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ABSTRACT

SUSTAINABLE CARBON DIOXIDE BASED POLYMER BLENDS AND NATURAL
FIBER COMPOSITES

Eugene Enriquez
University of Guelph, 2016

Advisor: Dr. Manjusri Misra
Co-Advisor: Dr. Amar K. Mohanty

This thesis is an investigation to enhance the efforts of advancing the CO2 based polymer
technology and addresses the issue of carbon emission. The target of this study was to utilize
poly(propylene carbonate) (PPC), to develop sustainable biopolymer blends and biocomposites
for various applications. This thesis is divided into 3 studies: (1) biopolymer blends of PPC with
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), (2) switchgrass surface modification via
alkali and bleach treatments, (3) biocomposites from the chosen biopolymer blend and untreated
and treated switchgrass.
Incorporating PHBV into PPC was capable of improving thermal and mechanical
performance with the added bonus of improving the dimensional stability of the material.
Surface modification of switchgrass increased the cellulose content and enhanced the surface
roughness of the fiber showing promising results for use in composite applications. Enhancement
of the mechanical properties for the chosen blend was observed upon the addition of untreated
and treated switchgrass into the system.
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1.

Chapter 1: Introduction

1.1. Structure of Thesis and Connecting Statements
The structure of this thesis can be broken down into several chapters which contain
separate themes but are connected studies forming the overall research project. The current
chapter will focus on the research problem corresponding to the project, the objectives and
hypothesis of the research problem, and the significance and implications by achieving the
objectives of this project.
Identifying the research problem in chapter 1 provides insight to the knowledge gap in
the area of CO2 based polymer technologies. Within chapter 2, a general literature review on the
concepts and materials used throughout this thesis will be explored. This chapter will focus on
bioplastics, polymer blends, natural fibers, surface modification of natural fibers, and
biocomposites. A more in depth review of the aforementioned topics can be found in the
introduction section of chapters 3-5.
Based on the literature review from chapter 2 and the introduction section in Chapter 3
polymer blends of poly(propylene carbonate) (PPC) and poly(hydroxybutyrate-cohydroxyvalerate) (PHBV) were studied on how it affects the properties of the material. The
results are discussed in terms of infrared spectroscopy, thermal properties, scanning electron
microscopy (SEM), mechanical properties, and dimensional stability. This study was conducted
to find a blend of PPC and PHBV as a desirable matrix to be used for the biocomposite portion
of this research.
Upon deciding the blend formulation of 70 weight percent (wt. %) PPC and 30 wt. %
PHBV for use as the matrix in chapter 3, switchgrass was explored as a filler. The use of
switchgrass allows for the research to keep in line with the utilization of CO2 as it is a material
with great carbon sinking capabilities. Chapter 4 focuses on the characterization of untreated,
alkali treated and peroxide bleach treated switchgrass. The effects of alkali and peroxide bleach
treatment on the switchgrass were characterized via Fourier transform infrared spectroscopy
(FTIR), compositional analysis, thermogravimetric analysis, SEM analysis, and X-ray diffraction
(XRD). Surface treatment was performed on the switchgrass with the hopes to improve adhesion
with the polymer matrix.
Chapter 5 studied the effects of incorporating untreated and treated switchgrass (studied
in chapter 4) into the chosen polymer matrix of 70 wt. % PPC and 30 wt. % PHBV (studied in
chapter 3) to fabricate a novel biocomposite system. The biocomposites were analyzed through
FTIR, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA), heat deflection temperature (HDT), thermomechanical analysis
(TMA), SEM, and their mechanical properties.
Chapter 6 summarizes the key findings from each study of the research project and some
suggestions on future works.
1.2. Problem Statement
Increasing environmental concern has led research to investigate alternatives for reducing
the dependence on petroleum resources and the accumulation of greenhouse gases (GHG). The
1

purpose of this project is to enhance the sustainability of plastics used today through the
utilization of polymers derived from renewable resources. Poly(propylene carbonate) is an
interesting polymeric material as it has a twofold benefit to the environment. PPC utilizes carbon
dioxide (CO2) as a base material therefore reducing the petroleum usage for plastic materials and
reducing GHG emissions. Therefore, as bioethanol output increases it would be beneficial to
capture the CO2 from this process to use it for the production of a useful product. However, there
are drawbacks to using PPC such as its mechanical properties, thermal stability and dimensional
stability.
A blend system was synthesized using a bacterial based polymer, poly(hydroxybutyrateco-hydroxyvalerate) (PHBV) and a polymer derived from carbon dioxide, poly(propylene
carbonate) (PPC). By blending PHBV and PPC together, a synergistic effect is expected to occur
by balancing the strong but brittle properties of PHBV with the amorphous and ductile PPC.
However, PHBV has poor thermal stability, where it will begin to degrade above its melting
temperature, and it is a very brittle material due to its high crystallinity, causing a low elongation
at break and poor impact strength. A common problem with most polymer blends is the
miscibility between the two polymers. The blend of PHBV and PPC are expected to be mostly
immiscible with slight chemical interactions when they are in the melt phase. Furthermore, using
the best blend system, composites were synthesized by integrating low cost filler materials such
as agricultural products or residues. This will decrease the cost of the product and add value to
the filler material. However, the limitation to using natural fibers for composite applications
would be its adhesion with the matrix. Therefore, switchgrass was chemically treated using alkali
and peroxide bleach solution to modify the surface. The performance and cost of this bioproduct
should be comparable to the synthetic plastics used in the automotive, biotechnology, consumer
and packaging industries.
1.3. Objectives and Hypothesis
Objective 1: Polymer Blending
Develop a polymer blend system using PPC and PHBV to balance their thermal, mechanical and
physical properties.




To improve the mechanical (strength and modulus) and thermal (stability and
crystallinity) properties of PPC, by blending it with the strong and crystalline polymer,
PHBV.
The addition of PHBV in the blend will add a crystalline phase to PPC making the
material less brittle.
By creating a stronger material with a harder more crystalline material, the elongation at
break and impact strength will diminish.

Objective 2: Surface Treatment of Switchgrass
To chemically modify the surface of switchgrass with alkaline and peroxide bleach solutions.



Alkaline and peroxide treatments will remove non-cellulosic materials from the fiber
revealing more hydroxyl groups to the surface and create a rougher surface.
Treatment will improve the adhesion between the fiber and the polymer matrix for
composite applications through the exposed hydroxyl groups and mechanical
interlocking.
2



To improve the appearance and odor of the natural fiber and the composite material
through the removal of non-cellulosic components in the fiber.

Objective 3: Natural Fiber Biocomposites
Create a composite material using the chosen blend of PPC/PHBV with a low cost agricultural
product (switchgrass) to recover any loss of mechanical properties from the blend system.



Untreated and treated switchgrass will be incorporated into the chosen blend for the
composite to recover the mechanical properties (strength and modulus).
By incorporation of the natural fiber, improvement in the dimensional stability of the
system will occur.

1.4. Significance
The development of the new polymeric materials in this research will have key advantages to
creating alternatives for petroleum resources.






The blends of PPC and PHBV and biocomposites will enable the reduction in the use
of petroleum resources.
By incorporating PPC into PHBV, the toughness of the material will improve but the
strength and stiffness will reduce.
The addition of natural fibers into the PHBV/PPC blend for the creation of
biocomposites will lower the cost of the overall material. This makes the use of
biopolymers more economically viable in comparison to conventional materials and
fillers.
By using natural fibers such as switchgrass, it is possible to add value to these
agricultural products by giving them a purpose.

3

2. Chapter 2: Literature Review
2.1. Bioplastics
Biopolymers, also known as bioplastics, can be separated into three categories to
distinguish between the raw source material and the biodegradability. The types include
petroleum-based biodegradable plastics, renewable resource-based bioplastics and plastics from
mixed sources (petroleum and renewable)1. Some examples of bioplastics consist of
polyhydroxyalkanoates, polylactic acid, biopolyethylene, starch blends, and cellulosic
polyesters2.
Not all thermoplastic biopolymers are both biodegradable and biobased as some of these
bioplastics only have one of these properties. In the case of the petroleum-based biodegradable
polymers, the materials are synthesized rather then found in nature through a chemical reaction
known as polymerization. The monomers used in the production of synthetic polymers are
obtained from fossil fuels. These polymers make up a large majority of the commercial
marketplace because of the range of plastic types and their properties. For renewable resourcebased polymers the monomers are derived from plant or other biological sources. With
advancements in technology the production of these polymers is starting to increase as the
biobased monomers are becoming readily available throughout the world3. Polymers from mixed
sources can be produced by the combination of petroleum based and biobased polymers mixed
together or by using monomers from both petrol and bio resources to produce a polymer.
Polymers such as poly(lactic acid), poly(butylene succinate), and polyhydroxyalkanoates
have the advantage of being both biobased and biodegradable. These materials reduce the impact
on the environment by preventing waste as composting becomes a viable option that allows for
complete breakdown of the plastic into indistinguishable pieces. Also growing quickly
throughout the industry are polymers that were previously made only through synthetic means,
but now can be commercially produced from biobased resources such as bio-polyethylene
terephthalate and bio-polyethylene that diminish the reliance on petroleum-based monomers. By
using these biobased polymers the ‘carbon cycle’ can be replenished on a similar time scale4.
The monomers for these biopolymers may be derived from a wide range of feedstocks, enabling
them to be prepared in several ways unlike petroleum-based polymers. These bioplastics can
help alleviate the fossil fuel dependence for the 16.7 million tons of landfill waste and 21 million
tons of plastic consumed annually5.
2.1.1. Biopolymer Blends
Using biodegradable polymers alone for commercial applications cannot fulfill the
product demand of versatile materials. Melt blending is a technique to develop new materials
economically and with tailored properties. Normally, polymer blends possess unique physicochemical properties which are not present in their individual components.
Physical mixtures of two or more structurally different polymers like
homopolymers/copolymers are called polymer blends. Mixtures of two polymers that exist in a
single phase at the microscopic scale are called miscible blends. However, if the mixture exhibits
separate phases at the microscopic scale, they are called immiscible blends. An illustration of
miscible and immiscible polymer blends is shown in Figure 2.1. Some of the immiscible blends
may be considered compatible blends when they show improvements in their mechanical
performance. Mechanical and thermal properties of the blends are well known methods for
4

identifying the compatibility and miscibility of the polymers6,7. Miscibility of the polymers in the
blend system can be detected through the glass transition temperature (Tg). Miscible and
immiscible polymer blends show single and multiple glass transition temperatures, respectively.

Polymer Blends

Miscible
Polymer
1

Immiscible
Polymer
1

Polymer
2

Blend

Polymer
2

Blend

Figure 2.1: Illustration of miscible and immiscible polymer blends.
The morphology and compatibility of immiscible blends will affect the performance of
the material. The phase morphology depends on the viscosity of each component, processing
parameters, composition, and compatibility. The degree of compatibility between the
components in the blends can be enhanced by the addition of compatibilizers8–10.
2.2. Natural Fibers
Natural fibers are considered a composite structure where the matrix would be the
hemicellulose and lignin constituents and cellulosic fibers being the reinforcing material. The
cellulosic fibers confer strength and stiffness to the fibers whereas the lignin and hemicellulose
fractions give dimensional stability to the composite structure and also protect the cellulosic
fibers from being damaged by environmental factors like microorganism attack11,12. The specific
amount of each natural fiber constituent depends on the type of fiber and environmental
conditions where the fiber was collected1. When natural fibers are intended to be used as a
reinforcement material in a composite structure, the target is to gain strength and stiffness from
the fibers to the composite structure while keeping its weight low. This can be achieved due to
the specific properties such as the strength and modulus of natural fibers and their low density13.
Tensile properties of natural fibers are related both to the variations in their chemical
constituents and the physical integrity of the fiber structure after harvesting and fiber separation
from plants. A natural fiber is in fact a bundle of micrometric composite structures or elemental
morphological units called fiber cells14. Fiber cell structure is a layered composite structure
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where oriented microscopic cellulosic fibers are held together by hydrogen bonding with
hemicellulose/lignin matrix in each layer1.
Regarding the chemical composition of fibers, cellulose content is the main component
responsible for tensile strength and modulus in natural fibers. Cellulose forms crystalline
structures in the natural fiber, which are known to increase mechanical resistance in solid
materials. Cellulosic microfibers are typically nanometric in size, with a diameter in the range of
10-30 nm and formed by 50 to 100 cellulose units1. The special arrangement of crystalline
cellulose microfibers also plays a key role in tensile strength and modulus of natural fibers. The
angle of orientation of the cellulose microfibers with respect to the normal fiber axis is known as
microfibrillar or spiral angle. An increased cellulosic content leads to higher tensile strength in
natural fibers1. Tensile properties of a natural fiber, corresponding to a bundle of fiber cells are
largely determined by the cross sectional area of the fiber and its variations. Literature has
reported that both tensile modulus and strength decrease with an increment of cross sectional
area in natural fibers14.
Natural fibers are a great opportunity for reducing the weight of composite structures in
comparison to synthetic fillers (i.e. glass fibers) and increase the sustainability of composite
products. Nevertheless, one of the major challenges in research of natural fiber based composites
is to ensure consistent quality of natural fibers. As described before, the tensile properties of
natural fibers can be affected by inherent plant properties which in turn relate to environmental
factors such as climate, soil quality, water availability, plant age, harvesting and processing
conditions among others1. Literature has shown that the variability of mechanical and physical
properties of natural fibers collected even from a same location is high and recent advances in
breeding and genetic techniques can help in standardizing fiber quality for a higher adoption of
these reinforcement materials in the composite industry11.
Biofibers have more advantages compared to commonly used synthetic nonbiodegradable fillers/fibers such as glass fibers, aramid fibers, talc and mica. Natural fibers are
classified based on their origin, which is shown in Figure 2.215. The key advantages to using
these natural fibers over synthetic fibers are the lower density and reduced costs6. Also the fibers
are able to decrease machine wear during processing making them easier to work with and show
good acoustics1. Though the tensile strength and Young’s modulus are inferior to glass fibers
commonly used in composites, the biofibers have greater specific strength and stiffness as a
result of their low specific gravity, making them favorable for flexural stiffness. The density
difference of natural fibers compared to glass fibers is also important when light weighting
products. The current issues with natural fibers are the inconsistencies in the fiber quality. The
location, weather and soil conditions all play roles in the final physic-mechanical properties of
the biofibers each growing season. Some other limitations are the poor thermal stability and high
moisture absorption associated with natural fibers19. Based on these uncertainties it can be
difficult to ensure industrial viability for certain biofibers as the supply chain and material
performance is in doubt. One of the ways in which researchers are trying to alleviate this issue is
through genetic modifications. These genetically modified fibers have enhanced the uniformity
of the natural fibers but also can provide fibers with greater strength and stiffness by reduction in
the lignin content making them practical for biocomposite applications nowadays1.
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Natural Fibers

