4 Thermogravimetric analysis (TGA)  
 
 

TGA was carried out to analyze the thermal performance of the fibers and 

composites. The thermogravimetry (TG) and derivative thermogravimetry (DTG) curves 

for all the fibers are given in Figure 4-15 and 4-16. All the fibers were dried before TGA 

analysis; therefore no weight loss due to moisture occurred below 100 °C. The onset of 

degradation occurred at around 215 °C for all the fibers except corn stalk which started 

showing degradation around 205 °C. The early start of decomposition in corn stalk can be 

clearly seen from DTG curve for the fiber in Figure 4-16. This could be due to the 

decomposition of pectin and non-structural hemicellulose [126] or loss of light volatiles 
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present in the fiber [127]. The decomposition temperature at onset and at 5 % weight loss 

(T5) is shown in Table 4-3. Switchgrass and soy stalk have higher thermal stability 

followed by other fibers. Based on decomposition temperature at 5 % weight loss, the 

order of thermal stability from most to least stable can be given as: soy stalk > 

switchgrass > wheat straw > miscanthus > corn stalk. 

 

 

 

 

 

 

 

 

 

Figure 4-15: TGA of lignocellulosic fibers 

The DTG curves revealed a strong shoulder peak at the left side of the main peak 
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DTG curve corresponds to the decomposition of lignin [128]. It can be said that all these 

fibers are suitable for processing only with polymers having melting point up to 200 °C. 

However, it is believed that some surface treatment or pre-treatment of fibers could 

improve the onset degradation temperature considerably. 

 

 

 

 

 

 

 

 

 

 

Figure 4-16: DTG of lignocellulosic fibers 
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for biocomposites than the polymer matrix mainly due to the lower thermal stability of 

the fibers. Ramraj [129] noticed similar thermal behavior in his study which was based on 

polypropylene/sugarcane bagasse composites. Among all the composites, (PHBV-

PBAT)/ wheat straw showed lower thermal stability while (PHBV-PBAT)/miscanthus 

had higher thermal stability. The thermal stability of different composites considered in 

relation to temperature generated at 5 % weight loss can be ordered as:  

(PHBV-PBAT)/miscanthus > (PHBV-PBAT)/switchgrass> (PHBV-PBAT)/soy stalk> 

(PHBV-PBAT)/corn stalk > (PHBV-PBAT)/wheat straw. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-17: TGA of composites with various lignocellulosic fibers 
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Figure 4-18: DTG of composites with various lignocellulosic fibers 

 

Table 4-5: Decomposition temperature of various fibers and biocomposites 

Biomass Decomposition temperature at 

Onset (°C) 5% wt loss-T5 (°C) 
Switchgrass 221.4 272.8 
Miscanthus 212.9 267.3 
Soy stalk 217.8 274.2 
Corn fiber 202.4 253.2 
Wheat straw 214.5 272.5 
(PHBV-PBAT) 263.7 287.7 
(PHBV-PBAT)/Switchgrass 248.2 275.3 
(PHBV-PBAT)/Miscanthus 259.7 281.8 
(PHBV-PBAT)/Soy stalk 244.8 272.8 
(PHBV-PBAT)/Corn stalk 248.8 269.8 
(PHBV-PBAT)/Wheat straw 236.5 255.5 
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4.2.5 Density 
 

The density of biocomposites plays a vital role in determining the properties of 

composites, especially for lightweight composite applications. Lightweight composites 

are preferred by automakers due to potential weight savings. Using lignocellulosic fibers 

with density of 1.3-1.5 g/cm3 as reinforcement rather than high density glass fibers (2.6 

g/cm3) is advantageous for such applications.  Neat (PHBV-PBAT) was found to have 

density of 1.23 g/cm3 while the density of biocomposites with 30 wt% fibers was in the 

range of 1.26-1.29 g/cm3. This slight increase in density is expected in composites and 

has been reported earlier [98]. Although, the density of the biocomposite is higher than 

the neat polymer, it is significantly lower than glass fiber reinforced composite 

counterparts.  

