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ABSTRACT

Conventional packaging materials such as polystyrene (PS), polypropylene (PP) and
polyethylene (PE) are produced by using petroleum-based substances but recently its
non-biodegradability has created awareness towards people. Therefore, degradable
plastics are highly sought in both commercial and also in research. Polylactic acid
(PLA) is a type of biodegradable biopolymer which is brittle but has good mechanical
strength. To improve its brittleness, polyurethane (PU) was tailored using PLA with
incorporation of chain extender. Palm oil polyol (PO) was used as soft segments to
improve the brittleness and flexibility of PLA and hexamethylene diisocyanate (HDI)
was used as source of isocyanate. The objective of this study is to synthesize
PLA/palm based PU using One-Shot Method. Followed by chemical structure,
thermal and mechanical characterization of produced PU. Biodegradability is also
evaluated using soil method. PLA/palm based polyurethane (PLAPOPU) is
synthesized using One-Shot polymerization process. Fourier Transform Infra-Red
(FT-IR) Spectroscopy is used to confirm the formation of urethane bond. The glass
transition temperature (Tg) is analysed using Differential Scanning Calorimetry
(DSC). The mechanical test showed enhanced elongation properties of PLAPOPU
with the highest elongation of 360% for PLAPOPU 4. Biodegradability test also had
proven PLAPOPU to be readily degradable as the significant weight loss can be seen
starting from the end of the second month of the test. Mechanical properties of PLA in
term of elongation can be seen to be improved in this project, together with the
enhanced biodegradability compared to the pure PLA.
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CHAPTER ONE
INTRODUCTION

1.1 BACKGROUND OF THE STUDY

One of the biggest challenges faced by many developing countries is the solid waste
management. The rapid development of economical state in developing countries
leads to an increase in amount of solid wastes produced. Among many other countries,
Malaysia is one of the countries that are struggling with this matter. In 2012, Malaysia
with over 29 million populations was estimated to produce approximately 25,000
metric tonnes of domestic wastes per day. The average amount of solid wastes
produced by Malaysian per capita is estimated at 0.8 kg/person/day, but it also
depends on the economic and geographical nature of the cities. For big cities with
compact population such as Kuala Lumpur, the waste generated per capita is
estimated to be 1.5 kg/person/day. Figure 1.1 shows the composition of wastes at

peninsular Malaysia (Zainu et al., 2015).

Glass & others,
18%

Metal, 6%

Lreoer

Food, 45%

Plastics, 24%

Figure 1.1 Waste composition generated per day in Peninsular Malaysia (Zainu et al.,
2015)



From Figure 1.1, the highest contributor of wastes come from the food waste.
This is inevitable as the population increases, the food wastes generated will also
increase. Besides that, hotels and restaurants will also generate higher amount of food
waste as the city become more compact with customers. The second largest waste
generated is plastic wastes. This includes packaging materials such as bottle and
plastic bags. Unlike food waste that will decomposed after several days, most of the
commercial plastic materials that are used today are non-degradable, which means that
the wastes probably will remain physically unchanged for years and consequently will
take major space at the landfill. Knowing that these plastics are used as packaging
materials, it is very crucial to develop better packaging materials which are
degradable.

There are many types of packaging materials such as metal container, glass,
paper and plastics. Some of these materials are not biodegradable or contain very low
biodegradability and even may pollute the land. For example, metals and chemical
substances can leach from the packaging materials, while iron and tin are examples of
ion which may migrate from metal container especially corroded metal (Catala &
Gavara, 2009). Among factors that should be taken into account when producing
packaging materials are product characteristics, products and packaging interactions,
shelf life, cost and environmental impacts. From environmental aspect,
biodegradability should be emphasized in packaging materials as these materials are
usually dumped into the landfill without being reused by the user (Catala & Gavara,
2009).

There are many biodegradable polymers such as aliphatic polyesters, aromatic
copolyester, polyamides and poly-esteramides and also polyurethanes (Zhang, 2015).

Polyurethane (PU) is a polymer synthesized from three constituents which are



diisocyanate, polyol and a chain extender. PU can be categorized into two groups,
which are the petroleum-based polyurethane and bio-based polyurethane. Researchers
try to reduce the use of petroleum-based PU because it is non-biodegradable, unlike its
counterpart, bio-based PU is readily biodegradable. The biodegradability of PU
depends on the polyol used, usually combinations of polyols are used to produce high
molecular weight PU to meet certain properties and requirement for certain usage
(Vroman & Tighzert, 2009).