Seed

Fruit

Cotton
Coir
Kapok
Milkweed

Bast

Leaf

Wood

Flax
Hemp
Jute
Ramine
Kenaf

Pineapple
Abaca
Henequen
Sisal

Stalk
Wheat
Maize
Barley
Rye
Oat
Rice

Grasses &
other Fibers
Switchgrass
Bamboo
Bagasse
Miscanthus

Figure 2.2: A classification of vegetal natural fibers15.
There are some bottlenecks with natural fibers used in composite systems such as poor
wetting, interfacial adhesion with the polymer matrix, moisture absorption, and lower thermal
stability that could affect the composite’s performance. Thus, research has focused on natural
fiber composites to obtain a desired performance. In order to improve the physical, mechanical,
or chemical properties of the natural fiber composite appropriate additives can be incorporated
depending on the application. Most composites will require surface modification, coupling
agents to enhance the compatibility of the filler and matrix, lubricants for ease of processing, and
durability additives for the usability of the products25. Natural fibers have found promising roles
in automotive applications that were previously prepared from glass fibers16.
2.2.1. Natural Fiber Surface Modification
When natural fibers are used as reinforcement for plastic composite structures, a
compatibility issue arises due to the difference in chemical affinity of both components of the
composite. Natural fibers are hydrophilic in nature, whereas polymer resins are mostly
hydrophobic compared to natural fibers. Due to this difference in the composite constituents,
there is a weak adhesion at the interface between the fibers and polymer matrix. The poor
compatibility leads to unsuccessful stress transfer from the matrix to the fibers and thus limits the
reinforcement effect of natural fibers in the composite18.
One of the most common strategies to improve the interfacial adhesion between the fiber
and polymer, is to change the natural fibers chemical affinity and structure of the fiber. Surface
modification can be accomplished by means of physical or chemical methods. Physical methods
aim to alter the physical structure and surface properties without introducing major changes in
the chemical composition26. Corona and plasma treatment of fiber surface are known techniques
for enhancing the compatibility of fibers and polymer matrix. Corona treatment has been used
for improving interfacial adhesion on jute, hemp and flax fiber based composites whereas plasma
treatment has shown effectiveness in surface modification of flax, sisal, and jute fibers13. On the
contrary, chemical treatments to natural fibers are intended to graft or expose chemical
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functionalities enhancing the affinity for the specific polymer matrix employed18. Alkaline
treatment, silane treatment, acetylation, and maleated coupling are well known techniques for
chemical modification of natural fibers27. Alkaline treatment consist on immersing the fibers into
a warm alkaline solution achieving a removal of low molecular weight impurities and lignin and
hemicelluloses fractions from fiber surface as well as exposing hydroxyl groups which allows for
better wetting between the polymer and the modified fiber surface. Silane treatment consists of
grafting an organically modified silicone compound onto hydroxyl groups of natural fibers.
Many organically modified silane compounds have been designed for achieving compatibility of
natural fibers with different polymer matrices28. Acetylation consists of introducing acetyl
functional groups onto the hydroxyl functional groups inherently present on the surface of
natural fibers which reduces the surface hydrophilicity and thus increases the compatibility of the
fibers with the polymer matrix18,27. Maleated coupling consists of the grafting of maleic
anhydride onto the surface of natural fibers or on the polymeric backbone of the polymer resin.
Due to the polarity of the maleic anhydride ring, when grafting of this ring onto a non polar
polymer backbone is achieved, it enhances the affinity towards polar surface of natural fibers1,13.
2.3. Biocomposites
The creation of composites can be viewed in two ways: one is from the matrix and the
other is from the type of reinforcing material. There are three main types of matrices used for
composites: ceramics, metals and polymers29. Similarly, the reinforcement included in the
composite can range from being a fiber, particulate, laminate or hybrid which is a combination of
two or more fillers29. The fabrication of a biocomposite results from the incorporation of either
the matrix or filler material or both from bio-renewable sources.
Polymeric composites have been around for the past century with composites reaching
commodity status since the 1940s1. These plastic composites have been and still are made with
non-renewable reinforcing fillers such as glass fibers and synthetic fibers that prevent or lower
the recyclability of the composite and alter the end life of the product. With both the matrix and
filler traditionally non-renewable in origin the biodegradability and environmental concerns still
remain, causing manufacturers to look for partial or fully biobased alternatives.
In comparison, a biocomposite is a composite that is made from either the combination of
both a biopolymer and a synthetic reinforcement or a petroleum based non-biodegradable plastic
and a natural filler. It is also possible to have a biocomposite made entirely from biobased
resources by using a biopolymer and a natural filler. Therefore, for a composite material to be
considered a biocomposite it must be fully or partially biobased in origin with one or more of the
constituents being from a natural resource. When both the matrix and filler are from a renewable
resource they are referred to as ‘all green composites’30. Though these biocomposites have a
portion of biobased material the composite itself may not be biodegradable depending on the
biopolymer used or the reinforcing filler added. Of the various types of biocomposites those that
are recyclable, compostable, eco-friendly and commercially adequate are considered to be a
sustainable biobased product15. The purpose of preparing such biocomposites is to utilize the
beneficial properties of each material while reducing the drawbacks associated with the two
components. In doing so the overall properties of the final composite is expected to have a
balance of properties between the matrix and filler for optimum performance. A complete
description of the types of biocomposites is illustrated in Figure 2.3.
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Biobased
Biodegradable
Polymer +
Synthetic
Filler

Biobased NonBiodegradable
Polymer +
Biofiller

Biocomposite

Petro-based
Polymer (NonBiodegradable
/Biodegradable)
+ Biofiller

Biobased
Biodegradable
Polymer +
Biofiller
Figure 2.3: Biocomposite classification15.