 

Table 4-6: Density and melt flow index of biocomposites 

Sample Density (g/cc)  MFI (g/10 min)  

(PHBV-PBAT) 1.234±0.05 19.38±2.02 
(PHBV-PBAT)/ Switchgrass 1.261±0.024 7.07±0.63  
(PHBV-PBAT)/ Miscanthus  1.296±0.001 11.73±1.18  
(PHBV-PBAT)/ Soy stalk  1.278±0.024 8.60±1.38  
(PHBV-PBAT)/ Corn fiber  1.286±0.002 9.70±1.80  
(PHBV-PBAT)/ Wheat straw  1.276±0.005 8.96±0.82  

 

4.2.6 Melt flow index (MFI) 
 

The MFI values of the matrix and fabricated biocomposites are reported in Table 

4-6. With the incorporation of fiber into the matrix, there was a significant decrease in the 

MFI of all the biocomposites. Lower MFI is associated with higher viscosity and George 
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et al [130] reported that the viscosity of the system is bound to increase with fiber 

incorporation as it hinders the flow of the matrix material. Sanadi et al [115] observed the 

reduction in MFI and mentioned that the restriction offered to the polymer molecules by 

the fiber will depend upon the type of fiber and fiber surface characteristics. 

 

4.2.7 Water absorption  
 

High affinity towards moisture is one of the main drawbacks associated with 

lignocellulosic composites. Water absorption in lignocellulosic fiber based composites 

might lead to inefficient stress transfer between the matrix and the fiber as a result of 

fiber swelling caused by prolonged exposure to water. However, chemical modification 

and improvement of interfacial adhesion between the fiber and the matrix can overcome 

this limitation to a considerable extent. Water uptake behavior of (PHBV-PBAT) blend 

and composites with different agricultural residues and grasses is shown in Figure 4-19. 

The (PHBV-PBAT) matrix absorbed much less percentage of water due to its 

hydrophobic nature. Incorporation of natural fibers into the polymeric composite system 

resulted in an increased water absorption rate, mainly due to their hydrophilic nature and 

presence of numerous porous tubular structures. Das et al [131] have mentioned that the 

three main regions where the water could be observed in a natural fiber composite is 

through the cell wall, lumen and voids between the matrix and fiber.  Initially, all the 

biocomposite samples showed a very rapid increase in percentage of water absorbed. As 

the immersion period increased, the absorption curve reached a plateau suggesting that 

the samples attained a saturation point and no more water could be absorbed into the 
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composite system. To confirm this, the test was continued for 6 more weeks as specified 

by the standard to confirm the same. 

Although the amount of fiber loading was 30 wt% in all the biocomposites, 

different percentages of water absorption were observed between the composites. This 

can be attributed to the variation in chemical composition of each fiber. The percentage 

of water absorbed was higher for wheat straw based composites while it was relatively 

low for composites with miscanthus. As mentioned above, water uptake is dependent on 

the chemical constituents present in the individual fibers. Among the three principal 

constituents of the lignocellulosic fibers, cellulose and hemicelluloses are hydrophilic 

while lignin is hydrophobic in nature.  

 

From Table 4-2, we can say that the holocellulose (cellulose + hemicellulose) 

content is higher for wheat straw and the higher percentage of water absorbed in the case 

of wheat straw composites might be attributed to the comparatively high content of 

holocellulose and low content of lignin. Similar observations for wheat straw composites 

have been reported by previous researchers [132] and they have mentioned that this 

behavior was due to high amounts of pentosans and low amounts of lignin. Switchgrass, 

soy stalk and corn stalk have proportionally less holocellulose compared to wheat straw. 

This might be the reason for their slightly reduced percentage of water absorption 

compared to wheat straw composites. Panthapulakkal and Sain [126] reported that the low 

water absorption of corn stalk filled HDPE composites after initial high water uptake 

could be due to low molecular weight leachables present in the corn stalk. Our TGA data 

for corn stalk agreed with these reports. It is important to mention that discoloration of 
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water was observed only in the case of corn stalk composites which might be due to the 

above leachables.   

 

 

 

 

 

 

 

 

 

 

Figure 4-19: Water absorption behavior of biocomposites 

Miscanthus composites on the contrary, exhibited relatively low water uptake. As 

discussed in tensile properties section 4.2.2, the slightly higher content of cellulose in 

miscanthus would have led to good interaction between the matrix and the fiber thus 

preventing water absorption at the interface between the matrix and the fiber.  Another 

point to notice is the relatively high content of lignin in miscanthus which makes the fiber 
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hydrophobic compared to others. The water absorption behavior noticed in all the above 

biocomposites affirms the fact that the fiber composition and interfacial strength have an 

effect on the performance of a composite in a moist environment. 

