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CHAPTER 1

INTRODUCTION

Plastics are widely used in everyday life since they have many benefits and they
are used in many fields such as packaging, plastic bag, and automotive applications.
This is because of their advantages such as light, strong, and inexpensive.
Nevertheless, the tenacity of plastics in the environment is gradually considered as the
source of the problem in ecosystem.

In the recent years, the use of renewable resources for the preparation of a
polymeric material has been increased greatly because of the increasing demand for
environmentally friendly materials. [1,2] Furthermore, efforts in development of
biodegradable polymers is one of the ways to solve the problems of plastic waste
management. In fact, biodegradable polymers are expected to replace conventional
plastics for time-limited applications such as packaging materials in agriculture, which
should contribute to reduce environmental pollution. [3]

Polymers from renewable resources can be classified into four groups based on
source: (1) agro-polymers obtained from biomass by fraction such as starch, cellulose,
protein, and lipid; (2) polyester obtained by fermentation of biomass or from genetically
modified plants such as polyhydroxyalkanoate (PHA), poly(hydroxybutyrate) (PHB); (3)
polyester totally synthesized by the petrochemical process such as polycaprolactone
(PCL), polyesteramide (PEA) and aliphatic or aromatic copolyesters; and (4) polyester
synthesized from monomer obtained from biomass such as polylactide and polylactic
acid (PLA). [4] Among biodegradable plastics, poly (lactic acid) (PLA) is a very
interesting material. It is a degradable thermoplastic polymer with good mechanical
properties and can be processed with a large number of techniques. PLA is a
commercial biodegradable plastic and can be manufactured on a large scale from the

fermentation of corn starch to lactic acid. Moreover, PLA can also reduce emissions of



carbon dioxide, water, and methane in the environment over the last several months to 2
years compared with other petroleum plastics that need to be a very long period. [5]
Although PLA has many advantages and can be used in different fields from
pharmaceutical to packaging, brittleness and high cost limit its applications.

On the other hand, it is well known that the natural fiber reinforcement is a way to
improve the mechanical properties as Young's modulus of biodegradable plastics and
to reduce the overall costs of the prepared materials. In addition, it also enhances the
ability to degrade them. However, the use of natural fibers in microcrystalline form is
expected to be able to add them in higher amount than in any other forms and might be
possible to get it well dispersed in the matrix. Thus, in this research, microcrystalline
cellulose (MCC) was prepared from cotton fabric and used as reinforcement to PLA
matrix. The selection of cotton fiber as a cellulose source for preparing MCC is based on
the fact that cotton fiber is a plant fiber that composed the highest cellulose content up
to 95%.

From previous work [6], the problem of composite reinforced with natural fibers
is the lack of interfacial adhesion between fiber and matrix, which results in poor
properties of the final material. Therefore, to develop such composites with good
properties, it is necessary to reduce the hydrophilicity of the fibers by chemical
modification or by the use of the compatibilizer. Chemical modification is usually
obtained with reagents that contain functional groups that are capable of bonding to the
hydroxyl groups of the fiber. Another effective way to improve the interface between
fiber and matrix is the use of compatibilizers, which are usually graft copolymers of a
polymeric matrix and anhydride, such as maleic anhydride (MA). These reagents are
compatible with the polymer matrix and can react with the hydroxyl groups of the fiber to

form covalent bonds.



However, the biodegradation is a critical factor in determining the
biodegradability of biodegradable plastic. Biodegradation is a degradation catalyzed by
biological activity, ultimately leading to mineralization and/or biomass. There are wide
varieties of methods currently available for measuring the biodegradability of polymeric
materials such as soil burial method, pure culture method, compost method, enzymatic
degradation, and an aerobic degradation in the presence of sewage sludge.

Thus, the main goal of this research is to prepare new kind of material from
microcrystalline cellulose (MCC)/PLA composite in which MCC was obtained from acid
hydrolysis of cotton fabric. However, due to poor chemical bonding between the two
components, maleic anhydride — grafted polylactic acid (PLA-g-MA) was synthesized
and used as a compatibilizer. The MCC/PLA composites were prepared at various ratios
by using a twin screw extruder and a compression molding, respectively. The MCC
content was varied as 0, 10, 20, 30, and 40 wt%, while the amount of PLA-g-MA was
fixed at 5 wt% based on MCC content. The obtained MCC was characterized by fourier
transform infrared spectrometer (FT-IR), particle size analyzer, scanning electron
microscope (SEM), and thermogravimetric analyzer (TGA). While, the PLA-g-MA was
characterized by FT-IR, nuclear magnetic resonance spectroscopy (NMR), TGA,
differential scanning calorimetry (DSC), titration, and SEM. Mechanical properties of the
composites were assessed in terms of tensile properties as a function of compatibilizer
and MCC content. Furthermore, the effects of MCC content and PLA-g-MA on physical
properties, thermal properties, and morphology were investigated. Finally, the
biodegradability of the films was evaluated under (1) controlled composting condition
according to the waste water treatment system condition and (2) enzymatic degradation
using lipase and cellulase by observing the changes in physical appearance, weight

change, morphology, and molecular weight.