Of the various types of biocomposites, fiber-reinforced composites make up a large
majority of the biocomposites fabricated today. It was previously estimated that natural fiber
filled composites exceeded 195 million kilograms with a market size of $289 million US in 2010
with an expected 11% compound annual growth rate up to 2016 reaching $531 million US 12.
These composites contain the strong and rigid fibers embedded within the polymer matrix.
Depending on the natural fiber used and the pre-treatments carried out the fibers can be
continuous, long or short. These fibers can then be oriented differently within the composite,
whether it be random or unidirectional alignment in a specific direction giving rise to isotropic
and anisotropic properties of the biocomposite, respectively29. Alternatively, in some cases
woven sheets of fibers can be prepared in the form of a fabric that acts as a two-dimensional
reinforcement. Conversely, laminates with multiple stacking of composite layers with alternating
orientations can be used to provide enhanced mechanical performance in multiple directions31.
The mechanical behavior of natural fiber polymer composites can be analyzed in terms of
tensile, flexural and impact properties. The following section mainly discusses tensile properties
of natural fiber based polymer composites with some insights on flexural and impact behavior.
Tensile properties of natural fiber based composites are determined by a series of factors such as
weight or volumetric load of fibers in the composite, mechanical properties of the natural fiber
and polymer matrix selected, fiber length and orientation and interfacial adhesion of fibers to
polymer matrix.
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Fiber load expressed in weight or volume percentage has shown to have a large effect in
tensile and flexural properties of composites. In general both tensile and flexural properties are
increased with increased fiber load to the matrix up to a certain point where due to excessive
agglomeration causes the material to drop its properties8.
The type of fiber employed for fabrication of natural fiber based composites is also of
great importance in the final tensile properties exhibited by the molded piece. As discussed
earlier the natural fibers collected from different plant species possess different tensile
properties. For this reason, natural fiber based composites loaded with similar fiber fraction will
exhibit different tensile properties depending on the natural fiber employed. For example, the
tensile strength of polypropylene composites was shown to be higher for natural fibers with
inherent higher tensile strength32. The interspecies variability of tensile strength and modulus in
natural fibers can be related to their cellulose content as well as to their microfibrillar angle.
The adhesion between natural fibers and the polymer matrix has shown to have an effect
on the tensile properties of the composite structures. Chemical treatment of fibers has been
mostly employed for enhancement of compatibility between natural fibers and polymer
matrices33. Silane and alkaline treatment have shown to increase tensile strength of several
composites based on polypropylene or poly(lactic acid) and different natural fibers34. The
increased tensile properties is a result from the natural fiber/polymer compatibilization caused by
modifying the surface of natural fibers (alkaline treatment) as well as by introducing chemical
functionalities with enhanced compatibility for the matrix on the natural fiber surface (silane
treatment)33.
Regarding impact properties of natural fiber composites, stating a specific trend on
impact behavior is a more complex issue due to multiple ways of defining and measuring impact
resistance of polymer composites. In spite of this, it is well accepted that fibers presenting a
tougher nature (higher elongation before failure on tensile testing) can impart higher impact
resistance to natural fiber based composites although differences in fiber to polymer matrix
adhesion caused by inherent surface differences in natural fibers can lead to results out of this
trend32. In fact, the mechanism of fracture of the fiber inside of the matrix after an impact testing
which is determined by the fiber/matrix adhesion can greatly affect the impact performance of
composite materials16.
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3. Chapter 3: PPC and PHBV Blends
Abstract
Poly(propylene carbonate) (PPC), a CO2-based bioplastic and poly(hydroxybutyrate-cohydroxyvalerate) (PHBV) were melt blended followed by injection molding. Fourier transform
infrared spectroscopy detected an interaction between the macromolecules from the reduction in
the OH peak and a shift in the C=O peak. The onset degradation temperature of the polymer
blends was improved by 5 and 19 % in comparison to PHBV and PPC, respectively. Blending
PPC with PHBV reduced the melting and crystallization temperatures and crystallinity of the
latter as observed through differential scanning calorimetry. The amorphous nature of PPC
affected the thermal properties of PHBV by hindering the spherulitic growth and diluting the
crystalline region. Scanning electron micrographs presented a uniform dispersion and
morphology of the blends, which lead to balanced mechanical properties. Incorporating PHBV, a
stiff semi-crystalline polymer improved the dimensional stability of PPC by restricting the
motion of its polymer chains.
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3.1. Introduction
Global warming has become a major concern for today’s society and has been a popular
topic of discussion. Global warming has been attributed to the increase in greenhouse gas (GHG)
emissions, a major contributing factor is carbon dioxide1. The government, industries, and other
institutes have taken action to ensure a more sustainable future by reducing pollution and GHG
emissions through government policies, industrial compliance, and research innovation1.
Through research and innovation, scientists have been able to produce green products by
utilizing CO2 as a raw material2. Since the inception of CO2-based polymers such as
poly(propylene carbonate), PPC, it has provided the opportunity of fixing and recycling carbon
dioxide produced through industrial processes and from the environment3. PPC is a polymer
synthesized from a catalyzed copolymerization reaction between CO2 and propylene oxide2. The
most common application of PPC is as a binding agent4 but with increasing research and use for
its ease of biodegradation and biocompatibility, the commercialization rose from 100 t/year to
10 000 t/year5. Ramping up the production of PPC and other CO2-based polymers will create a
unique partnership between researchers, industries with high CO2 output, and polymer
companies to advance current technologies in this field and allow for more sustainable polymers
to be made.
The difficulties of using PPC as a base material are represented in its poor thermal
properties, low mechanical strength, and dimensional stability. PPC processing at temperatures
above 180 °C will cause thermal degradation to occur due to its low thermal stability6. Several
researchers3,7–9 have stated that the degradation of PPC occurs in two phases starting at
temperatures as low as 150 °C. Initially, backbiting occurs where PPC unzips to cyclic propylene
carbonate (cPC) lowering the molecular weight, while temperatures above 200 °C cause chain
scission to occur. However, low temperature processing maintains the amorphous material in a
viscous state, which makes it difficult to injection mold due to increased internal stress6. At
ambient conditions (close to the glass transition temperature of PPC) the chains relax causing the
material to deform and shrink with time6. Despite the drawbacks of PPC, it is possible to
improve its thermal and mechanical properties through additives, fillers/reinforcing agents, and
polymer blending.
PPC has been blended with other biopolymers such as cellulose acetate butyrate (CAB)10,
poly(butylene succinate) (PBS)9,11–13, poly(ester-amide) (PEA)14, poly(lactic acid) (PLA)15–20,
poly(propylene succinate) (PPS)21, polyhydroxybutyrate (PHB)22,23, and poly(hydroxybutyrateco-hydroxyvalerate) (PHBV)3,8,24–27. The general consensus of blending PPC with other, either
partially or completely miscible polymers was that they were able to improve the thermal and
mechanical properties of PPC. For the blends that were immiscible with one another, additives
were incorporated to improve the compatibility between the two phases9,11,15–20. Therefore,
changes to the thermal transitions, thermal stability, morphological, and mechanical properties
were observed for blends that exhibited some miscibility with or without a compatibilizer. It has
been observed that the glass transition temperatures (Tg) shifted towards one another for PPC
blends with CAB10 and PLA17,18, indicating a degree of miscibility. Mixing PPC with PHB was
capable of depressing both melting (Tm) and crystallization (Tc) temperatures, which in turn
decreased the crystallinity (χc) of the latter22. Scanning electron micrographs (SEM) of CAB
blended with PPC showed small domain sizes of the minor phase, indicating that there was some
interfacial adhesion between the polymers10. As well, an improvement in PPC’s tensile strength
and modulus, and a decrease in the elongation at break occurred after the addition of stiffer
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polymers such as CAB10, PBS9,11,13, PEA14, PLA16-18, and PHB23. Blending other biopolymers
widens the potential applications of PPC for packaging materials, dishware, board materials,
biodegradable materials, and controlled drug release agents13.
Research on PPC and PHBV blends has been previously reported by several
researchers3,8,24–27. These studies have mainly focused on the thermal properties of PPC, PHBV
and their blends. The addition of PPC to PHBV affected the thermal transitions of the latter. As
demonstrated by each of the researchers3,8,24–27, the Tm and Tc were hindered by PPC due to
chemical interactions and dilution effects. It was observed by Li et al.24,25 that a decrease of 4
and 8 °C for the Tm and Tc, respectively, for their blend of 30-70 wt. % PHBV-PPC. Li et al.24
stated that chemical interactions such as transesterification played a role in reducing the Tm and
Tc of the PHBV phase. It was explained that PPC diminished the crystallite formation of PHBV
and diluted the crystalline region of the blend24. Li et al.25 and Corre et al.27 looked at the
mechanical properties (tensile and Charpy impact) of the blends highlighting that the ductility of
the PPC was able to improve the toughness (elongation at break and impact strength) of PHBV.
The tensile properties were studied by Li et al.25, where they prepared pellets of 30-70 wt. %
PHBV-PPC by melt blending the polymers together then solution casting a film with chloroform.
A decrease in tensile yield stress and modulus from 38.2 to 17.7 MPa and 1515 to 1096 MPa,
respectively, was seen with respect to neat PHBV. Conversely, the elongation at break increased
from 4 to 74 %25. Similarly, Corre et al.27 found a 58% decrease in young’s modulus and an
increase of 98% for the strain at break for their 40-60 wt. % PHBV-PPC blend, relative to neat
PHBV. Moreover, the unnotched Charpy impact strength of PHBV quintupled after the addition
of 40 wt. % PPC27. It can be seen that blending PHBV and PPC together provide many
advantageous qualities for thermal and mechanical properties; PHBV adds strength to PPC,
while PPC adds ductility to PHBV.
However, the purpose of this research was to blend PHBV into PPC in order to improve
the dimensional stability and offset the disadvantages of each polymer. Blending PHBV, a
bacterial polyester with PPC is advantageous to maintain the biodegradable and biocompatible
nature of the materials and to improve the sustainability as the former is a completely biobased
material28. Since PHBV has properties comparable to polyolefins (polyethylene, PE, and
polypropylene, PP), it will help to improve the mechanical properties of PPC29. However, PHBV
is a highly crystalline material causing poor toughness (low elongation and impact strength), has
poor thermal stability and is costly29. Blending PPC and PHBV will provide a synergistic effect
to the mechanical properties by balancing the ductility and amorphous nature of PPC with the
strong and brittle properties of PHBV. The amorphous nature of PPC will reduce the crystallinity
of PHBV improving its toughness while providing a strong backbone for PPC to improve its
poor dimensional stability. Very few papers discuss the dimensional stability of PPC and ways to
improve it. The novelty to the research was the highlight of PPC’s improvement in dimensional
stability and the use of a different processing method. PPC’s dimensional stability was improved
through the incorporation of PHBV via a melt blending process in a lab-scale twin screw
extruder for immediate injection molding. Blending the two polymers together broadens the
viability of PPC and PHBV for commercial and industrial applications.
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3.2. Experimental
3.2.1. Materials
The materials used for this research were pelletized poly(hydroxybutyrate-cohydroxyvalerate), PHBV, and poly(propylene carbonate), PPC. PHBV is a copolymer of
hydroxybutyrate (HB) and hydroxyvalerate (HV) monomers. PHBV with the product name
ENMAT Y1000P was purchased from Tianan Biological Materials Co., Ltd. located in China.
This grade of PHBV has been reported by other researchers7 to have an HV content of 3% and
additives (<0.5%) such as boron nitride as a nucleating agent and Irganox 1010 as an
antioxidant. PPC was purchased from Empower Materials, USA under the trade name
QPAC®40. Since PPC is an amorphous polymer with a low glass transition temperature, it was
stored in a freezer to prevent sticking.
3.2.2. Sample Preparation
Prior to processing, PHBV was dried in an oven at 80 °C for a minimum of 4 hours.
However, PPC was not exposed to these conditions (moisture content = 0.6 ± 0.3 %) since its
glass transition temperature is very close to room temperature causing the pellets to stick making
it difficult to process as observed by other researchers30. The moisture content of neat PHBV and
PPC was measured prior to processing using an MA37 Sartorius moisture analyzer. The
extrusion process was conducted in a lab-scale co-rotating twin screw batch extruder, DSM
(DSM Research, Netherlands), with a barrel volume of 15 cm3 and screw lengths of 150 mm.
The extrusion parameters used for processing were an extruder temperature of 180 °C, a mixing
time of 120 seconds, and a screw speed 100 rpm. The temperature profile in the batch extruder
was collectively controlled at 180 °C with a temperature of 170 °C at the die. The molten
material was collected in a micro-injector maintained at a temperature of 180 °C and injected
into various types of molds at 30 °C. The injection molded samples prepared for mechanical
testing were conditioned at room temperature for two days. The PPC-PHBV samples studied in
this research were materials containing various weight percent (wt. %) of PHBV (0, 30, 50, 70
and 100).
3.2.3. Spectroscopic Analysis
Fourier transform infrared spectroscopy (FTIR) was used to observe the chemical and
physical interactions between the polymers. Thin slices were used to determine the specific
wavenumber associated with characteristic peaks of the samples. Samples were measured to
produce a graph of the transmittance versus wavenumber in a range of 4000 to 500 cm -1 for 32
scans with a resolution of 4 cm-1 using a Nicolet 6700 FTIR from Thermo Scientific.
3.2.4. PPC Phase Extraction
Pelletized and notched impact fractured samples of PPC, PHBV, and their blends were
left in separate beakers filled with acetone for seven days. After the samples were left for seven
days, the PPC sample had completely dissolved, while, PHBV remained unaffected by acetone.
Since PHBV did not dissolve in acetone and PPC was completely solubilized, it was determined
that acetone was a good solvent for the phase extraction of PPC. A Soxhlet extraction was
performed on pelletized samples of PPC-PHBV blends and PHBV for 2 days in an oil bath at
95 °C to ensure that the PPC phase was thoroughly extracted. FTIR analysis was conducted on
the PPC phase extracted pellet samples to determine if any interactions occurred between PPC
and PHBV from the melt blending process.
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3.2.5. Thermogravimetric Analysis (TGA)
The thermal stability of PPC, PHBV, and their blends was measured using a TGA model
Q500 from TA Instruments. Each test used 5-10 mg of material. The samples were subjected to a
heating rate of 20 °C/min from room temperature (~23 °C) to 600 °C in a nitrogen environment
with a purge flow of 40 mL/min and a balance flow of 60 mL/min.
3.2.6. Differential Scanning Calorimetry (DSC)
Samples were tested using a DSC from TA Instruments model Q200, at which 5-10 mg was
weighed out into an encapsulated aluminum pan. The material was subjected to a heat/cool/heat
cycle with a temperature range of -50 to 200 °C, at heating and cooling rates of 10 °C/min and 5
°C/min, respectively, under N2 with a flow rate of 50 mL/min. The initial heating phase (starting
at -50 °C) was to erase the thermal history of the material from processing and the secondary
heating phase was to determine the glass transition and melting temperature and crystallinity of
the materials. The crystallinity of the samples was calculated using the melting enthalpies
obtained and the enthalpy value for 100% crystalline PHBV (164 J/g). Similarly, the
crystallization temperature was determined through the cooling phase of the experiment.
3.2.7. Scanning Electron Microscopy (SEM)
The morphological properties of the impact fracture surfaces of the blends were
examined using scanning electron microscopy (SEM). The SEM was used to visually
characterize the impact fracture surfaces of the samples with a Phenom ProX desktop SEM from
PhenomWorld. The materials were subjected to an accelerating voltage of 5 kV and examined at
a magnification of 5000x. To reduce charging on the surface, a thin layer (~3 nm) of gold was
sputtered onto the samples using a Cressington Sputter Coater 108 auto. The PPC phase of the
blended impact fractured samples was etched with acetone using the same process prior to the
Soxhlet extraction to further illustrate the distribution of PPC in the polymer blends.
3.2.8. Mechanical Properties
Tensile samples were injection molded to ASTM standard D638 Type IV specimen
parameters to test the properties such as stress at yield (obtained from the first zero slope of the
curve), modulus, and elongation. The test was conducted at room temperature, using a crosshead
speed of 5 mm/min and a span length of 65 mm. The tensile samples were tested using an
Instron, Universal Testing Machine (Norwood, MA, USA) using five replicates and analyzed
with Instron Bluehill software.
Notched and unnotched Izod impact strength was measured following the ASTM
standard D256 with a TMI Monitor Impact Tester (Testing Machines Inc., DE, USA). Six
samples were notched and used to perform a notched Izod impact test. All mechanical results
were averaged and presented with a standard deviation.
3.2.9. Dimensional Stability
The dimensional stability of PPC, PHBV and their blends was characterized using three
methods: the amount of shrinkage after molding, thermal resistance, and coefficient of linear
thermal expansion. The procedures for the methods described above can be found in the
following sections.
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3.2.9.1.
Shrinkage after Molding
The shrinkage of PPC was monitored and recorded using a digital caliper to measure the
changes in dimensions of three injection molded bars. The initial average dimensions of the bars
were measured to be a length of 124.0±0.5 mm, a width of 12.91±0.01 mm, and a thickness of
3.31±0.02 mm. The samples were left at room temperature and the dimensions were measured
everyday for the first 7 days, then every 7th day afterwards, for a total of 42 days.
3.2.9.2.
Heat Resistance - Heat Deflection Temperature (HDT)
ASTM standard D648 was followed to measure the heat deflection temperature (HDT) of
the samples using a DMA from TA Instruments with the model number Q800. The HDT value
was determined by applying heat at a rate of 2 °C/min under a constant force of 0.455 MPa until
a displacement of 250 µm was attained. This experiment was conducted using a three-point
bending mode with an applied load measured according to sample dimensions for three
replicates.
3.2.9.3.
Coefficient of Linear Thermal Expansion – Thermomechanical
analysis
The coefficient of linear thermal expansion (CLTE) was measured using a
thermomechanical analyzer (TMA) from TA Instruments, model number Q400. The alpha value
was extracted from the linear region of the temperature vs. dimension change between 50-70 oC.
An average value is presented from a minimum of three samples. The materials were tested using
a temperature ramp of 5 °C/min to 150 °C starting from room temperature (~23 °C). The samples
were subjected to a preload and applied load force of 0.1000 N with an expansion probe tip. All
thermal and thermo-mechanical properties were analyzed using TA Universal Analysis software
and any average values presented are accompanied with a standard deviation value.
3.2.10. Statistical Analysis
The values obtained from the tensile and impact tests were analyzed statistically using
MINITAB software. The statistical test conducted on the properties was a one way ANOVA test
using the Tukey method to compare if the properties of the blended materials were significantly
different at a 95% confidence interval.
3.3. Results and Discussion
3.3.1. Spectroscopic Analysis
The FTIR spectra for PPC, PHBV, and their blends are shown in Figure 3.1.
Characteristic peaks for PPC and PHBV were determined to observe any changes in the peaks
that have occurred during the blending process. The typical infrared (IR) peaks for PPC can be
found for the stretching of the C=O, -O-C-O-, C-O, and C-O-C groups31,32. Out of the four
chemical groups of PPC, C=O at 1739 cm-1 and C-O-C at 788 cm-1 will be the focus of
discussion. Similarly, the assignment of IR peaks can be found for the OH stretching, CH2 and
CH3 stretching, C=O stretching, CH2 and CH3 bending, and C-O-C stretching modes33. The
characteristic peaks found at 3436 cm-1 is a result of the end hydroxy groups found in PHBV and
1718 cm-1 corresponds to the C=O stretching which will be used to discuss the possible
interactions between the two polymers. The hydroxy peak of PHBV provides evidence that an
interaction between PPC and PHBV has occurred. As seen by Li et al.24, the OH peak of PHBV
disappeared for their blend of 30-70 wt. % PHBV-PPC which can be observed for curves in
Figure 3.1 (b-d). The disappearance of the peak gives rise to the idea that the end hydroxy
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groups of PHBV have reacted through a transesterification reaction with the carbonate groups of
PPC, which was also stated by Li et al.24 in their PHBV-PPC blend. As well, the C=O stretching
peak of PPC and PHBV shifted towards each other for the blends. PHBV’s C=O peak at
1718 cm-1 corresponds to the crystalline state of PHBV and with increasing amounts of PPC the
C=O peak shifts closer to 1739 cm-1 indicating the carbonyl vibration of the amorphous state24,25.
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Figure 3.1: FTIR spectra of PPC, PHBV, and their blends 4000-500 cm-1. A) PPC, B) 70-30
wt. % PPC-PHBV blend, C) 50-50 wt. % PPC-PHBV blend, D) 30-70 wt. % PPC-PHBV blend,
and E) PHBV.
3.3.2. PPC Phase Extraction
Figure 3.2 presents the FTIR spectra of the blended PPC-PHBV samples after acetone
treatment, for extracting the PPC phase. Since acetone was capable of dissolving PPC but not
PHBV, it can highlight any chemical changes during the blending process. After melt blending, a
portion of PPC may have grafted onto PHBV. Therefore, the process of extracting the PPC phase
would have caused the grafted portion to remain within the matrix. This means that characteristic
peaks of PPC should still be visible using FTIR.
The peaks considered for the polymer blends with the extracted PPC phase are 3436 cm-1
for the end hydroxy groups of PHBV and the C-O-C stretching at 788 cm-1. The band at
3436 cm-1 is still present in the 50-50 and 30-70 wt. % PPC-PHBV blends indicating that the end
hydroxy groups of PHBV are still present and have not reacted with anything. However, after the
acetone extraction of these two blended materials, the peak at 788 cm-1 is still present which
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means that there is still a component of PPC in the blend after extraction which could signify the
possibility of the grafting of PPC to PHBV after the melt blending process. Similarly, Li et al.24
performed FTIR analysis of their 30-70 wt. % PHBV-PPC blend after acetone treatment showing
that the peak at 788 cm-1 was still present. Conversely, the 70-30 wt. % PPC-PHBV blend no
longer had peaks at 3436 and 788 cm-1. This indicated that there was an insufficient amount of
end hydroxy groups to cause a reaction between PPC and PHBV. Therefore, by FTIR analysis, it
appears that there was some interaction between the polymers from melt blending PPC and
PHBV.
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Figure 3.2: FTIR spectra of PPC, PHBV and their blends after a Soxhlet extraction using
acetone at two different regions 4000 -3200 cm-1 and 1000-500 cm-1A) PPC, B) 70-30 wt. %
PPC-PHBV blend, C) 50-50 wt. % PPC-PHBV blend, D) 30-70 wt. % PPC-PHBV blend, and E)
PHBV.
3.3.3. Thermogravimetric Analysis (TGA)
The thermal stability of PPC, PHBV, and their blends were characterized by
thermogravimetry (TG) and derivative thermogravimetry (DTG) which are presented in
Figure 3.3 and the values summarized in Table 3.1. The onset of degradation for PPC and
PHBV is ~200 °C and ~260oC, respectively. The thermal stability of PPC and PHBV is a major
drawback to using these polymers since they begin to degrade close to appropriate processing
temperatures. However, upon blending the two polymers together an improvement of the thermal
stability occurs where the temperature at which 5 wt. % degradation takes place improves past
both neat polymers (PPC at 232 °C and PHBV at 263°C) to about 277 °C for all blends. It has
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been reported that completely and partially miscible polymer blends are capable of improving
thermal stability due to the interactions between each component and their phase
morphology34,35. There is evidence of a transesterification reaction between the carbonate groups
of PPC and the terminal hydroxy groups of PHBV. The OH peak found at 3436 cm -1 for PHBV
disappeared in the blends and a shift between the C=O peaks for PHBV at 1718 cm -1 and PPC at
1739 cm-1 was observed in the blends as seen through FTIR analysis. As observed for a blend of
poly(trimethylene terephthalate), (PTT), and poly(butylene adipate-co-terephthalate), (PBAT) by
Dhandapani et al. 35, increasing PBAT content improved the thermal stability. It was stated that
chemical interactions such as transesterification and intermolecular forces such as hydrogen
bonding between the two polymers dominate the degradation process 35. As well, the phase
morphology between PHBV and PPC or between the crystalline and amorphous phases play a
role in the thermal stability of the blends from the hydrogen bonding of the ester and hydroxy
groups35. It was also stated that increasing the flexible segments of the material improves thermal
stability by increasing the temperature for the onset of degradation and maximum degradation35.
Therefore, increasing the amorphous nature of PHBV via the addition of PPC will increase the
sample’s flexibility, hence improving the thermal stability.
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Figure 3.3: TG and DTG curves of PPC, PHBV and PPC-PHBV blends. A) PPC, B) 70-30
wt. % PPC-PHBV blend, C) 50-50 wt. % PPC-PHBV blend, D) 30-70 wt. % PPC-PHBV blend,
and E) PHBV.
21