4.2.8 Morphology 
 

The scanning electron microscopy (SEM) images of impact fractured surfaces of 

different composites are shown in Figure 4-20 – Figure 4-24. In switchgrass and wheat 

straw reinforced composites, fiber clustering was observed which might be due to high 

fiber loading and this may have led to increased stress concentration. Tensile strength of 

these composites might not have increased as the tensile strength is critical to this kind of 

stress concentration.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-20: SEM Images of (a) (PHBV-PBAT)/SG (70:30) 
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In the case of miscanthus reinforced composites, fiber breakage was apparent. 

Fractured fiber surface suggested good interfacial adhesion between the matrix and the 

fiber. Owing to this, energy dissipation could not have occurred effectively through fiber 

pullout or debonding which has resulted in high strength but low impact strength. This is 

supported by Nielsen’s conclusion that fiber pullouts and debonding increase the impact 

strength while they reduce the breaking strength of fiber reinforced composites [114].  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-21: SEM micrographs of (b) (PHBV-PBAT)+30% Miscanthus 
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Mainly pullouts and debonding was noticed in soy stalk and corn stalk based composites. 

However, this fracture behavior did not have any apparent significance on increasing the 

impact strength of these composites.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-22: SEM micrographs of (c) (PHBV-PBAT)+SS(70:30) 

 

In some cases, gaps between the fiber and the matrix were noticed which were 

believed to be quite common due to hydrophobic-hydrophilic disparity. In fact, when 

fibers are incorporated into a polymer matrix, it is difficult to achieve good bonding 

between the fiber and matrix.  

 



106 
 

 

 Use of compatibilizer might help in such cases; however the aim of this study was to 

find the effectiveness of agriculture residues and grasses as reinforcing fillers without the 

use of any adhesion promoting agents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-23: SEM micrographs of (d) (PHBV-PBAT)/CS (70:30)  
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Figure 4-24: SEM micrographs of (e) (PHBV-PBAT)/WS (70:30) 

 

 

4.2.10 Conclusion 
 

Biocomposites from a pre-blend of (PHBV-PBAT) matrix and various 

lignocellulosic fibers were successfully fabricated through extrusion followed by 

injection molding process. All the biocomposites displayed more or less similar behavior 

when tested for mechanical properties. The slight difference in strength and modulus 
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values between the biocomposites was attributed to the differences in individual fiber 

composition and fiber length distribution. These two factors played a complementary role 

in deciding the final properties of the composites. Significant improvement in heat 

deflection temperature (HDT) was observed besides a typical increase in stiffness of the 

biocomposites. (PHBV-PBAT)/Miscanthus showed increased tensile strength, modulus, 

HDT and MFI while exhibiting low percentage of water absorption. Relatively higher 

impact strength was obtained for (PHBV-PBAT)/Soy stalk. Soy stalk was found to have 

higher thermal stability compared to other lignocellulosic fibers.  When added as 

reinforcement in to the matrix system, combination of (PHBV-PBAT)/Miscanthus 

exhibited higher thermal stability.  

 

The renewable resource based lignocellulosic fibers are inexpensive and 

abundantly available. Their potential to impart high modulus and low density to 

composites affirms the production of light-weight and less expensive composites. Thus, 

the fabricated green composites would be more appealing for automakers looking for 

materials with reduced density. The results of this study proclaim the potential of these 

fibers to act as a reinforcing agent. This also opens up an approach for fabrication of 

hybrid composites by combining all the above studied lignocellulosics. The resulting 

hybrid composites could possibly demonstrate improvement in properties. 
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CHAPTER 5 ECONOMIC ANALYSIS 

5.1. Introduction 
 

Biopolymers currently have a huge limitation of higher pricing compared to 

conventional polymers. As the initial phase of development is completed and after 

manufacturing plants attain high productivity, prices are projected to reduce significantly. 

However, price will take a while to reach to the level of commonly used petroleum based 

polymers. From an overall price comparison standpoint, current price of biopolymers are 

2.5 to 7.5 times higher than major conventional petroleum based plastics [133].  