Over recent years, green products are considered by consumer as preferable
products as awareness of environment and nature increases. Packaging materials are
one of the areas where emergence of green products can be really much appreciated.
Green packaging material can be described as safe, environmental-friendly, renewable
material-derived and manufactured using clean technology (Herrmann & Rong, 2009).
Polylactic acid (PLA) is a natural derived polymer usually from a starchy materials, is
a suitable polymer to be used as green product due to its biodegradability. However,
brittleness and poor ductility seems to limit its applications, especially when it
involves mechanical toughness. There are a lot of methods used to improve the
mechanical drawbacks of PLA, such as addition of plasticizer (Silverajah et al., 2012),
blending (Pawar & Purwar, 2013) and production of composites (Xiong et al., 2013).

Using PLA to produce polyurethane is one of the ways used to improve the
brittleness of PLA. In order to develop desirable PLA-based PU, other polyol is
combined with PLA. Polyol derived from vegetable oil is becoming popular among
researchers as this polyol is not only biodegradable and environmental friendly but
also cheaper in price. Castor oil (Li et al., 2016), linseed oil (Zhang et al., 2015) and
palm oil (Pawlik & Prociak, 2012) are among the vegetable oils used in the production

of PU. Numerous methods are used to produce vegetable oil PU, the most common



methods are one-shot method and pre-polymerization method. Many studies had been
reported to produce blends and composites using PLA and vegetable oil such as
reinforced epoxidized linseed oil plasticized polylactic acid nanocomposite (Alam et
al., 2014), PLA/Starch/epoxidized soybean oil composites (Xiong et al., 2013) and
PLA/epoxidized palm olein blend (Silverajah et al., 2012). All of these composites
were studied to improve the brittleness of PLA and production of PLA-vegetable oil

based PU is seen to be one of the ways.

1.2 PROBLEM STATEMENT

Commercial polymers that usually used as packaging materials are polystyrene (PS),
polypropylene (PP), polyethylene terephthalate (PET) and poly (methyl methacrylate)
(PMMA). Despite their low degradability, these materials are still preferred to be used
as packaging material because of its flexibility. However, low degradability of
commercial plastics contributes to environmental problems.

Polylactic acid (PLA) is used for various applications such as medical,
packaging, textile fibres and also for 3D printer. PLA exhibits good strength and
degradability but its brittleness is among its disadvantages. In order to improve the
properties of PLA, other polymers are combined with PLA. Ali et.al (2014) had
reported the synthesis of thermoplastic PU using PLA and polycaprolactone (PCL),
the resulting PU produced was high in molecular weight and most importantly high in
elongation-at-break. PLA had been blended with vegetable oils to improve its
brittleness, however production of PU from PLA and vegetable oil as the chain
extender still have not been widely studied.

Vegetable oil seems to be one of promising ingredient to produce PU. The

natural biodegradability of vegetable oil opens the possibility of biodegradable



material even wider (Xia & Larock, 2010). The uses of vegetable oil in production of
PU is not something new, a lot of research had been done on various types of
vegetable oil. Palm oil is used to produce PU in many research, especially in the
production of flexible PU foam (Chuayjuljit & Sangpakdee, 2007). The sustainability
of palm oil makes it a suitable candidate for a commercialized biodegradable and
flexible PU.

Strength and biodegradability are clearly advantages of using PLA, while palm
oil on the other hand has a good reputation in a production of flexible polymer.
Flexibility and biodegradability are both important characteristics of packaging
materials (Murariu & Dubois, 2016). However, there is no research have been done on
the PU produced using combination of PLA diol and palm oil based polyol. Therefore,
production of PU using PLA incorporated with palm oil polyol as chain extender is

expected to fulfil these qualities.

1.3 RESEARCH OBJECTIVES

The objectives are as follows:
1. To synthesize polyurethane using PLA and palm oil polyol as constituents
of soft and hard segment using one-shot method.
2. To characterize the chemical structure, thermal and mechanical properties
of PLAPOPU.