Table 3.1: Summary of TGA results for PPC, PHBV, and their blends.
PHBV
T95
T50
Tmax
Content
wt. %
°C
°C
°C
234±4
259±7
256±5
0
30
278±1 305.8±0.3 306.7±0.1
277±1 301.8±0.5 303.8±0.5
50
277±2
299±2
302±2
70
263±7
278±7
276±7
100
Note: T95 denotes the temperature at 95 % of the remaining weight, T50 represents the
temperature at 50 % of the remaining weight, and Tmax is the maximum degradation temperature.
3.3.4. Differential Scanning Calorimetry (DSC)
The thermal transitions for the cooling cycle and second heating cycle of PPC, PHBV
and the blends of PPC-PHBV are shown in Table 3.2. It was seen that when PPC was the
dominant phase (70 wt. %), it lowered the melting and crystallization temperatures of PHBV.
Similar results were reported by Yang and Hu22, where they found in their blends of PHB and
PPC that a PPC content of 70 wt. % had the most influence on reducing the Tm, Tc, and
crystallinity of PHB. In the second heating run of their DSC cycle, the melting and
crystallization temperatures remained relatively constant until 70 wt. % PPC, indicating that T m,
Tc, and crystallinity were independent of blend composition22. In the same way, it was stated by
Li et al.24,25 that the reduction in Tm and Tc for their 70-30 wt. % PPC-PHBV blend was due to
the chemical interactions between the macromolecules such as transesterification and hydrogen
bonding and blend composition found through the hindrance of spherulitic growth of the PHBV
phase. Li et al.24 have discussed that there are many factors which can negatively affect the
crystallization of a polymer such as depression of the melting point, reduced nucleation and
spherulitic growth caused by a dilution effect, and entropic factors where more energy is
required for nucleation of a crystallite. However, it can be attributed that the reduction in melting
and crystallization enthalpies of PHBV was dependent on the blend composition. Due to the
amorphous nature of PPC, it reduced the energy required to melt and crystallize the PHBV phase
in the blends25.
The glass transition temperature of PPC and PHBV are 24 and 4 °C, respectively. It was
expected that through blend composition, the glass transition temperatures would shift towards
each other in the blended samples. However, the addition of PHBV had an antiplasticizing effect
where the Tg of the PPC phase increased upon loading. This increase in glass transition
temperature could be due to the restriction of movement on PPC’s polymer chains by the
inclusion of PHBV, a stiffer polymeric phase36,37. The behavior of antiplasticization affects the
mobility of polymer chains by reducing the free volume of a material as stated by
Vrentas et al.37. Jackson et al.36 found that antiplasticizers were capable of improving tensile
strength and modulus while decreasing the elongation and heat-distortion temperature. However,
for crystalline films, it was possible to combine an antiplasticizing effect with crystallization to
improve the heat-distortion temperature as opposed to hinder it36.
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Table 3.2: Thermal properties of PPC, PHBV and their blends analyzed from the DSC cooling
cycle and second heating cycle.
PHBV
Tg2
TC1
∆HC1
Tm1
∆Hm1
XC1
Content
wt. %

°C

°C

J/g

°C

J/g

%

0
24±2
30
30±2 119±0.7 11±4 170±0.3 18±0.3
36±1
50
32±0.8 120±0.5 46±0.4 170±2
42±4
51±4
70
31±0.4 121±2
62±2
171±2
67±4
58±4
100
124±1 86±0.2 173±1
88±4
53±2
Note: 1 denotes peaks characteristic to PHBV and 2 represents PPC. Tg = glass transition
temperature, Tc = crystallization temperature, ∆HC = enthalpy of crystallization, ∆Hm = melting
enthalpy, and XC = crystallinity. Average values have been presented with their standard
deviations.
3.3.5. Morphological Properties
The SEM images collected in Figure 3.4 show the impact fractured surface of the neat
polymers and their blends before and after acetone treatment. The surface of the neat polymers,
PPC and PHBV can be found in Figure 3.4a and b. The PPC-PHBV blends are presented in
Figure 3.4c-e, where the blends before acetone treatment are on the left and the acetone treated
blends are shown on the right. All notched impact fractured surfaces appear relatively smooth
indicating a brittle mode of fracture. The melt blending of PPC and PHBV did not present any
distinct phase differences making it difficult to differentiate between each constituent in the
blend. The appearance of a single phase was also observed by Li et al.25 for their 30-70 and
70-30 wt. % PHBV-PPC blends, stating that there was some interfacial adhesion taking place
between PPC and PHBV. Since it was nearly impossible to differentiate between the domains in
the blended materials, they were treated with acetone to extract the PPC phase.
Upon extraction of the PPC phase, it became evident that there is, in fact, two separate
phases. The separation of the phases clearly illustrated the uniform dispersion of PPC within
PHBV creating three different phase morphologies depending on the composition. Gao et al.16
experienced the same process of obtaining three different phase morphologies with changing
PLA and PPC content. It was stated by Sarazin and Favis38 that incompatible binary blends
produce a droplet-droplet interface of the dispersed phase. Sarazin and Favis38 observed a similar
microstructure upon the extraction of the polystyrene (PS) phase in their blend of poly(lactic
acid) (PLA). This droplet formation can be seen when there is a low PPC content of 30 wt. %.
The morphology after extraction was seen to have small circular pores for lower concentrations
of PPC which expand/stretch and become more irregular with increasing PPC content. For a
50-50 wt. % blend of PPC-PHBV, more of a co-continuous nature was observed where the
droplet sizes were larger and more elongated, indicating a point of inversion from one phase to
the other. However, when the PPC content was at 70 wt. %, PHBV formed a random fiber-like
network rather than a continuous phase. A comparable microstructure and morphology was
perceived for higher PS concentrations (75 wt. %), where the remaining phase formed a random
network38. Even at 75-80 wt. % loading of PS, the material was able to maintain structural
integrity after extraction38. Similarly, the addition of PHBV was capable of providing a frame for
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the PPC phase preventing shrinkage of the material as seen in Figure 3.8 improving the
dimensional stability.
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Figure 3.4: SEM images from impact fractured samples of neat PHBV, PPC and their blends
before (left) and after PPC phase extraction with acetone (right). A) PPC, B) PHBV, C) 70-30
wt. % PPC-PHBV, D) 50-50 wt. % PPC-PHBV, and E) 30-70 wt. % PPC-PHBV.
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3.3.6. Mechanical Properties
The tensile behavior of PPC, PHBV, and their blends is demonstrated by the engineering
stress-strain curves displayed in Figure 3.5. By increasing the PHBV content the tensile strength
and modulus improved accordingly while the elongation at break decreased. The tensile
properties are affected by the stress concentration of a second phase. It can be seen in Figure 3.5
that PPC does not yield at a strain rate of 5 mm/min prior to failure. However, the incorporation
of PHBV, a stiffer phase material, causes the blend to yield reaching a point of plastic
deformation since a stress concentration factor has been incorporated into the system. This
yielding behavior could be attributed to the phase morphology of the blended system, where at
30 wt. % PHBV, a random network has been formed which would aid in providing strength to
the material. In the acetone treated samples it can be seen that the minor phase either PHBV or
PPC (depending on the composition) was well dispersed throughout the matrix. This uniform
dispersion assisted in the monotonic increase of tensile stress and modulus.
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Figure 3.5: Stress-strain curve of a single repeated test for PPC, PHBV, and their blends:
a) PPC, b) 70-30 wt. % PPC-PHBV, c) 50-50 wt. % PPC-PHBV, d) 30-70 wt. % PPC-PHBV,
and e) PHBV. Repeats of each sample can be found in the appendix.
As shown in Figure 3.6, PPC has a low tensile strength and modulus while having a high
capacity to deform, where this ductile behavior can be attributed to its amorphous nature. PHBV
is a very strong brittle material with a high tensile strength and modulus and poor ability to
elongate due to its high crystallinity and slow crystallization rate. The increase in PPC’s tensile
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strength and modulus is attributed to PHBV’s rigidity hence improving the stiffness but reducing
the toughness. The balancing of the tensile properties for PPC was witnessed for other polymer
blends with CAB10, PLA15–18, PHB22, and PHBV25,27. As Corre et al.27 pointed out, phase
morphology is a factor responsible for changes to the mechanical performance of a material,
such as affecting the crystallite size of a semi-crystalline polymer thereby improving the
toughness of PHBV. Similarly, more cohesive phase morphologies of polymer blends would be
able to enhance the mechanical properties. It was seen that blends of PPC and CAB had good
compatibility and a certain degree of interfacial and physical adhesion as witnessed by
Xing et al.10. Therefore, the improvement exhibited in the tensile properties of PPC could be
affected by the incorporation of the semi-crystalline polymer, PHBV, providing stiffness to the
material. As well, the possible physical and chemical interactions between the two
macromolecules could have improved the mechanical properties.
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Figure 3.6: Tensile stress at yield and tensile modulus values for PPC, PHBV and PPC-PHBV
blends, as a function of PHBV wt. % content. Note: An average of 5 values was taken and
standard deviations presented in the graph.
The notched and unnotched Izod impact strengths have been represented in Figure 3.7.
In contrast to the high tensile toughness for systems with high PPC content, the notched Izod
impact strength remained constant for the neat polymers and the blends. The difference in
deformation mechanisms could be one of the reasons why the toughness of PHBV improved
during a tensile test while the impact toughness was constant for all samples. During tensile
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testing, the samples were given ample time for chain alignment to have a high elongation at
break for PPC contents greater than or equal to 50 wt. %. Conversely, when measuring the
impact strength of a material the polymer chains do not have this time to rearrange from the
instantaneous blow.
It was expected that since PPC is a ductile rubber-like polymer, blending it with PHBV
would improve the impact strength as seen by Corre et al.27 for their unnotched Charpy test. It
was observed that for an unnotched Izod impact test, PPC improved the impact energy of PHBV
by 27, 45, and 77 % for the blends containing 70, 50, and 30 wt. % PHBV content, respectively.
Whereas, the notched Izod impact test produced constant impact energies for all samples. The
difference between the notched and unnotched values could be due to the energy transfer in
crack initiation and crack propagation. For notched samples, the energy measured would be from
crack propagation since a stress concentration factor has been created from the notch and is no
longer measuring the crack initiation. As for unnotched samples, the energy measured would
account for both the crack initiation and crack propagation. In addition, amorphous polymers are
affected by their glass transition temperatures, therefore, when below the Tg the material has
poor mechanical properties due to the glassy nature and above the Tg the material enters the
rubbery state affecting the dimensional stability14. PHBV acts as a hard filler in a softer matrix of
PPC, increasing Tg from 24±2 to 31±0.4 °C. With the increase in Tg, conducting the test at room
temperature (~23 °C), which is below the glass transition temperature means that the material
would be in a glassy fragile state providing minimal resistance for impact.

Notched Izod Impact Strength (J/m)

175

Notched Izod Impact Strength
Unnotched Izod Impact Strength

150
125
100
75
50
25
0
0

30

50

70

100

PHBV Content (wt. %)
Figure 3.7: Notched and Unnotched Izod Impact values for PPC, PHBV and PPC-PHBV blends,
as a function of PHBV wt. % content. Note: An average of 6 values was taken and standard
deviations presented in the graph.
27