From a life cycle perspective, it is reported that biodegradable biopolymers can be 

advantageous in helping to prevent plastics ending up in landfill, where 80% of the 

plastic waste terminates. Biopolymers can be composted after their end use or recycled 

thereby closing the carbon cycle [133]. Ultimately, oil prices, depleting oil reserves, total 

life cycle and impact on sustainable resources are the major driving forces for the 

increasing use of biopolymers. However, factors that decide the actual use of 

biodegradable polymers include suitability of material properties; technical feasibility of 

processing options, price and commercial viability of production and processing. 

 The total capacity of biopolymer production is steadily growing, at a rate of 20 

percent per year. A survey conducted by the University of Applied Sciences and Arts, 

Hanover, Germany on behalf of European Bioplastics revealed that between 2010 and 

2015, worldwide production capacities of biopolymers are expected to double reaching 

1.7 million tones [17]. Current R&D efforts are promising due to recent advancements in 

bacterial and plant sciences. However, the reality is that biopolymers are still in its infant 

stage of development because of the challenges involved in developing them. 
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Agricultural activity in Canada produces millions of tons of biomass each year 

which has the potential to offer feedstocks for specific bioproduct development while at 

the same time improving the rural economy. Biomass may be classified into two general 

categories: virgin biomass, which is the primary outcome of intentional biomass 

cultivation (energy crops like perennial grasses such as switchgrass and miscanthus come 

under this category); and waste biomass (agriculture residues), which comprises the 

residue from primary harvest [134].  

Agricultural residues can be a cash crop for farmers. Grains have traditionally 

been harvested while residues (stalks, stover, etc.) were often tilled into soil as compost 

or burnt. Agricultural residues have also been used for livestock bedding, insulation and 

mulching.  Recent heightened interest in making use of these residues as reinforcing 

fibers in composites may mean that farmers can reap a ‘second harvest’.  

5.2. Raw materials: Availability and cost 

5.2.1 Polymer matrix 
 

The price of PHAs in general is much higher than starch plastics and other 

biobased polyesters due to high raw material costs, high processing costs and small 

production volumes. Tianan Biological Material Co. Ltd. (Ningbo, Zhejiang, China) is 

the first large-scale producer of PHBV in the world.  The company proposed to further 

expand its capacity to 50,000 tonnes in mid 2011 [135]. Telles (Lowell, MA, USA), 

formed by Metabolix Inc. (Cambridge, MA, USA) and Archer Daniels Midland Co. 

(Decatur, IL, USA), produce PHAs on pilot scale under the tradename MirelTM. 

Metabolix acquired Biopol PHA from Monsanto in 2001. Meredian Inc. (Cincinnati, OH, 
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USA) acquired PHA technology from Procter and Gamble (P&G) in October 2007. The 

company produces 3 billion tons of PHA per year [135]. Biomer, located in Krailling, 

Germany produces commercial PHAs on a small-scale for specialty applications.  

 
The price of PHBV has decreased considerably in the past five years. Tianan 

currently offers its PHBV at US $ 4.40/kg for (orders over 50 Mt, FOB Ningbo harbor). 

It is expected that the price will drop to US $ 3.52/kg in 2020 due to capacity expansions 

[135]. For comparison, five years ago Biomer offered it’s PHB at US $ 25/kg and 

Metabolix’s PHBV was estimated at US $ 12.5-15/kg [135]. At present, the raw material 

costs account for 40 % to 50 % of the total production cost for PHA. Utilization of other 

low cost carbon sources, recombinant bacteria or genetically engineered plants could 

potentially reduce the production cost. 

 
PBAT, widely known by the trade name Ecoflex® is currently produced by 

BASF from petrochemical feedstocks. BASF proposed an expansion of its Ecoflex® 

plant to produce 60,000 metric tonnes per year in 2010 [135]. At present BASF offers 

PBAT for US $ 5.73/kg. Zhejiang Hangzhou Xinfu Pharmaceutical Co. Ltd. from Lianan, 

China also offers PBAT. Currently, these are the only two companies manufacturing 

PBAT in large scale. Xinfu offers PBAT at US $ 5/kg. The cost is bound to change with 

differences in exchange rates between foreign currencies and order size. The price listed 

here is as per the quote received from the company. 