3. To evaluate the biodegradability of PLAPOPU.

1.4 SCOPE OF STUDY

This study covered synthesis of PU using PLA and PO as main ingredient. Firstly,

both one-shot and prepolymerization methods were used to synthesize the stated PU,



method that produced PU with desirable physical properties was then used for the
remaining project (i.e. Characterizations). Isocyanate compound that was used
throughout the project was determined between hexamethylene diisocyanate (HDI)
and toluene diisocyanate (TDI), whichever contributed to the desired PU was chosen
as a suitable isocyanate compound. PU produced were undergone characterization
such as chemical properties using Fourier transform infrared spectroscopy (FTIR),
thermal behavior (i.e glass transition temperature, Ty) using differential scanning
calorimetry (DSC), mechanical properties specifically for elongation at break using
Universal Tensile Machine, UTM and also biodegradability test. Effects of parameters
such as reaction time, stirring speed and reaction temperature were not studied in this

project.

1.5 THESIS ORGANIZATION

This thesis has been divided into five chapters. Chapter One discusses the
background of the study, introduces commercial packaging materials and its
drawbacks. This chapter also introduces polylactic acid (PLA) with its advantages and
disadvantages. Besides that, this chapter also includes problem statements, research
objectives, and scope of the study.

Chapter Two covers the literature review related to this research. This chapter
discusses Polyurethane (PU) in general, method of synthesis and also related
researches pertaining polyurethane. This chapter also includes in-depth introduction to
PLA and its composites, including PLA based PU. Besides that, this chapter also

reviews vegetable oil and its application in PU.



Chapter Three discusses the research methodology. This chapter covers the
methodology of the whole research from synthesis to the characterization of
PLA/Palm based PU (PLAPOPU).

Chapter Four covers the result of the research together with the discussion.
This includes result from synthesis process, chemical structure analysis, thermal
analysis, tensile analysis and also biodegradability test.

Chapter Five presents the conclusion of this study. All conclusions derived

from the result analyses in the previous chapter.



CHAPTER TWO
LITERATURE REVIEW

2.1 INTRODUCTION

Polyurethane (PU) is produced by series of reactions that determine the properties and
types of the PU produced. Basically, PU is synthesized by reacting diisocayanate with
hydroxyl-containing compound, polyol, common example such as polyether and
polyester polyol. Different from the time when PU was first discovered on the year of
1937 by Otto Bayer and his co-worker where the focus was mainly on the PU
produced from an aliphatic diisocyanate and diamine, now there are varieties of poly-
isocyanate and polyol available commercially to be used in the research and
production of PU (Sharmin & Zafar, 2012). There are several methods used to
synthesize PU, the frequently used method in most research and for many applications
are one-shot method and also the prepolymerization method. In one shot method, all
of the ingredients such as polyol, isocyanate, chain extender and other additives such
as catalyst and blowing agent are mixed together. While in the prepolymerization
method, chain extender such as diol or water are added last after the reaction of polyol
and isocyanate that produces the urethane polymer is completed (Wong, 2012).
Selection of materials and pathways to produce PU has resulted in different types of
PU with various characteristics and properties, especially in term of its physical and
also chemical behavior. Hence, the application of PU has also increased, especially in

automotive, medicine, construction, insulation and as packaging materials.



2.1.1 Polyol and Chain extender

Polyol is a hydroxyl-containing compound that will shape the properties of the PU.
This is because PU consists of long chains of hard and soft segments that are alternate
to each other. Polyether-based and polyester-based polyols usually are chosen to be
the soft segment, while chain extender and isocyanate forming the hard segment of the
PU. Biodegradability is now a topic for many researches as people are going for
biodegradable products as concern to the environment. In PU, segments of the
polymer affect the biodegradability, therefore selection of polyol is very important.
Polyether based polyol is not favorable if the required characteristic of the PU is its
biodegradability, in such cases researchers will opt for polyester based polyol as it is
readily biodegradable. Examples of polyester are polylactide (PLA), poly-lactide-
glycolide (PLGA) and also polycaprolactone (PCL). Polyester-based polyol can be
produced by condensation polymerization method, such as condensation
polymerization of lactic acid and 1,4-butanediol to produce PLA diol (Vroman &
Tighzert,2009; Ali et al., 2014)