Table 3.3 summarizes the tensile and impact properties of PPC, PHBV, and their blends
accompanied by statistical analysis. Coupled with the explanations above, the statistical analysis
provides insight to whether or not the mechanical properties changed throughout the various
formulations. Statistically it appears that the tensile properties were phase dependent, where the
values for high and low PHBV loading were statistically similar. While the impact properties
varied depending if the samples were notched prior to testing. It was observed that notching the
samples produced similarly low impact strength and the unnotched samples followed a
decreasing trend for which the values were all statistically different.
Table 3.3: Mechanical properties of PPC, PHBV and their blends.
Tensile
Notched Izod
Unnotched
PHBV
Tensile
Elongation
Elongation
stress at
Impact
Izod Impact
Content
Modulus
at Yield
at Break
Yield
Energy
Energy
wt. %
MPa
MPa
%
%
J/m
J/m
0
4.4±0.6 (a)
11±4 (a)
536±39 (a)
547±44 (a)
21±8 (ab)
167±12 (a)
30
16±2 (b)
1336±241 (b)
8±4 (b)
277±21 (b)
23±6 (a)
126±13 (b)
50
19±1 (b)
1617±250 (b)
8±1 (b)
196±36 (c)
17±2 (bc)
103±4 (c)
70
30±2 (c)
2609±137 (c)
4.5±0.4 (b)
14±4 (d)
13±2 (c)
90±2 (d)
100
31.9±0.6 (c) 3112±84 (d) 2.46±0.04 (b) 2.57±0.08 (d)
20±4 (ab)
71±6 (e)
Note: The letters in parentheses after the values indicates the statistical significance between
each group.
3.3.7. Dimensional Stability
There are a few factors that affect the dimensional stability of a material, which are
shrinkage after molding by measuring the dimensions, heat resistance measured by heat
deflection temperature (HDT) and measuring the coefficient of linear thermal expansion
(CLTE).39 After reviewing the literature on PPC polymer blends, it was determined that none of
the papers touched upon the issue of PPC’s dimensional stability. Therefore, the novelty of this
study has a focus on the improvement of PPC’s dimensional stability by the incorporation of
PHBV.
3.3.7.1.
Shrinkage after Molding
The shrinkage of PPC is shown in Figure 3.8 where it is compared to its original
dimensions. PPC was thoroughly reviewed by Luinstra40, where it was stated that processing
conditions greatly affect the shrinkage of PPC causing internal stress. Therefore, since PPC has a
Tg close to room temperature it allows for relaxation of any stress contained within the sample.
Luinstra40 observed that PPC had shrunk to 35% of its original length for and injection molded
tensile bar. Likewise, for the injection molded rectangular bars presented, there was a reduction
of 18±1 % in length after 42 days. The dimensions of the blended samples remained constant
with the original size of the specimen. As observed for sample B in Figure 3.8, a PHBV content
of 30 wt. % was able to provide enough structural integrity as seen in the SEM images
(Figure 3.4C) for PPC to resist the internal stresses created from thermal processing to prevent
shrinkage.
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Figure 3.8: Comparison of the size of injection molded bars for PPC, PHBV and their blends.
a) PPC, b) 70-30 wt. % PPC-PHBV, c) 50-50 wt. % PPC-PHBV, d) 30-70 wt. % PPC-PHBV,
and e) PHBV. And, a graph emphasizing the % dimensional change of PPC left at room
temperature for 42 days relative to the original size as seen for samples b-e. Note: An average of
3 values was taken and standard deviations presented in the graph.
3.3.7.2.
Heat Deflection Temperature (HDT)
For semi-crystalline polymers with a high degree of crystallinity, their HDT is not reliant
on the glass transition temperature as seen in amorphous polymers. Takemori41 reviewed the
behavior of amorphous and semi-crystalline polymers with respect to modulus and temperature.
It was said that the modulus of amorphous polymers drastically drops around its glass transition
temperature. Although amorphous polymers follow a nice trend in a modulus-temperature graph,
there is more uncertainty when it comes to semi-crystalline polymers. Semi-crystalline plastics
are dictated by the amount of crystallinity, therefore, factors such as thermal history, the
presence of impurities or nucleating agents, crystallite size, and reinforcing fillers would affect
the distortion temperature41. PPC is not able to resist deformation since it is an amorphous
polymer which has a Tg close to room temperature. It was stated by Xing et al.10 that the storage
modulus of PPC dropped at about 35-40 °C because of its glass transition temperature, signifying
that PPC cannot be used above its Tg since it has a very low HDT unsuitable for most
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applications. Therefore, blending PPC with PHBV provides dimensional stability to the material
making it capable of resisting deformation. As seen in Figure 3.9, the incorporation of a semicrystalline polymer, PHBV, at 30 wt. % loading was capable of resisting deformation in
comparison to PPC where it reached its heat deflection temperature before starting the test.
Yoo and Paul42 studied the effects of oganoclay on the morphology and properties of amorphous
polyamides stating that semi-crystalline polymers such as nylon-6, have the capability of
maintaining some rigidity above its Tg and below its Tm. The researchers found that 8 wt. %
loading of organoclay, a stiff filler was capable of improving the HDT of amorphous polyamide
by 6 °C42. Therefore, the incorporation of PHBV into the PPC system provides a stiff semicrystalline polymer phase capable of resisting deformation past its glass transition temperature.
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Figure 3.9: Bar graph of HDT values for PPC, PHBV and PPC-PHBV blends, as a function of
PHBV wt. % content. Note: An average of 3 values was taken and standard deviations presented.
3.3.7.3.
Coefficient of Linear Thermal Expansion (CLTE)
As seen in the previous section, the HDT of PPC was not able to be measured since it has
a glass transition temperature close to room temperature. Due to the amorphous nature of PPC
and Tg around 24 °C, the dimensional stability of the material is not suitable for most structural
and engineering applications. As the temperature increases above Tg, the material becomes very
soft and ductile40. As can be seen in Figure 3.10 the CLTE value for PPC was not possible to
collect as the material began to deform prior to starting the test. It was observed that during the
test, instead of PPC expanding, the probe tip penetrated into the sample rendering the result
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invalid. This occurred because the glass transition temperature of PPC is about room
temperature, where the material was too soft to detect the expansion prior to penetration.
Figure 3.10 shows the decrease of the CLTE value for PPC upon the addition of PHBV. Upon
addition of 30 wt. % PHBV, the material held its form making it possible to resist penetration
and produce a CLTE value. As stated by Bhardwaj et al.43, an effective method of reducing the
thermal expansion of a material is to add a filler with a low thermal expansion. PHBV can be
considered a filler with low expansion when compared to PPC as a reduction of CLTE values
can be observed. Looking at the acetone-treated SEM images found in Figure 3.4, PHBV
provides a scaffold for PPC to retain its structural integrity and provide dimensional stability.
This scaffold-like structure reduces the amount of free volume of the material. Bhardwaj et al.43
mentioned that the reduction of thermal expansion was caused by the addition of an impenetrable
phase or material restricting the mobility of the material that is most affected by heat. Similarly,
interactions between phases can cause a reduction in thermal expansion from restricting chain
mobility. Therefore, PHBV is proficient in restricting the movement of the polymer chains of
PPC reducing the CLTE and improving dimensional stability.
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Figure 3.10: Bar graph of the coefficient of linear thermal expansion values for PPC, PHBV and
PPC-PHBV blends, represented as a function of PHBV wt. % content. Note: An average of 3
values was taken and standard deviations presented.
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3.4. Conclusions
PPC, PHBV, and their blends have been melt processed and characterized successfully to
observe an improvement in the dimensional stability of PPC. It was determined through FTIR
analysis that interactions occurred between the two macromolecules in the form of a
transesterification reaction from the disappearance of the OH peak and shift in the C=O peak.
The phase extraction of PPC helped to verify that an interaction happened between PPC and
PHBV by the remaining characteristic peaks of PPC after extraction. From the observed
chemical interactions, an increase in thermal stability of the blended materials compared to the
neat polymers was produced by improving the temperature after a loss of 5 wt. % by 19 and 5 %,
for PPC and PHBV, respectively. Increasing the composition of PHBV in the PPC phase
improved its mechanical performance by incorporating a stiff crystalline material into the
ductile, amorphous matrix. Blending allowed for a balance of toughness and stiffness between
the two neat polymers. The phase morphology of the blends presented good dispersion of the
minor phases within the matrix. High PPC contents produced a random PHBV network, a
co-continuous phase was seen for a 50-50 blend and low PPC contents appeared as droplets in
the PHBV phase. The dispersion of PHBV in the PPC matrix created a network capable of
providing structural integrity to PPC by allowing it to prevent shrinkage, resist deformation in
the presence of heat and reduce the CLTE. PPC on its own provided little to no dimensional
stability where the length of the material reduced by 18% of its original size after 42 days and
was not capable of producing HDT and CLTE values. By incorporating PHBV, due to its great
stiffness, high crystallinity and degree of miscibility with PPC, it was possible to improve the
dimensional stability of the material. The improvement in properties of the polymer blends
provides a sustainable material with potential application in the industrial and commercial
market.
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4. Chapter 4: Switchgrass Modification
Abstract
Natural fibers are desirable in composite applications for their sustainability. However,
improving upon the interfacial adhesion between the fiber and matrix is a major challenge.
Chemical surface modification is a method used to improve compatibility of the fiber by
exposing or adding functionalities to the surface, and removing non-cellulosic components in
order to enhance mechanical and thermal properties. Switchgrass, an abundant natural fiber, has
potential for use as a reinforcing material in composite applications. Surface modifications were
conducted on switchgrass via alkali and peroxide bleaching treatments in order to remove
surface impurities and create a rougher surface, as observed in scanning electron micrographs.
Fourier transform infrared spectroscopy and compositional analysis showed that non-cellulosic
components were reduced following the alkali and bleach treatments. Reduction of hemicellulose
and lignin improved thermal stability by increasing the onset temperature of degradation from
258 °C to 289 and 281 °C for alkali and bleach treatments, respectively. The crystallinity index
(CI) of untreated and treated fibers was calculated from X-ray diffraction analyses. An increase
of 48% and 38% for the alkali and bleach treated fibers, respectively, was seen in the CI,
compared to the untreated switchgrass. The surface of switchgrass was successfully modified
using alkali and peroxide bleach treatments for composite applications.
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4.1. Introduction
Environmental concerns, such as increased waste and greenhouse gas emissions, have
been a major topic of debate as society continues to shift its focus towards more sustainable
methods and materials. Renewability, lower costs, density compared to synthetic fibers, and
biodegradability are some of the major advantages of using natural fibers as a reinforcement or
filler material in polymer composites1. A significant amount of research has been conducted on
the utilization of natural fibers for biocomposite applications2. Despite the attractiveness of
natural fibers for composite uses, poor compatibility between the fiber and matrix, limited
availability of reactive sites on the fiber surface, and a high level of moisture absorption due to
inherent hydrophilicity all have major effects on the performance of natural fiber composites 3,4.
Since a large variety of natural fibers exists, the composition of their chemical constituents
(cellulose, hemicellulose, and lignin), vary from plant to plant, causing variability in the
performance of the materials2. Increased compatibility and consistent natural fiber properties for
polymer composite applications can be achieved by modifying the surface of the fiber to improve
the mechanical, physical, and thermal properties5. Surface modifications, achieved through alkali
and peroxide bleach treatments, are capable of improving the interfacial adhesion of the natural
fibers to the polymer matrix by increasing surface roughness and allowing for better physical
interlocking6.
The alkali treatment process works by removing hemicellulose, lignin, wax, oils, and
other surface impurities. Alkali concentration, duration, and temperature are factors that
determine the removal of non-cellulosic components during the alkali treatment process5. During
treatment, cellulose begins to split within the fiber, rearrange, and pack closely together in order
to relieve internal strain. This produces a rougher fiber surface morphology, allowing for
improved mechanical interlocking with the polymer matrix. In addition, the number of hydroxyl
groups on the surface are increased, which can result in advantageous chemical interactions
between the fiber and polymer7. A number of natural fibers such as agave8, alfa9, bamboo10–13,
century fiber14, hemp15,16, jute16,17, Prosopis jujiflora18, reed19, sisal16,20, kapok16, and Indian
grass21 have been subjected to an alkali pretreatment before combining with polymer matrices. It
was observed by several researchers8,10–12,16,17 that the sodium hydroxide concentration greatly
affects the properties of the fibers. An increase of properties is reached at a certain concentration
of sodium hydroxide and then falls with increasing concentrations. It was found that bamboo
fibers exhibited a maximum change in mechanical properties (tensile and flexural strength and
modulus) for 10 and 15% concentrations of sodium hydroxide11. However, when agave fibers
were treated with concentrations greater than 2% sodium hydroxide, the tensile strength of the
agave fibers began to decrease8. Thus, with appropriate alkali treatment parameters, mechanical,
physical, and thermal properties of the fiber can be expected to enhance to a level desirable for
composite applications.
Similarly to the alkali treatment of natural fibers, peroxide bleach treatment modifies the
surface of natural fibers by removing non-cellulosic components, and improving upon the
appearance of the fiber. The majority of natural fiber bleaching research has been conducted for
the textile industry22–24 and the pulp and paper industry25–27 utilizing chlorine-based bleaches
(sodium hypochlorite or calcium hypochlorite) and hydrogen peroxide23. Limited research has
been conducted on bleaching lignocellulosic materials, especially for composite applications.
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Peroxide bleaching of natural fibers such as kenaf28,29, cornhusk29, jute22,30, oil palm
empty fruit bunch31, and oil palm mesocarp32 fibers has been previously examined. Bleaching
kenaf and cornhusk fibers produced a high whiteness index while still maintaining the tensile
properties of the fibers29. In consensus, it was determined that peroxide bleaching yields a whiter
and brighter fiber by eliminating non-cellulosic components.
Switchgrass (Panicum virgatum L.) is a promising material because of its high
environmental tolerance (heat, cold, and draught conditions), large production yield, ability to
grow on marginal lands, minimal dependence on water and nutrients for growth, and benefits to
the environment33. Research has been conducted on switchgrass for bioethanol production,
thermochemical conversion, pulping and paper making, and composite applications34. Alkali
pretreatments have been implemented on switchgrass in order to make the carbohydrates more
readily available for enzymatic hydrolysis34. Similarly, the bleachability of switchgrass has also
been studied for the pulp and paper industry35. The purpose of this study was to apply an alkali
and peroxide bleach treatment to switchgrass in order to prepare a natural fiber for composite
applications with improved compatibility and appearance.
4.2. Experimental
4.2.1. Materials
Nott Farms, Ltd. (Clinton, ON, Canada) supplied switchgrass harvested in the spring of
2012, and milled to approximately 4 to 8 mm. Sodium hydroxide, glacial acetic acid, and
hydrogen peroxide were purchased from Fisher Scientific. Sodium silicate, sodium persulfate,
magnesium sulfate, and a non-ionic surfactant Span80 were purchased from Sigma Aldrich.
4.2.2. Sample Preparation
Prior to alkali and peroxide bleach treatments, switchgrass was sieved through a 1 mm
sieve using a Ro-Tap sieve shaker (WS Tyler, OH, USA) for 10 min. Fibers greater than 1 mm
remaining on top of the sieve were collected and subjected to the chemical surface treatment.
4.2.2.1.
Alkali Treatment
This study used an alkali solution of 5 weight to volume percent (wt./V%) on the sieved
switchgrass with a liquor ratio of 1:20 for 24 h at room temperature. Upon completion of the
alkali treatment, the fibers were rinsed 3 times with 1000 mL of distilled water. The fibers were
then washed with 1000 mL of a 1 volume to volume percent (V/V%) solution of glacial acetic
acid for 1 h in order to neutralize any sodium hydroxide on the fibers. After this, distilled water
washing was continued until a pH of 7 was reached. After the washing process, the treated fibers
were left to air dry for 3 days in a fume hood, then dried in an oven set at a temperature of 80 °C
for at least 2 days prior to characterization.
4.2.2.2.
Peroxide Bleach Treatment
In this study, a bleach solution consisting of 3.475 wt./V% sodium silicate, 3.0 wt./V%
sodium hydroxide, 0.5 wt./V% sodium persulfate, 0.5 V/V% Span80 (a non-ionic surfactant),
0.025 wt./V% magnesium sulfate, and 5.0 V/V% hydrogen peroxide was used on the
switchgrass. A bleach liquor ratio of 1:15 was employed in order to change the physical
appearance of the fibers by partially eliminating non-cellulosic components. The switchgrass was
subjected to the bleach liquor for 3 h at room temperature, at which point the treated fibers were
rinsed with 1000 mL of distilled water 3 times before being washed with a 1 V/V % solution of
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glacial acetic acid for 1 h. After neutralizing the fibers with the acid solution, distilled water was
again used on the fibers until a pH of 7 was reached. Once the desired pH was achieved, the
treated fibers were left to air dry for 3 days in a fume hood, and then placed in an oven set a
temperature of 80 °C for at least 2 days prior to characterization.
4.2.3. Characterization Methods
4.2.3.1.
Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700, Thermo Fisher Scientific,
USA) was used to observe any changes in the chemical groups found in the switchgrass.
Individual fibers were used to determine the specific wavenumbers associated with characteristic
peaks of the sample. The transmittance of the untreated and treated switchgrass was scanned 32
times within a range of 4000 to 500 cm-1.
4.2.3.2.
Compositional Analysis
Compositional analysis was conducted by SGS Agrifood Laboratories (Guelph, Ontario,
Canada) to determine the cellulose, hemicellulose, and lignin contents of the untreated and
treated switchgrass. The compositional analysis of the fibers was performed using wet chemistry
according to specified methods (highlighted in square brackets) in order to determine the acid
detergent fiber (ADF) [AOAC 973.18], neutral detergent fiber (NDF) [AOAC 2002.04], and
lignin [AOAC 973.18] content. The cellulose and hemicellulose contents can be derived from the
ADF, NDF, and lignin values characterized because the ADF provides insight into the cellulose
and lignin content, and NDF provides a value for the ADF portion, which includes the
hemicellulose content. Therefore, the cellulose content can be calculated by subtracting the
lignin determination from the ADF value. Similarly, the hemicellulose content can be calculated
by subtracting the ADF from the NDF value.
4.2.3.3.
Thermogravimetric Analysis (TGA)
A thermogravimetric analyzer (TGA), (TA Q500, TA Instruments, USA) was used to
measure the thermal stability of the treated and untreated switchgrass. Three replicates of 5 to
10 mg of material were subjected to a heating rate of 20 °C/min from 30 to 800 °C. The test was
conducted in a nitrogen environment with a purge and balance flow of 40 and 60 mL/min,
respectively.
4.2.3.4.
Scanning Electron Microscopy (SEM)
The morphological properties of the fibers were examined using scanning electron
microscopy (SEM) (Phenom Pro X, PhenomWorld, Netherlands) at 1000x magnification with an
accelerating voltage of 15 kV. The SEM images helped to understand the effects alkali and
peroxide bleach treatments had on the surface of the switchgrass. A thin conductive layer of gold
was deposited onto the surface of the sample before examination.
4.2.3.5.
X-Ray Diffraction (XRD)
XRD analysis was performed by the Soldatov Lab at the University of Guelph (Guelph,
Ontario, Canada). The untreated and treated switchgrass samples were mounted onto a glass
fiber using vacuum grease. A single-crystal diffractomer (SuperNova Agilent) was used to study
the samples at room temperature. The radiation source for the diffractometer was from a
microfocus CuKα (λ = 1.54184 Å) using an Atlas CCD detector. A one-dimensional powder
pattern was generated from the XRD images that were collected from a goniometer using
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ϕ-scans from five different angular positions within a 2θ range of 5 to 140°. CrysAlisPro
software36 was used to process the XRD images collected.
The crystallinity index (CI) was determined through XRD analysis using Segal’s empirical
method equation37:

I002 is the maximum intensity for the 002 lattice plane of the cellulose structure found at
2θ=21.75° and Iam is the intensity value of the amorphous region found at 2θ=18.52°.
4.3. Results and Discussion
4.3.1. Effects of Surface Treatment on Switchgrass
Chemical treatments such as alkali and peroxide bleach treatments are often used in the
removal of lignin, hemicellulose, and other surface impurities. Sodium hydroxide is capable of
solubilizing the surface impurities and other non-cellulosic components present in switchgrass1.
Cellulose fibrils that cause a rough fiber surface that is beneficial for composite applications are
uncovered following the removal of non-cellulosic components16. Strong alkali solutions are
capable of altering the crystal structure of cellulose, causing an irreversible conversion from
cellulose I to II, due to the changes in crystallite length and packing order8. Most of the structural
changes that happen to the fiber have been reported to occur after neutralization and drying38.
Alkali solutions cause swelling of the fiber by cleaving hydrogen bonds and rearranging the
configuration, which in turn reduces the crystallinity. However, the neutralization and drying
process changes the porosity and increases crystallinity after regenerating the cellulosic fibers38.
The effects alkali treatment has on switchgrass can be seen in Figure 4.1. Chlorophyll,
the compound which provides natural fibers with a green color, is degraded by alkaline
solutions39. Therefore, the alkali treatment enhanced the yellow color of switchgrass due to a
decrease in the green chromophores of the natural fiber.

A

C

B

Figure 4.1: Images of A) untreated switchgrass, B) alkali treated switchgrass, and C) peroxide
bleach treated switchgrass.
The peroxide bleaching process performed under alkaline conditions provides effects
similar to those of alkali treatment while effectively bleaching the natural fibers. Under alkaline
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conditions, hydrogen peroxide dissociates into hydrogen (H+) and perhydroxyl (-OOH) ions as
seen in Figure 4.240. The perhydroxyl ion is the chemical species responsible for the bleaching
effect on natural fibers because it is a strong nucleophile40. However, hydrogen peroxide can
decompose into other compounds which can reduce the brightening capabilities of the solution.
Due to the possibility of hydrogen peroxide decomposition under basic conditions, additives
such as sodium silicate and magnesium sulfate are added to stabilize the bleaching solution40.

Figure 4.2: Dissociation of hydrogen peroxide.
In conjunction with the alkali treatment, the bleaching process can solubilize and remove
non-cellulosic components of the natural fibers while simultaneously providing a whitening
effect. Lignin is the compound in natural fibers that gives it a brown color. The chemical
structure of lignin is very complex, and no consistent configuration has been determined.
However, it is known that lignin consists of several types of monomeric units, in which the main
species are p-coumaryl alcohol, coniferal alcohol, and sinapyl alcohol, as presented in
Figure 4.341.

Figure 4.3: Monomers of lignin: para-coumaryl alcohol, coniferal alcohol, and sinapyl alcohol.
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Bleaching of natural fibers targets the components of lignin via oxidation. An example of
the oxidation process for one monomer unit of lignin (p-coumaryl alcohol) is shown in
Figure 4.4, as a primer for the Dakin and Dakin-like reactions.

Figure 4.4: Oxidation of para-coumaryl alcohol.
Through oxidation and Dakin-like reactions (shown in Figure 4.5), hydrogen peroxide
attacks the chromophores in lignin responsible for brown coloring by breaking down the main
components of lignin into benzoquinone derivatives42. Dakin reactions are brought about by a
series of rearrangements for the different monomeric structures of lignin by a sequence of
electron exchanges with perhydroxyl ions.
The hydrogen peroxide bleaching changes the lignin chromophores into colorless
compounds through a non-reversible reaction42. In Figure 4.1, the bleaching effects of a
hydrogen peroxide solution on switchgrass can be seen. The bleaching process improves upon
the appearance of natural fibers by enhancing whiteness and removing other non-cellulosic
components, which is beneficial for composite applications.
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Figure 4.5: Dakin and Dakin-like reactions of oxidized para-coumaryl alcohol.

42

4.3.2. Fourier Transform Infrared Spectroscopy (FTIR)
The different chemical groups of switchgrass were determined using FTIR analysis, as
presented in Figure 4.6. The chemical groups discovered through FTIR analysis corresponded to
the usual structures found in switchgrass such as cellulose, hemicellulose, lignin, and other
non-cellulosic components.
The characteristic peaks of the untreated switchgrass can be seen at 3349 cm-1 for the
hydroxy groups (-OH), 2917 cm-1 for the -CH vibrations of hemicelluloses, 1730 cm-1 for the
-C=O groups corresponding to non-cellulosic components, 1510 cm-1 C=C of aromatic groups
found in lignin, 1460 cm-1 for the CH deformation found in lignin, 1424 cm-1 for the CH
deformation of lignin, 1238 cm-1 for the C-O-C groups found in hemicellulose, and at 1032 cm-1
for the C-O-C groups of cellulose9,33. The alkali and bleach treatments of switchgrass affected
the characteristic peaks of non-cellulosic components through partial or complete removal.
Hemicellulose, waxes, oils, and other surface impurities are soluble in alkaline solutions.
Therefore, the peaks found for untreated switchgrass at 2917 and 1730 cm-1 changed. The
surface treatments caused the peak at 2917 cm-1 to reduce in intensity and broaden, indicating a
partial removal of hemicellulose. Similarly, the peak at 1730 cm-1 completely disappeared
indicating the removal of structures containing a carboxylic group. A similar disappearance of
the carboxylic groups’ peak has been previously observed following alkali treatments of hemp,
sisal, jute, and kapok fibers16. This was attributed to the deesterification reaction that occurred in
the presence of an alkaline solution.
The untreated switchgrass had three distinct peaks corresponding to lignin at 1510, 1460,
and 1425 cm-1. After the alkali treatment, the characteristic peaks for lignin were still visible and
fairly distinct. Lignin can be easily oxidized, and it is soluble in hot alkali solutions 1. In this
study, because the alkali treatment of switchgrass was conducted at room temperature (~23 °C),
lignin removal was not accomplished. However, the peroxide bleaching was effective in
reducing the lignin content of switchgrass. As can be seen in Figure 4.4, the reaction schematic
for the oxidation of the monomeric components of lignin demonstrates that lignin can be
removed or altered by way of a peroxide bleaching process. The FTIR spectra for the bleach
treated switchgrass show that the peak at 1510 cm-1 significantly decreased, and the peak at
1460 cm-1 was almost indistinguishable as it became a shoulder for the 1410 cm-1 peak. Alkali
treatment was capable of removing hemicellulose and other surface impurities. The peroxide
bleaching process was able to reduce and remove more non-cellulosic components such as
lignin.
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Figure 4.6: FTIR Spectra of untreated and treated switchgrass.
4.3.3. Compositional Analysis
Main constituents of natural fibers are cellulose, hemicellulose, and lignin. Table 4.1
presents the composition of these constituents in untreated, alkali treated, and bleach treated
switchgrass. Cellulose is capable of resisting strong alkali treatments, and its content remains
relatively constant before and after treatments1. For the alkali treated switchgrass, the cellulose
content increased as the hemicellulose content decreased and the lignin content remained
constant. As explained earlier, the hemicellulose component of natural fibers is soluble in
alkaline solutions, whereas lignin is mainly affected by alkaline solutions at elevated
temperatures. As such, the overall cellulose and lignin contents remained relatively the same.
Comparing the ratio of cellulose to hemicellulose, an increase occurred from 1.54 to 4.6 from
untreated to alkali treated switchgrass. This indicates that upon alkali treatment, the cellulose
content relative to the hemicellulose content was higher, signifying the removal of hemicellulose.
Similarly, when comparing the cellulose to lignin content of untreated and alkali treated fibers,
the ratio remained the same, indicating that the cellulose and lignin were unaffected by the alkali
treatment.
Likewise, the addition of the bleaching components to an alkaline solution not only
reduced the hemicellulose content, but also the lignin content. The bleach treatment clearly
indicated a decrease in hemicellulose and lignin content. Similar results have been observed for
alkali treated alfa stem fibers subjected to a bleach treatment using sodium hypochlorite9.
Extreme reductions in hemicellulose and lignin contents have been observed by previous
researchers. The contents were reduced from 30.2 to 3.7% hemicellulose content and from 19.9
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to 0.8% lignin content in a 5% alkali solution9. It is usually not possible to completely remove
the hemicellulose and lignin contents from lignocellulosic fibers through these types of
treatments due to the hydrogen bonding that occurs between the remaining hemicellulose and
cellulose fibrils and the chemically resistant bonds found in lignin17.
Table 4.1: Compositional analysis of untreated and treated switchgrass.
Switchgrass
Cellulose
Hemicellulose
Lignin
Cellulose:
Sample
(% dry matter) (% dry matter) (% dry matter) Hemicellulose
Untreated
52.4±0.7
34.0±0.8
13±1
1.54±0.2
Alkali
70±2
15.3±0.8
14±1
4.6±0.4
Bleach
71.6±0.8
19±1
9.8±0.7
3.9±0.2

Cellulose:
Lignin
3.9±0.5
5.0±0.6
7.3±0.5

4.3.4. Thermogravimetric Analysis (TGA)
The thermal stability of natural fibers is an important property to examine when
considering their use in composite applications. Thermogravimetric analysis (TGA) was
conducted on untreated and treated switchgrass. Figure 4.7 shows the TGA and derivative
thermogravimetry (DTG). The constituents of natural fibers each have their own thermal
stability, causing various degradation peaks observable in Figure 4.7.
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Figure 4.7: TGA and DTG graphs of untreated and treated switchgrass.

Switchgrass showed a 5 wt. % loss at 258 °C and exhibited two maximum degradation
peaks at 312 and 362 °C, corresponding to hemicellulose and cellulose, respectively. The
components of switchgrass have been found to have a maximum degradation temperature
ranging from 286 to 295 °C for hemicellulose, 349 to 355 °C for cellulose, and 200 to 900 °C for
lignin33. The lignin component of natural fibers does not produce a definitive degradation peak
because it has such a wide temperature range. However, since lignin begins to degrade at such a
low temperature, it negatively affects the thermal stability.
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Alkali and peroxide bleach treatments are capable of removing non-cellulosic
components, which is beneficial for improving upon the thermal stability of natural fibers. By
removing non-cellulosic components, the decomposition process relies more on the stability of
cellulose. The temperature at 5 wt. % loss increased by 12 and 9% for alkali and bleach
treatments, respectively. Along these lines, the maximum degradation peak of hemicellulose was
reduced to a shoulder next to the maximum degradation peak of cellulose, which occurred at
around 363 °C. The TGA results corroborate the fact that both treatments partially removed the
hemicellulose content of switchgrass. However, it has been reported that a 5% concentration
alkali solution was capable of completely removing hemicellulose, and partially removing other
non-cellulosic components9.
4.3.5. Scanning Electron Microscopy (SEM)
The surface morphology of untreated and treated switchgrass observed using scanning
electron microscopy (SEM) is shown in Figure 4.8. The surface of the untreated switchgrass is
expected to contain more lignin, hemicellulose, and impurities such as pectin, and other noncellulosic components. This is a common surface morphology for lignocellulosic fibers wherein
cellulosic fibrils are bound together by cementing materials21.
Untreated