It is possible to produce partially bio-based PBAT if butanediol (BDO) from a 

renewable source is available in sufficient quantities. Utilization of adipic acid produced 

by fermentation would offer further potential to make PBAT bio-based. However, it is 



112 
 

challenging to optimize the biotechnological production of adipic acid to the extent that it 

saves non-renewable energy compared to the conventional approach utilizing 

petrochemicals [136]. It would therefore be very advantageous if PBAT could be 

completely produced from bio-feedstocks. 

Tianan Biologic Co. also manufactures a preblend of (PHBV-PBAT). The blend 

utilized for this work was procured from this company. The cost of the blend was quoted 

by the company as US $ 7.7/kg (this is the cost quoted for orders over 50 tons). Cost of 

this blend is expected to drop as costs of PHBV and PBAT declines. 

5.2.2 Perennial grasses and agricultural residues 
 

As discussed in the introduction chapter, among many energy crops, switchgrass 

and miscanthus has been identified as a promising feedstock for yielding biomass. 

Currently 700 hectares of land is under switchgrass cultivation in Ontario. Studies on 

yields in Ontario indicate that, once fully established, switchgrass can produce 8-12 tons 

dry matter (tDM) per hectare per year [137]. Typically, switchgrass can produce about 30 

% of its biomass potential in the first year, 70 % in the second year and 100 % of 

maximum biomass production by the third year. Dry matter yields of 10 to 24.6 tDM/ha 

with average yields of 18.8 tDM/ha is possible for miscanthus according to the research 

results in Europe. However, yield of 22.4-33.6 tDM/ha is achieved for miscanthus in 

Illinois as revealed by their research [137]. In the study conducted by Kludze et al [55], 

biomass availability of 11.14 tDM/ha was assumed as an average peak yield for 

miscanthus at spring harvest in Ontario. The estimated amount of available biomass from 

switchgrass and miscanthus is listed in Table 5-1. The definition of all land classes is 

explained in detail elsewhere [55]. From the table, if we consider only 5 % of all tillable 
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land allocated in Ontario to switchgrass and miscanthus production, the estimated 

production of biomass from switchgrass will be 2.1 million tonnes of dry matter per year. 

On the other hand, for miscanthus it will be around 2.9 million tonnes of dry matter per 

year.  

 

Table 5-1: Estimated amount of switchgrass and miscanthus biomass availability by 
percentage of all land class in Ontario allocated to their production (MtDM/yr) [55] 

 

Biomass type Land % planted to switchgrass and miscanthus (land class 1-5) 

5% 10% 25% 60% 100% 

Switchgrass 
(MtDM/yr) 

2.1 
 

4.2 

 

11.2 

 

26.8 

 

44.8 

 

Miscanthus 
(MtDM/yr) 

2.9    
 

5.8 15.5 

 

37.2 62.1 

 

In Ontario, crop residues from corn, soybean and wheat are the primary sources of 

biomass from agricultural residues; of all the provinces in Canada, Ontario is the largest 

corn production region and accounted for 5.8 million tonnes of grain production in 2005 

[138]. A progressive increase in tonnage of corn production has been noticed since 2004. 

The grain to stover (corn cob, stalk and leaves) ratio of 1:1 is a widely accepted ratio, 

therefore an equal amount of grain and corn stover is produced [55]; production between 

2004 and 2008 was estimated to be 6.2 million tons per annum [55]. Compared to corn, 

soybeans do not produce large volumes of residues and post-harvest soybean residues are 

not adequate to maintain soil cover through the winter. Soybean straw is difficult to 

recover as natural degradation processes result in leaf senescence by the time the seed 
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pods are sufficiently dry for harvest. Wheat is the largest acreage cereal crop and one of 

the most productive field crops grown in rotation with other crops in Ontario. A grain 

yield of about 3.8 t/ha is obtainable in Ontario. Residue to grain ratio of 1.7:1.0 for winter 

wheat and 1.3:1.0 for spring wheat is assumed by most of the studies [139-141] 

 Crop residues play an important role in the maintenance and protection of soil 

quality. This factor limits the amount of crop residues that can be sustainably removed 

from the ground for other potential applications. The estimated amount of sustainably 

removable residues based on land area distribution under corn-soy-wheat rotation in 

Ontario is given in Table 5-2. A best case scenario is defined by high soil organic matter 

(SOM) formation rate and low SOM decomposition rate. A literature average scenario 

denotes average SOM formation and SOM decomposition values recorded in the North 

American literature.  A worst-case scenario denotes low SOM formation rate and high 

SOM decomposition rate that may exist in farms/locations with very low SOM content 

[55]. It is important to mention that the amount produced here is not the amount that is 

originally available for industrial applications because these residues have other primary 

uses.  