Shen et al. (2015) in their study of synthesis and characterization of
biodegradable polyurethane for hypopharyngeal tissue engineering using PLA and
polyethylene glycol (PEG) as the main components showed good result in
biodegradability of the materials. By the 50™ day of the biodegradability test, the
material was degraded by more than 50% of its weight. Besides that, compatibility of
the material is also good, showing the promotion of hypopharyngeal fibroblasts
growth. While in another study conducted by Brzeska et al. (2015), PLA was used as a
material to be blended with PU. In this study, it is also shown that PLA promoted and
improved the biodegradability of the PU by reduction of molecular weight of polymer

samples after incubation in phosphate buffer. From these study, it can be suggested



that PLA based polyol can be used as a main ingredient in a biodegradable PU
(Brzeska et al., 2015).

Chain extender plays a vital role in improving the properties of hard segment
and determining the characteristics of the PU. Biodegradability and mechanical
properties can be affected by selection of chain extenders. As studied by Ali et al.
(2014), polycaprolactone-diol (PCL-diol) was used as a chain extender for PLA-PCL
PU. PCL improved the elongation at break with high modulus using the suitable ratio
of PLA and PCL. Extender commonly used is polyol or amine. -NH from amine will
react with isocyanate group to yield urea. According to study conducted by Negim et
al. (2013), decreasing chain length of amine-based extenders produced PU with
increasing tensile strength, tear strength and also hardness. Besides that, PUs also had
been studied using Poly (oxytetramethylene) glycol (PTMG) and varieties of amine
chain extenders such as ethylenediamine (EDA), Butanediamine (BDA) and
Hexamethylenediamine (HMDA) (Khatib et al., 2013).

Natural oil-based polyols are seen to be a great prospect to improve and
promote a biodegradable and environment-friendly PU. In nature, vegetable oils such
as palm oil, sunflower oil and rapeseed oil are non-reactive as it lacks the hydroxyl
functional group (-OH) that is used in PU synthesis, except for castor oil that naturally
contain this specific group in its chemical structure (Gayki & Thorat, 2015). To
functionalize vegetable oil with —OH, there are several methods that can be used such
as hydroformylation, epoxidation followed by ring opening and also hydrolysis. For
palm oil, as reported by Zamiah and Ismail (2002), it can be functionalized to polyol
by epoxidation, followed by introduction of polyhydric alcohol. Vegetable oil based
polyol known to be used in many PU researches producing many types of PUs such as

foam and film. Palm olein-based polyol was known to produce rigid PU as reported

10



by Arniza et al. (2015). Palm olein based polyol also blended with petrochemical-
based polyol and reacted with diphenylmethaneisocyanate. The experiment resulted to
the production of medium-density rigid PU with good insulation properties compared
to the standard density rigid PU foam (Zamiah & Ismail, 2002), (Arniza et al., 2015).
Epoxidized palm olein had been reported by Silverajah et al. (2012), to be blended
with PLA. Blend produced shown high flexural strength and flexural modulus, 77
MPa and 3237.2 MPa, compared to the neat PLA which was reported to be 64.2 MPa

and 3003.6 MPa (Silverajah et al., 2012).

2.1.2 Isocyanate (-NCO)

Poly-isocyanate or di-isocyanate compound is the main ingredient in production of
PU. PU produced by the reaction of isocyanate(-NCO) and polyol(-OH) which
resulted in urethane (-NH-COO-) (Acero, 2014). There are many commercially
available isocyanate compounds used in a production of PU, such as methylene
diphenyl diisocyanate (MDI), toluene diisocyanate (TDI) and hexamethylene
diisocyanate (HDI). Selections of these compounds are important in order to yield a
PU with desirable properties such as higher elongation and good biodegradability.
Bond interaction between —OH and —NCO result from reaction between polyol and
isocyanate determines the properties of the PU, in term of its rigidity, mechanical and
also tensile properties. The structure of the isocyanate compounds is crucial to be
considered because it affects the reactivity of the isocyanate towards polyol. For
example, TDI and MDI is an aromatic type of isocyanate compounds, which consist
of benzene ring. But TDI is known to produce a more rigid and higher tensile strength
PU compared to MDI (Mizera & Ryszkowska, 2016). Both Isocyanate group (-NCO)

in TDI attached directly to the same phenyl ring which provides it with more rigid
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