80 µm

Bleach

Alkali

80 µm

80 µm

Figure 4.8: SEM images of the surface morphologies of untreated and treated switchgrass.
The alkali treated switchgrass showed a surface that was much cleaner and relatively free
from impurities, exposing the interlocked cellulose bundles. The structure of the switchgrass
remained intact after alkali treatment since the majority, if not all, of the lignin was still present
in the material and providing the structural integrity of the fiber. In contrast, the peroxide bleach
treatment was capable of solubilizing and oxidizing the lignin found in switchgrass. Therefore,
the structure of the switchgrass was affected, exposing more voids and cellulose fibrils. Both
methods cleaned the surface impurities from the switchgrass while creating a rougher surface
morphology. It is common for alkali-based treatments to clean and roughen the surface of the
fibers, as can be seen for hemp16, alfa9, century14, and reed straw19 fibers. The rougher surface
caused by alkali and peroxide bleach treatments is expected to improve bonding between the
fiber and the matrix through physical interlocking.
4.3.6. X-Ray Diffraction (XRD)
X-ray diffraction (XRD) is often used to determine the crystallinity of natural fibers by
highlighting the crystallographic planes found in the material. Common crystallographic planes
found in natural fibers are (101), (10 ), (002), and (040)8. As can be seen in Figure 4.9, three of
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the stated characteristic peaks can be found for untreated and treated switchgrass that correspond
to the different lattice planes of the fiber.
The (10 ) crystallographic plane corresponds to the cellulose II structure, while the
cellulose I structure correlates to the (002) plane. A transformation of cellulose I to cellulose II
generally occurs after the treatment of natural fibers, which affects the cellulose structure by
rearranging the order of the crystallites16. Since the peak corresponding to the (10 ) plane was
not apparent after the alkali or bleach treatments, the surface modification process was not harsh
enough to affect the crystalline structure of cellulose and cause the transformation. Sodium
hydroxide concentrations between 10 and 15% have been reportedly able to convert cellulose I
structures to cellulose II9. This relates well to the reason why the peak for cellulose II was not
evident following the studied alkali and bleach treatments, as their sodium hydroxide
concentrations were not high enough.
Despite the lack of cellulose conversion, an increase in crystallinity index (CI) was
observed after the two treatments. The CI of untreated switchgrass was calculated to be 29%. An
increase to 43 and 40% for alkali and bleach treatments was observed, respectively. A higher
crystallinity index was observed for the alkali treated switchgrass compared to the bleach treated
switchgrass due to the higher alkali concentration. The sodium hydroxide concentration for the
alkali treated sample was 5%, whereas the bleach treated sample was 3%. This resulted in higher
removal of non-cellulosic materials. Liu et al.15 studied the effects of different sodium hydroxide
concentrations on hemp fibers, wherein an increase of CI was observed up to a NaOH
concentration of 10%, and then it subsequently dropped off.
Alkali-based treatments remove the amorphous fraction of the natural fibers, increasing
the overall crystalline regions in the material, and therefore increasing the CI9. Consequently,
with high alkali concentrations, the cell wall of the natural fiber will become damaged, reducing
the crystallinity index and altering the configuration of cellulose15.
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Figure 4.9: XRD spectra of untreated and treated switchgrass.
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4.4. Conclusion
Alkali and bleach treatments modified the surface of switchgrass, affecting the chemical
components and physical appearance of the fibers.
FTIR and compositional analysis showed evidence of the partial removal of hemicellulose
and other surface impurities after alkali treatment, while lignin, hemicellulose, and other
surface impurities were partially removed after peroxide bleach treatment.
TGA presented an increase in switchgrass thermal stability, where the onset degradation
shifted to a higher temperature due to the removal of less stable compounds (hemicellulose,
waxes, and other surface impurities).
SEM images of the alkali and bleach treated switchgrass showed a cleaner surface caused by
the removal of non-cellulosic components, and a rougher surface morphology exposing the
cellulose bundles and fibrils.
XRD analysis provided spectral information for calculating the crystallinity index of the
switchgrass before and after treatments. An increase of the crystallinity index was observed
after the alkali and bleach treatments compared to untreated switchgrass.
The use of surface treated switchgrass in composites would be beneficial due to an improved
interfacial adhesion with the matrix caused by the increased surface roughness enhancing the
mechanical interlocking of the matrix with the fiber.
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Version of this chapter will be communicated to the Journal of Polymers and the Environment in
September 2016 as “Biocomposites from a Poly(propylene carbonate) (PPC)
/Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) blend with Untreated and Treated
Switchgrass: Fabrication and Performance Evaluation
5.

Chapter 5: Biocomposites from a PPC-PHBV blend with Switchgrass

Abstract
This study has investigated the use of untreated, alkali and bleach treated switchgrass as a
reinforcing fiber for value added biocomposite applications. The impact of combining 25 wt. %
untreated or treated switchgrass into a biobased polymer blend matrix of
poly(propylene carbonate) (PPC) and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) has
been explored. The results of this work indicated that the improvement in mechanical properties
was due to physical interactions between the fiber and matrix since no chemical interactions
were observed through Fourier transform infrared spectroscopy. The less stable constituents of
untreated and treated switchgrass caused the maximum degradation temperature of the matrix to
reduce by ~10°C. A reduction in the coefficient of linear thermal expansion occurred from the
restriction of the polymer chains due to the addition of switchgrass. Similarly, hampering the
chain mobility of the matrix was responsible for enhancing the stiffness of the material
improving the tensile, flexural and storage moduli up to 228, 265, and 41 %, respectively. An
improvement up to 56 and 90%, was observed for the tensile and flexural strength, respectively.
Physical adhesion of the fiber and the matrix was depicted from the increase in the tan δ peak
observed from dynamic mechanical analysis and the surface morphology of the impact fractured
surface, illustrated through scanning electron microscopy (SEM). SEM showed fiber pullout
from the matrix which indicates transfer of the stress from the polymer matrix to the fiber.
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5.1. Introduction
Increasing environmental concern has put pressure on the government, industries, and
research institutions to create innovative solutions for a more sustainable world. The use of
biobased plastics and bio-fillers to formulate biocomposite materials is an avenue being explored
to improve the sustainability of materials and to reduce the dependence of petroleum resources.
Polymer composite materials derived from bioplastics or fibers or both have the potential to
contend with current synthetic petroleum-based plastic and composites. Biocomposites can
promote a more sustainable environment via the decrease in greenhouse gas (GHG) emissions1.
Some biocomposites have the added benefit of being biodegradable, compostable and recyclable.
There are several natural fibers which have been thoroughly studied for their utilization
in composite applications such as jute, hemp, kenaf, flax, and sisal2. Currently, switchgrass, a C4
perennial grass, is a dedicated energy crop for biofuel production and other value-added
applications3. Using switchgrass as a biofiller in composites adds value to the production and
utilization of switchgrass. Switchgrass based composites have been studied by several
researchers where the general findings were that an increase of modulus and a decrease in
thermal stability was observed4–8. Switchgrass has been mixed with various biobased polymer
matrices such as poly(butylene succinate) (PBS)4,8, a pre-blend of poly(hydroxybutyrate-cohydroxyvalerate) (PHBV) and poly(butylene adipate-co-terephthalate) PBAT5,7, and
poly(trimethylene terephthalate) (PTT)6. The mechanical properties of the switchgrass based
composites presented mixed results where its incorporation improved, diminished or had no
effect on the strength of the composite in comparison with the matrix. An increase in the tensile
and flexural strength was observed for Nagarajan’s et al.7 study on varying switchgrass
concentration and compatibilization. A fiber loading up to 25 weight percent (wt. %) was the
optimal fiber concentration where increasing the concentration further decreased the strength. It
was stated that at a loading up to 25 wt. % provided sufficient stress transfer between the fiber
and matrix hence improving the strength. Whereas, incorporating more than 25 wt. % of
switchgrass caused the strength of the material to diminish as agglomeration of the fibers started
to occur, therefore, creating a stress concentration source. The other studies on switchgrass based
composites either had a decrease in mechanical strength or no effect on the strength after the
addition of the natural fiber.
The purpose of this study was to produce a biocomposite by blending untreated and
treated switchgrass with a polymer blend of PPC and PHBV. In addition, surface modification of
switchgrass through alkali and bleach treatments was studied to observe the effects on the
properties of the composite. Along with the natural fiber, composites were fabricated through a
melt extrusion process followed by injection molding to characterize the thermal,
thermomechanical, dynamic mechanical and mechanical properties. The impact fracture surface
morphology of the blend and composite was also examined.
5.2. Experimental
5.2.1. Materials
The materials used in this study were pelletized poly(propylene carbonate) and
poly(hydroxybutyrate-co-hydroxyvalerate). PPC was purchased from a company in the USA,
named Empower Materials Inc. under the product name, QPAC®40, and PHBV was purchased
from the Chinese company, Tianan Biological Materials Co., Ltd. with a trade name of ENMAT
Y1000P. Based on previous research9, the matrix used for the biocomposite system was chosen
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to be a blend formulation of 70 weight % (wt. %) PPC and 30 wt. % PHBV. The reinforcing
fiber chosen for this study was untreated and treated switchgrass. Alkali and bleach treatments
were conducted on the switchgrass, where the details of the treatment procedure can be found
from previous research10. This study is a combination of the chosen blend formulation with the
surface modified switchgrass. The biocomposite system consists of 75 wt. % of the chosen blend
(70 wt. % PPC and 30 wt. % PHBV) with 25 wt. % untreated or treated switchgrass. Based on
previous studies of switchgrass-based composites, a 25 wt. % loading of switchgrass was
adapted for this biocomposite system.
5.2.2. Sample Preparation
The biocomposites were prepared by mixing PPC, PHBV and untreated or treated
switchgrass in a lab scale micro-compounder and extruder (DSM Research, Netherlands). The
micro-compounder has a co-rotating twin screw configuration with a screw length of 150 mm in
a 15 cm3 compounding barrel. The components were mixed for 150 seconds at a temperature of
180 °C with a screw speed of 100 rpm. The melt compounded composite was extruded into a
collection barrel set at 180 °C to maintain the molten nature of the material then placed into a
micro-injector. The molten material was injected into various shaped molds set to 30 °C and
conditioned for two days at room temperature prior to testing. Before the melt compounding and
extrusion process, the moisture content of PPC, PHBV, untreated and treated switchgrass was
measured with an MA37 Sartorius moisture analyzer. The following designations for the samples
tested are given below in Table 5.1.
Table 5.1: Nomenclature for samples studied.
Sample
70 wt. % PPC – 30 wt. % PHBV
75 wt. % Blend – 25 wt. % untreated switchgrass composite
75 wt. % Blend – 25 wt. % alkali treated switchgrass composite
75 wt. % Blend – 25 wt. % bleach treated switchgrass composite

Abbreviation
Blend
USGC
ASGC
BSGC

5.2.3. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) was used to observe any changes in
chemical groups present in the switchgrass composites. Thin slices from injection molded
samples were used to determine the specific wavenumbers associated with characteristic peaks of
the sample. The transmittance of the blend, untreated and treated switchgrass composites were
scanned 32 times over a range of 4000 to 500 cm-1 using a Nicolet 6700 FTIR from Thermo
Scientific.
5.2.4. Thermogravimetric Analysis (TGA)
A Q500 thermogravimetric analyzer (TGA) from TA Instruments measured the thermal
stability of the blend, treated and untreated switchgrass composites. Samples ranging from
5-10 mg were heated at a rate of 20 °C/min from a temperature range of 30 to 800 °C. The test
was conducted under a nitrogen environment with a purge and balance flow rate of 40 and
60 mL/min, respectively.
5.2.5. Thermomechanical Analysis (TMA)
A thermomechanical analyzer (TMA), TA Instruments, model number Q400, was used to
determine the coefficient of linear thermal expansion (CLTE or Cα). The Cα was extracted from
the linear region of the temperature vs. dimension change between 50-70 oC. An average value is
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presented from a minimum of three samples. The materials were tested using a temperature ramp
of 5 °C/min to 150 °C starting from room temperature (~23 °C). The samples were subjected to a
preload and applied load force of 0.1000 N using an expansion probe tip. All thermal and
thermo-mechanical properties were analyzed with TA Universal Analysis software and any
average values presented are accompanied with a standard deviation value.
5.2.6. Heat Deflection Temperature (HDT)
ASTM standard D648 was followed to measure the heat deflection temperature (HDT) of
the samples using a DMA from TA Instruments with the model number Q800. The HDT value
was determined by applying heat at a rate of 2 °C/min under a constant force of 0.455 MPa until
a displacement of 250 µm was attained. This experiment was conducted using a three-point
bending mode with an applied load measured according to sample dimensions for three
replicates.
5.2.7. Dynamic Mechanical Analysis (DMA)
A dynamic mechanical analyzer (DMA), model Q800 from TA instruments measured the
thermo-mechanical properties of the blend and composite materials. The viscoelastic properties
that were collected are storage modulus and tan δ. The elastic or solid nature of the material is
known as the storage modulus, where energy is stored per cycle of deformation for linearly
related stress and strain. The loss modulus is known as the viscous or liquid-like character of the
sample, where energy is dissipated per cycle of deformation. A ratio of the loss and storage
moduli determined the tan δ of the sample. These values were used to explain the molecular
mobility of blend and composites. A dual cantilever clamp was used to perform the experiment
at a heating rate of 3 ºC/min from a temperature range of -50 to 100 ºC. Each sample was
subjected to a frequency of 1Hz and an oscillating amplitude of 10 µm where two replicates were
tested.
5.2.8. Mechanical Properties
Tensile samples were injection molded to ASTM standard D638 Type IV specimen
parameters to test the stress at yield (measured at the first zero slope of the curve), modulus, and
elongation. The tensile test was conducted at a temperature of ~23 °C using a constant rate of
extension of 5 mm/min and a span length of 65 mm. The flexural samples were also tested at
room temperature, according to ASTM D790, subjected to a testing speed of 1.4 mm/min and a
span length of 52 mm, .An Instron, Universal Testing Machine Model 3382 (Norwood, MA,
USA) was used to test five replicates of tensile and flexural samples where the results were
analyzed with Instron Bluehill software.
A TMI Monitor Impact Tester (Testing Machines Inc., DE, USA) was used to measure
the notched Izod impact strength in accordance to ASTM standard D256. Six samples were
notched and used to perform a notched Izod impact test. All mechanical results were averaged
and presented with a standard deviation.
5.2.9. Scanning Electron Microscopy (SEM)
The morphological properties of the impact fracture surfaces of the blend and composites
were examined using scanning electron microscopy (SEM). The SEM was used to visually
characterize the impact fracture surfaces of the samples with a Phenom ProX desktop SEM from
PhenomWorld. The materials were subjected to an accelerating voltage of 5 kV and examined at
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a magnification of 5000x. To reduce charging on the surface, a thin layer (~3 nm) of gold was
sputtered onto the samples using a Cressington Sputter Coater 108 auto.
5.2.10. Statistical Analysis
The mechanical properties were analyzed statistically using MINITAB software. The
statistical test conducted on the properties was a one way ANOVA test using the Tukey method
to compare if the properties of the blended materials were significantly different at a 95%
confidence interval.
5.3. Results and Discussion
5.3.1. Fourier Transform Infrared Spectroscopy (FTIR)
Looking at the FTIR spectra of the blend and the composite materials found in
Figure 5.1, it can be seen that there are no chemical interactions between the matrix and the
fibers. The only difference between the spectra of the blend and composite system would be the
appearance of the peak at 3340 cm-1 for the hydroxyl groups found in the untreated and treated
switchgrass. Since no apparent changes to the FTIR spectra were observed upon fiber loading, it
can be assumed that any improvement to the composite material would be due to the physical
interactions through mechanical interlocking of the fiber and matrix.
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Figure 5.1: FTIR spectra of the blend and untreated and treated switchgrass composites.
5.3.2. Thermogravimetric Analysis (TGA)
The thermal stability of the blend and switchgrass composites can be determined from
thermogravimetric analysis. Figure 5.2 presents the derivative thermogravimetry (DTG) graph
from the TGA accompanied with a table of the temperatures for 5 wt. % loss and the maximum
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degradation. The thermal stability was determined from the temperature after a weight loss of
5 % and the maximum degradation temperature(s). It can be observed from the TGA curves that
the addition of untreated and treated switchgrass reduced the temperature after a weight loss of
5 % from 277 °C for the blend to approximately 265-269 °C for the switchgrass composites.
Similarly, the maximum degradation reduced from 307 °C to about 293-298 °C for the blend and
biocomposites, respectively. The decreased thermal stability was dominated by the degradation
of the fibers. Switchgrass consists of multiple components such as lignin, hemicellulose and
cellulose which degrade at various temperatures. It is known that lignin degrades over a wide
temperature range of 200 to 800 °C, while the decomposition of hemicellulose and cellulose is a
much narrower range from 286 to 295 °C and 349 to 355 °C, respectively. The overlap of the
maximum degradation for hemicellulose and lignin with the polymer matrix was the cause of the
diminished thermal stability of the composite. A reduction in the thermal stability was found for
other switchgrass composites in matrices such as a PBS blend8, a pre-blend of PHBV and
PBAT5, and PTT6. It was stated by Sahoo et al.8, Nagarajan et al.5, and Reddy et al.6 that the
lower thermal stability of the fibers influenced the degradation of the natural fiber composite.
The lower stability can be attributed to the chain scission of the weak glycosidic and ether
linkages in the lignin component of the natural fibers8. Even with a slight improvement in
thermal stability of the alkali and bleach treated switchgrass and greater exposure of the surface
hydroxyl groups, no chemical interactions were evident (as indicated by FTIR) to enhance the
degradation temperature of the composite material.
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Figure 5.2: DTG of the blend and untreated and treated switchgrass composites.
Note: T95 indicates the temperature after a 5 % weight loss, Tmax1 indicates the maximum
degradation of the polymer matrix or the hemicellulose component of the composite, and Tmax2
represents the maximum degradation of the cellulose content in the composite.
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5.3.3. Thermomechanical Analysis (TMA)
The coefficient of linear thermal expansion (CLTE) was determined through
thermomechanical analysis as illustrated in Figure 5.3. It is desirable to achieve a low CLTE
value for injection molded composite applications to attain dimensional stability. It is more
straightforward to tailor the dimensional stability of crystalline polymers as properties such as
crystallinity and crystallite size and formation can be controlled by parameters which affect the
thermal history of the material for example processing conditions11. However, as the matrix
consists mostly of an amorphous phase, the CLTE value depends more on factors related to the
filler. The PHBV phase in the matrix provided a minor crystalline region for the material which
made it possible to provide dimensional stability to the blend, whereas, the addition of a filler
further improved the dimensional stability. Factors influencing the dimensional stability of
composite materials such as the aspect ratio of the fiber, fiber loading content, orientation and
distribution of the fiber within the matrix affect the CLTE of the composite system12. As
observed in Figure 5.3, the CLTE values decreased upon loading of 25 wt. % untreated and
treated switchgrass. During the injection molding process, the natural fibers are tightly packed
within the matrix causing chain entanglement of the polymers around the fibers13. The
switchgrass restricts the mobility of the polymer chains causing mechanical restraint during the
heating process of the test which reduced the CLTE value of the biocomposite. Bhardwaj et al.13
and Singh and Mohanty11 found that the addition of natural fibers reduced the CLTE of the
PHBV phase through restriction of the polymer chain’s mobility and increased crystallinity of
the material hence improving the dimensional stability.
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Figure 5.3: Coefficient of linear thermal expansion of the blend and untreated and treated
switchgrass composites.
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5.3.4. Heat Deflection Temperature (HDT)
The heat deflection temperature is a measure of a material’s ability to resist deformation
when subjected to increasing temperatures. As can be seen in Figure 5.4, the incorporation of
untreated and treated switchgrass to the blended polymer matrix had no effect on the HDT of the
composite system. As explained by Takemori14, amorphous polymers are dependent on their
glass transition temperature when predicting the amount of resistance to deformation a material
can withstand before losing structural integrity. Since the matrix only has a minor crystalline
component, it is only capable of resisting deformation until the amorphous nature of the matrix
becomes prominent, therefore, losing dimensional stability. For semi-crystalline polymers, the
incorporation of a filler increases the modulus and crystallinity of the material which in turn
enhances the HDT as seen by several researchers5–7,11,13,15–17. Takemori14 stated that enhancing
the modulus of an amorphous polymer through the addition of a reinforcing filler does not
improve the modulus at elevated temperatures, where the modulus severely decreases near the
glass transition which limits the HDT. While the addition of fibers improved the other physical
properties of the material, the HDT of the composite system remained consistent after passing
the glass transition temperature.
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Figure 5.4: HDT of the blend and untreated and treated switchgrass composites.
5.3.5. Dynamic Mechanical Analysis (DMA)
Through dynamic mechanical analysis properties such as storage modulus (Figure 5.5)
and tan delta (Figure 5.6) can be determined. Incorporating untreated and treated switchgrass
increased the storage modulus at 25 °C of the blend from ~2800 to ~4000 MPa for the
composites. Addition of a rigid filler into the soft polymer matrix increased the storage modulus,
which is a good measure of indicating the stiffness of the material. Natural fibers inhibit the
mobility of the polymer chains hence improving the stiffness. Natural fiber composites with
PPC18,19 and PHBV11,13,15,16,20–23 as matrices also showed an increase in the storage modulus. In
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Figure 5.5, it can also be noted that with an increase in temperature the storage modulus of the
blend and composites drastically dropped after passing the glass transition temperature of PPC.
This behavior is common to thermoplastics and their composites since past their Tg the material
softens and provides increased movement of the polymer chains at higher temperatures5.
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Figure 5.5: Storage modulus of the blend and untreated and treated switchgrass composites.
The tan δ peak is a ratio of the loss modulus and the storage modulus where it is
synonymous to the glass transition temperature of a material. The tan δ curves for the blend and
the switchgrass composites are shown in Figure 5.6. It was observed that the tan δ peak of the
composites shifted to a higher temperature while the height of the peak decreased.
Ahankari et al.16 found that incorporating biomass into PHBV shifted the tan δ peak to a higher
temperature, indicating that there was an increased degree of compatibility between the fiber and
the matrix. Any compatibility between the PPC-PHBV matrix and switchgrass would be mostly
through a physical interaction via mechanical interlocking. Similarly, it was explained by Singh
and Mohanty11 that a decrease in the peak intensity of the tan δ peak suggests that interfacial
bonding occurred between the fiber and matrix to a certain extent. As well, the reduction in the
height of the tan δ peak signified that the damping effect of the matrix had lessened due to the
incorporation of a stiffer material11.