The biomass availability from agricultural residues in Canada is given in Table 5-

3. This data is from studies conducted by Wood et al [134]. They assumed a grain to 

straw ratio of 1.3:1 for wheat, 1:1 for soy bean and corn. Average sustainably removable 

residue (SRR) rate of 80 % was assumed for wheat and corn, while only 20 % of stalk 

from soy was assumed to be sustainably recoverable as the residue is very difficult to 

recover. They also assumed that not all of the SRR can be successfully retrieved which as 

a result reduced the recoverable SRR by 30 % for wheat and 50 % for soy and corn to 
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account for late harvest. The available amount of biomass from wheat is calculated at 50 

% of the recoverable SRR as wheat straw has other traditional uses as well. 

 

Table 5-2: Estimated sustainably removable residues based on land area distribution 
under corn-soy-wheat rotation in Ontario [55] 

 
Different Scenarios Estimated Biomass Availability 

MtDM/yr 
 

Best case scenario 

 

6.190 

Literature average scenario 1.919 

Worst case scenario 0.007 

 

 
 

 
 

Table 5-3: Biomass availability from agricultural residues in Canada [134] 
 
Crop Total 

Production 
M ODT/yr 

Straw/Stover 
M ODT/yr 

Sustainably 
removable 
residues 
(SRR) 
M ODT/yr   

Recoverable 
SRR  
M ODT/yr 

Amount 
available 
M ODT/yr 

Wheat 20.6 26.7 21.7 14.97 7.49 

Soy beans 1.6 1.6 0.33 0.16 0.16 

Corn  8.3 8.3 6.65 3.33 3.33 

Total 30.5 36.6 28.68 18.46 10.98 

 
 
 

The breakeven price for all the above mentioned biomass is listed in Table 5-4. 

The breakeven price is not the selling price of a particular biomass. These break-even 

prices established by Kludze et al [55] represent the minimum price necessary to cover all 
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variable and fixed costs for the farmer, but this does not ensure that the biomass will be 

supplied at the same price. Costs included in the breakeven analysis include those for 

establishment, fertilizer, weed control, harvesting, swathing, raking and baling, and farm-

gate level storage.  

 
 

Table 5-4: Breakeven price estimated for biomass [55] 
 

Biomass Breakeven price 
$/t 

 

Switchgrass 

 

$46-$80 

Miscanthus $48 

Soy stalk $60 

Corn stover $69 

Wheat straw $58 

 

The farm to factory gate transportation cost of biomass is not included; it will 

depend on the average transportation distance, which in turn will depend on the density 

of that particular crop residue. To avoid high transportation costs for agricultural residues 

intended to be processed for composite applications, it is likely that industries will have 

to be built in rural areas, closer to the farms that supply the biomass. This will boost local 

economies by providing jobs and services.  

5. 3. Cost estimation for selected biocomposite formulation 
 
 

Raw material pricing used for cost estimation of the biocomposites are listed in 

Table 5-5 followed by cost estimates for biocomposites in Table 5-6. The cost estimation 

performed here is based on the raw material cost only. Production costs and other process 
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involved in the development of these biocomposites are not considered for this 

estimation.  