CHAPTER 2
LITERATURE SURVEY
2.1 Composite [7]

In the past, Israelites using bricks made of clay and reinforced with straw are an
early example of application of composites. The individual constituents, clay and straw,
could not serve the function by themselves but did when put together. Some believe that
the straw was used to keep the clay from cracking, but others suggest that it blunted the

sharp cracks in the dry clay.

Historical examples of composites are abundant in the literature. Significant
examples include the use of reinforcing mud walls in houses with bamboo shoots, glued
laminated wood by Egyptians (1500 B.C.), and laminated metals in forging swords
(A.D.1800). In the 20" century, modern composites were used in the 1930s when glass
fibers reinforced resins. Boats and aircraft were built out of these glass composites,
commonly called fiberglass. Since the 1970s, application of composites has widely
increased due to development of new fibers such as carbon, boron, and aramids, and

new composite systems with matrices made of metals and ceramics.

2.1.1 Definition of composites [8]

A composite is a structural material that consists of two or more components are
combined constituents that are combined at a macroscopic level and not soluble in
each other. One constituent is called the reinforcing phase and the one in which it is
embedded is called the matrix. The reinforcing phase material may be in the form of
fibers, particles, or flakes. The matrix phase materials are generally continuous.
Examples of composite systems include concrete reinforced with steel and epoxy

reinforced with graphite fiber, etc.



2.1.2 Classify composites

Composites are classified by the geometry of the reinforcement — particulate,

flake, and fiber. (Figure 2.1)

FARTICLE FLAKE FIBER
COMPOSITE COMFOSITE COMPOSITE

Figure 2.1 Types of composites based on reinforcement shape.

2.1.2.1 Classification of composite based on the geometry of the reinforcement.

[7.9]

- Particulate composites consist of a matrix reinforced with a dispersed phase in
form of particles. They are usually isotropic because the particles are added randomly.
Particulate composites have advantages such as improved strength, increased
operating temperature, oxidation resistance, etc. Typical examples include use of
aluminum particles in rubber; silicon carbide particles in aluminum; and gravel, sand,
and cement to make concrete.

- Flake composites consist of flat reinforcements of matrices. Typical flake
materials are glass, mica, aluminum, and silver. Flake composites provide advantages
such as high out-of- plane flexural modulus, higher strength, and low cost. However,
flakes cannot be oriented easily and only a limited number of materials are available for

use.



- Fiber composites consist of matrices reinforced by short (discontinuous) or
long (continuous) fibers. Fibers are generally anisotropic and examples include carbon
and aramids. Examples of matrices are resins such as epoxy, metals such as aluminum,

and ceramics such as calcium-alumino silicate.

2.1.2.2 Classification of composite based on the type of matrix [10]

- Polymer Matrix Composites (PMCs) consist of a polymer (e.g., epoxy,
polyester, urethane) reinforced by thin diameter fibers (e.g., graphite, aramids, boron),
such as graphite/epoxy composites, glass fiber/polyester. The PMCs is the most
common advanced composites due to its can be fabricated into large, complex shapes,

and have been accepted in a variety of aerospace and commercial applications.

- Metal Matrix Composites (MMCs), as the name implies, have a metal matrix.
Examples of matrices in such composites include aluminum, magnesium, and titanium.
Typical fibers include carbon and silicon carbide. Because of their use of metals as
matrix materials, they have a higher temperature resistance than PMCs but in general

are heavier.

- Ceramic Matrix Composites (CMCs) have a ceramic matrix such as alumina
calcium alumino silica reinforced by fibers such as carbon or silicon carbide. They have
the potential for high-temperature resistance but also have fundamental limitations in

structural applications owing to their propensity for brittle fracture.



2.1.3 Interfacial bonding [11]

Good bonding (adhesion) between the matrix phase and dispersed phase to
transfer the load of applied to the material the dispersed phase via the interface.
Adhesion is necessary for achieving high level of mechanical properties of the

composite.