59

0.6

Blend
USGC
ASGC
BSGC

0.5

Tan 

0.4

0.3

0.2

0.1

0.0

40.4

20

30

42.2

40

50

60

Temperature (°C)
Figure 5.6: Tan δ of the blend and untreated and treated switchgrass composites.
5.3.6. Mechanical Properties
The mechanical properties for the matrix and the biocomposites accompanied by
statistical analysis are summarized in Table 5.2. It was found that the mechanical properties for
the untreated and treated switchgrass composites were statistically similar; however, they are
improved in comparison to the matrix. An improvement in the strength of the composite systems
was observed in the stress-strain curves (Figure 5.7), which suggests that there was some
compatibility between the fiber and matrix to provide effective stress transfer from the matrix to
the fiber. Similarly, Nagarajan et al.7 studied the effects of incorporating switchgrass at various
concentrations into a blended polymer matrix of PHBV and PBAT. The tensile and flexural
strength reached a maximum in performance with a fiber loading of 25 wt. %. It was stated that
the stress transfer from the matrix to the fiber was effective at improving the strength. Whereas,
increasing the fiber content past 25 wt. % decreased the strength due to agglomeration of the
fibers.
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Figure 5.7: Engineering stress-strain curves of a single repeated test for the blend and the
untreated and treated switchgrass composites. Repeats of each sample can be found in the
appendix.
Alternatively, it was expected that surface modification of switchgrass would further
enhance the strength of the composites as observed by several researchers who have performed
alkali treatment on natural fibers for composite applications24–28. Conversely, the mechanical
properties of the composites remained constant for the alkali and bleach treated fibers as
observed in Figure 5.8 and Figure 5.9. Even though the surface roughness had improved there
was no apparent enhancement in the physical interlocking or chemical interactions between the
fiber and matrix. Li et al.18 observed similar results where alkali treatment of Hildegardia
populofolia provided no further improvement to the mechanical properties of the composites.
Nonetheless, the chemical modifications provided improved aesthetics and reduced odor of the
composite without compromising the mechanical performance.
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Figure 5.8: Tensile stress at yield and modulus of the blend and the untreated and treated
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Figure 5.9: Flexural stress (max) and modulus of the blend and the untreated and treated
switchgrass composites.
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The improved strength of the composites was accompanied by an improvement in the
modulus. It was expected that the incorporation of a stiff lignocellulosic fiber would enhance the
modulus of a soft polymer matrix. The addition of natural fibers restricts the movement of the
polymer chains preventing the chains of the molecules to freely stretch and rearrange when
subjected to mechanical stressors. For this reason, the hindered chain mobility reduced both the
elongation at yield and at break which can be seen in Figure 5.10. The effect switchgrass had on
the matrix was that it created a composite which was stiffer and stronger but less ductile5,7.
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Figure 5.10: Elongation at yield and break for the blend and the composites.
Within standard deviation, the impact strength of the untreated and treated switchgrass
composites remained comparable to the strength of the matrix as represented in Figure 5.11.
There are various factors which affect the impact toughness of a material for instance, the
strength of the fiber and matrix, the efficiency of load transfer from the matrix to the fiber, fiber
loading content, distribution, geometry, and compatibility of the fiber and matrix7. Russo et al.29
explained that for brittle materials, the integration of fibers provides a slight improvement to the
impact properties. For an improvement to occur, there must be some interfacial adhesion
between the fiber and matrix to be able to dissipate impact energy29. Enhanced impact energy
was seen by other researchers20,22,29,30 where they indicated that the fiber had pulled out from the
matrix overcoming the friction and debonding of the fiber from the matrix.
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Figure 5.11: Notched Izod impact strength of the blend and the switchgrass composites.
Table 5.2: Mechanical properties of the blend and untreated and treated switchgrass composites.
Notch
Tensile
%
%
Max
Tensile
Flex
Izod
stress at
Elongation Elongation
Flex
Modulus
Modulus
Impact
Sample
Yield
at Yield
at Break
Stress
Energy
MPa
MPa
%
%
MPa
MPa
J/m
16±2
1336±241
8±4
277±21
20±1
761±102
23±6
Blend
(a)
(a)
(a)
(a)
(a)
(a)
(a)
24±5
4234±716
1.7±0.4
10±5
37±1
2592±493
25±1
USGC
(b)
(b)
(b)
(b)
(b)
(b)
(ab)
24±4
4189±728
1.9±0.5
10±5
38±4
2649±804
30±7
ASGC
(b)
(b)
(b)
(b)
(b)
(b)
(b)
25±4
4383±363
1.6±0.2
7±3
38±5
2780±585
29±3
BSGC
(b)
(b)
(b)
(b)
(b)
(b)
(b)
Note: The letters in parentheses after the values indicates the statistical significance between
each group.
5.3.7. Scanning Electron Microscopy (SEM)
SEM images of the impact fractured surfaces of the blend, untreated, alkali treated, and
bleach treated switchgrass composites are shown in Figure 5.12. As seen in the SEM images of
the composite fracture surfaces, voids and fiber ends are apparent indicating fiber pullout from
the matrix. In comparison to the surface morphology of the blend, the composites have a much
rougher surface from the addition of switchgrass. The pullout behavior of the fiber provides
evidence that there is a certain degree of interfacial adhesion with the matrix to attain some load
transfer. The surface morphology of the biocomposites supports the increase in mechanical
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strength observed. The SEM images presented by Jiang et al.22 illustrated the same surface
morphology for their PHBV-bamboo based composite. Even though the fibers were not
completely wetted by the matrix, there was enough interfacial adhesion to transfer the load from
the matrix to the fiber through debonding and fiber pullout.
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Figure 5.12: SEM images of the impact fractured surfaces of the blend and untreated and treated
switchgrass composites.
5.4. Conclusions
Novel natural fiber composites have been created from a polymer blended matrix of PPC
and PHBV with untreated and treated switchgrass. The biocomposite was successfully produced
via melt extrusion followed by injection molding to provide a material with enhanced
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mechanical properties. The effect of adding untreated and treated switchgrass at a loading of
25 wt. % was investigated and resulted in superior mechanical properties over the blend of PPC
and PHBV. In hopes of further enhancing the mechanical properties, alkali and bleach treatment
processes were employed to modify the surface of the fibers to improve interfacial adhesion with
the matrix. However, it was determined that the treatment of switchgrass had no effect on
improving the mechanical properties further than the untreated switchgrass composite.
Therefore, the mechanical properties remained similar upon surface modification but the
appearance of the composite was improved by lightening and whitening the fiber. It was
determined through FTIR analysis that no chemical interactions were present between the fiber
and matrix suggesting that all improvements were due to physical interactions and mechanical
interlocking. Adversely, the thermal stability (in terms of the maximum degradation temperature)
of the matrix was reduced by 4-6 % upon addition of the natural fibers since they have
constituents with poor thermal stability (lignin and hemicellulose). In addition to the
improvement of the mechanical properties, the CLTE had a maximum reduction of 22%
observed from the bleach treated composite. While the dimensional stability was improved by
reducing the expansion of the material, the addition of switchgrass was not capable of enhancing
the material’s ability to resist temperature deformation since the HDT was dominated by the
amorphous nature of the composite. The SEM images of the impact fractured samples illustrated
how the tensile and flexural strength improved by 50% and 85%, respectively, the tensile and
flexural moduli improved by 200+%, while the elongation at yield and break decreased by 50
and 96%, respectively. This study has provided perspective on the viability of carbon dioxide
based polymer blends and composites for use in various applications.
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Chapter 6: Overall Conclusions and Future Work
6.1. Overall Conclusions
The development of the new polymeric materials in this research had key advantages to creating
alternatives for petroleum resources and enhancing CO2 based polymer technologies.
•
•
•
•
•

By incorporating PHBV into PPC, the thermal and mechanical properties improved
providing an excellent polymer matrix for biocomposite applications.
PHBV provided dimensional stability to PPC, improving its viability as a polymeric
compound.
Fabrication of a biocomposite using switchgrass further enhanced the sustainability of the
blended polymer matrix.
Alkali and peroxide bleach treatment of switchgrass improved the appearance of the fiber
and composite materials.
The addition of switchgrass into the PPC-PHBV blend can help to lower the cost of the
overall material. This makes the use of biopolymers more economically viable to
compete with conventional materials and fillers.

6.2. Future work
Further considerations to this study entail improving the miscibility of the polymer blend
through use of various chemical modifications, optimizing the surface treatment process, the
addition of different functionalities to the fiber and matrix to improve the compatibility between
the fiber and matrix, and to optimize the biocomposite formulations with varying fiber loading
concentrations.
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Figure A.1: Repeated engineering stress-strain curves for neat PPC
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Figure A.2: Repeated engineering stress-strain curves for 70-30 wt. % PPC-PHBV.

Figure A.3: Repeated engineering stress-strain curves for 50-50 wt. % PPC-PHBV.
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Figure A.4: Repeated engineering stress-strain curves for 30-70 wt. % PPC-PHBV.

Figure A.5: Repeated engineering stress-strain curves for neat PHBV.
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Figure A.6: Repeated engineering stress-strain curves for untreated switchgrass composites.
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Figure A.7: Repeated engineering stress-strain curves for alkali treated switchgrass composites.
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Figure A.8: Repeated engineering stress-strain curves for bleach treated switchgrass composites.
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