 

Table 5-5: Raw material pricing for cost estimation of the biocomposites 

Raw material Cost of the raw material 

(PHBV-PBAT) matrix 7.7$/kg 

Switchgrass 0.08 $/kg (80 $/tonne) 

Miscanthus 0.048 $/kg (48 $/tonne) 

Soy stalk 0.060 $/kg (60 $/tonne) 

Corn stover 0.069 $/kg (69 $/tonne) 

Wheat straw 0.058 $/kg (58 $/tonne) 

 
 
 
 

It is important to mention that the raw material cost for polymers are bound to 

change depending on the bulk purchase amounts and exchange rates between different 

currencies. The material cost for fibers may differ as the breakeven price of these fibers is 

considered in the cost estimation due to lack of information on market selling prices of 

these materials. Difference between United States Dollar (USD) and Canadian dollars 

(CAD) were assumed to be negligible for the estimation (At the time of writing, the 

values of these two currencies were approximately equal).  
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Table 5-6: Cost estimation for selected biocomposite formulations 
 
 

 PHBV- 
PBAT 

SG MS SS CS WS Total 

Composition 
(wt%)  

75 25 ----- ----- ----- ----- 100 

Cost ($/kg) 5.775 0.020 ----- ----- ----- ----- 5.795 

Composition 
(wt%)  

70 30 ----- ----- ----- ----- 100 

Cost ($/kg) 5.390 0.024 ----- ----- ----- ----- 5.414 

Composition 
(wt%)  

70 ----- 30 ----- ----- ----- 100 

Cost ($/kg) 5.390 ----- 0.014 ----- ----- ----- 5.404 

Composition 
(wt%)  

70 ----- ----- 30 ----- ----- 100 

Cost ($/kg) 5.390 ----- ----- 0.018 ----- ----- 5.408 

Composition 
(wt%)  

70 ----- ----- ----- 30 ----- 100 

Cost ($/kg) 5.390 ----- ----- ----- 0.020 ----- 5.410 

Composition 
(wt%)  

70 ----- ----- ----- ----- 30 100 

Cost ($/kg) 5.390 ----- ----- ----- ----- 0.017 5.407 

 

 

As noticed from the above Table 5-6, the cost of (PHBV-PBAT)/switchgrass 

composite with only 25 wt% of switchgrass is 5.795 $/kg. From this cost estimate it is 

clear that the cost of the matrix material plays the dominant part and the fiber cost is 

negligible in comparison. Increasing fiber content to 30 wt% reduced the cost to 5.414 

$/kg. This indicates that increased loading of fibers can result in the reduction of the cost 

of the final product. Comparing the cost of biocomposites with other fiber types, the 
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difference is distinguishable only in the third decimal place. In that way, composites with 

30 wt% miscanthus shows relatively low cost. 

  

For lab scale production, cost variation in using different fiber types is negligible 

and importance could be given only to the properties of the resulting composite. 

However, for the commercial production of composites with a particular type of fiber, 

even this minimal difference in cost plays a vital role. Therefore it is imperative to 

achieve good balance between the properties and cost of the composite when choosing to 

manufacture them for a particular application. Also, cost of the final formulation is 

expected to reduce substantially with reduction in cost of biopolymers/ bioblends as a 

result of their mass production and technological advancement. Although biocomposites 

are available for use in many applications including automotive interiors, further 

enhancement in properties will make them more attractive, broadening their application 

and competitive position to conventional composites. This in turn is bound to increase the 

market value of these biocomposites.  

 

 Compared to the cost of glass fibers which is available at a range between $US 

1.30/kg and $US 2/kg, natural fibers are inexpensive. Although natural fiber composites 

are environmentally superior to conventional glass fiber composites (GFC), the properties 

that can be achieved using natural fiber are still lower than GFC in most cases. However, 

on cost vs. performance basis, natural fiber composites are gaining increased attention. 
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CHAPTER 6 SIGNIFICANCE AND OVERALL CONCLUSIONS 
 

The research work reported here has added new knowledge to the use of 

renewable resource based materials in the production of polymer composites. The work 

being reported has utilized a biopolymer blend (PHBV-PBAT) as a novel matrix 

material. Natural fibers like kenaf, hemp, sisal, flax and jute have already been studied 

widely for composite application. Perennial grasses and agricultural residues are a very 

promising choice of reinforcements for composites and to the best of our understanding, 

effect of these lignocellulosics as reinforcement for this particular blend (PHBV-PBAT) 

has not been touched upon previously and our research work will enrich the literature 

available on this area of study. 

The study was divided into two parts where the previously stated objectives were 

accomplished successfully. In the first part of the study, biocomposites from a pre-blend 

of (PHBV-PBAT) matrix and switchgrass were fabricated through extrusion followed by 

injection molding and showed enhanced properties. The results proved the hypothesis 

that increasing the fiber loading diminished mechanical strength of the composite. The 

optimum level of fiber loading was found to be 25 wt%.  The modulus of (PHBV-

PBAT)/SG composites increased with increasing percentage of switchgrass in the 

composite. With 30 wt% switchgrass the flexural modulus was 2190 ± 38 MPa which 

was close to the modulus value reported by Oever et al [53] for PP composites reinforced 

with switchgrass. 
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When compatibilizer was introduced, the properties improved significantly again 

proving the hypothesis. FTIR results confirmed the compatibilization reaction occurred 

between (PHBV-PBAT) blends and switchgrass with the addition of pMDI. The 

improved interfacial adhesion was confirmed by SEM micrographs of the fractured 

surface. The optimum loading of pMDI was found to be 0.75 phr. The MFI of the 

composite with 1 phr was very low which makes it suitable only for thermoforming 

processes and not for commercial injection molding. The results obtained from this study 

were attributed to optimized material chemistry, and indicate a strong potential for use of 

these biocomposites in a broad range of applications.  

 

In the second part of the study, biocomposites were successfully fabricated from 

(PHBV-PBAT) matrix and various lignocellulosic fibers. All biocomposites displayed 

more or less similar behavior when tested for mechanical properties. The slight difference 

in strength and modulus values between the biocomposites was attributed to the 

difference in individual fiber composition and fiber length distribution.  These two 

factors played a complementary role in deciding the final properties of the composites. 

While comparing the properties of biocomposites with various lignocellulosic fibers 

utilized in this study, the combination of (PHBV-PBAT)/MS exhibited high strength, 

modulus, high HDT, high thermal stability, and relatively low water uptake. The water 

absorption behavior of all the biocomposites affirms the fact that the fiber composition 

and interfacial strength affects the performance of a composite in a moist environment.  

 



122 
 

All lignocellulosic fibers investigated are available abundantly at lower cost than 

synthetic fibers. Their potential to impart high modulus and low density to composites 

affirms the potential for production of lightweight and less expensive biocomposites. 

Fabricated biocomposites may be appealing to automakers looking for materials with 

reduced density. Using agricultural residues and perennial grasses as a source of 

reinforcing fibers for composites applications will create a new value chain for those 

crops. The results from this research demonstrate the potential of these fibers to act as a 

reinforcing agent. The complimentary effect of fiber composition and fiber length 

distribution on the properties indicates these are the controlling factors for achieving 

enhanced properties. It is possible therefore to tailor the properties of the resulting 

composite using these parameters.    

  

Investigations on switchgrass, soy stalk, corn stalk and wheat straw as 

reinforcement for (PHBV-PBAT) matrix suggests that at 30 wt% fiber loading, the 

breaking strength of the composites were statistically the same as that of the matrix alone 

and strength increased when 30 wt% miscanthus was used as reinforcement. This is one 

important finding that has to be emphasized as these fibers could be substituted/combined 

for the fabrication of hybrid composites. During industrial scale manufacturing of 

grass/agricultural residue based composites, hybrid composites with a combination of 

different fibers may address the sustainability issue of the composites in the event of fiber 

supply chain shortage. Even though there were slight variations in the properties of 

individual composites, the hybrid composites could demonstrate improvement in 

properties. 
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Future work/ Recommendations:  

The main aim of the second part of this study was to explore the use of different 

agricultural residues and perennial grasses as reinforcements for biopolymer matrix. 

Sizing/pretreatments were not carried out on these fibers mainly to avoid any cost 

addition to the process. Investigating the cost versus performance balance of composites 

with varied surface treatments, sizing/pretreatments or adhesion promoting agents is the 

scope for future work.  

The effect of adding miscanthus and other agricultural residues at different 

loading levels on the properties of the composites could be investigated in future to find 

optimal loading level for each fiber type.  The water absorption behavior of 

compatibilized composites could also be studied to see if the addition of compatibilizer 

reduces the percentage of water absorbed by the composite. Biodegradation studies could 

be conducted to demonstrate the biodegradability of the fabricated biocomposites under 

compost conditions. Extensive rheology study, optical microscopy investigations, 

assessment of composite properties based on source of fibers could also be performed on 

these formulations in future.  
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