There are three forms of interface between the two phases:

1. Direct bonding with no intermediate layer. In this case adhesion ("wetting”) is

provided by either covalent bonding or van der Waals force.

2. Intermediate layer in form of solid solution of the matrix and dispersed phases
constituents.

3. Intermediate layer (interphase) in form of a third bonding phase (adhesive).

2.2 Polymer degradation [12]

The American Society for Testing of Materials (ASTM) and the International
Standard Organization (ISO) define degradable polymer or degradable plastic as those
which undergo a significant change in chemical structure under specific environmental
conditions. These changes result in a loss of physical and mechanical properties, as
measured by standard methods. So the degradable plastic was grouped by ASTM

D20.96 as

1. Photodegradable or light-induced degradation plastic is a degradable plastic

in which the degradation results from the action of natural daylight.



2. Oxidatively degradable plastic is a degradable plastic in which the

degradation results from the oxidation.

3. Hydrolytically degradable plastic is a degradable plastic in which degradation

result from hydrolysis.

4. Biodegradable plastics are plastics in which the degradation results from the
action of naturally occurring are two classes of microorganism such as bacteria, fungi

and algae.

However, according to the definition of degradable plastic in categories, 1 to 3.
Additional input such as light (UV) or oxygen is required for degradation, the

biodegradation plastic in number 4 offers only products which are naturally degradable.

2.3 Biodegradable polymer

When considering biodegradable plastic, there biodegradable plastic has been
popular in many applications for decades, which leads the scientists focused on
research and development in the current situation. Moreover, these polymer materials

are usually referred to in the general class of plastics by consumers and industry. [13]

1. The first class of biodegradable plastic under consideration is partially
degradable. The products of this class usually have a matrix (petroleum base) and
biodegradable materials were used as filler in matrix. It is designed with the goal of
more rapid degradation than the conventional plastic. When it is disposed,
microorganisms are able to consume the biodegradable material within the conventional
plastic matrix. This leaven causes a weakened material, with rough, open edges. Further
degradation is occurred. This group of materials usually has an impenetrable petroleum

based matrix such as starch filled polyethylene film.



2. The second class of biodegradable plastic is compostable polymer. This is a
completely biodegradable plastic that is attracting a lot of attention from researchers
and industry. The product in this class includes only the biodegradable polymer material
such as biocomposite that matrix is derived from natural sources, i.e. starch or
microbially grown polymers, and the fiber reinforcements are produced from common
crops such as flax or hemp. Microorganisms are able to consume these materials in

their entirety eventually leaving carbon dioxide and water as by-products.

In recent years, there has been increased interest in biodegradable material for
packaging application. The belief is that biodegradable polymer will reduce the need for
synthetic polymer production and reduce pollution. Moreover, it is producing a positive
effect on both environmentally and economically. The innovations in the development of
materials from biopolymers, complete biological degradability, the reduction in the
volume of waste and compostability, reduction of atmospheric carbon dioxide released
are some of the reasons for the increased public interest. Furthermore, biodegradable
polymers are growing into mainstream use and the polymers that are biopolymer or

based on renewable feedstock may soon be competing with commodity plastics.

Biodegradable polymer was categorized into four families based on source as

shown in Figure 2.2 [4].

1. Agro-polymers obtained from biomass by fraction such as starch, cellulose,

protein and lipid.

2, Polyester obtained by fermentation of biomass or from genetically modified

plants such as polyhydroxyalkanoate: PHA, poly(hydroxybutyrate): PHB.

3. Polyester synthesis from monomer obtained from biomass such as polylactide

and polylactic acid: PLA.
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4, Polyester totally synthesized by the petrochemical process such as

polycaprolactone: PCL, polyesteramide: PEA and aliphatic or aromatic copolyesters.

Biodegradable
|
From agro- From micro- From From
resources organism biotechnology petrochemical

Figure 2.2 Classification of biodegradable polymer [4]

Among biodegradable polymer, PLA is at present one of the most promising
biopolymers and can be processed with a large number of techniques and is

commercially available (large-scale production) in a wide range of grades.

2.3.1 Polylactic acid [14, 15]

Polylactic acid (PLA) is a rigid thermoplastic polymer that can be semicrystalline
or totally amorphous, depending on the stereo purity of the polymer backbone. L(-)-
lactic acid (2-hydroxy propionic acid) is the natural and most common form of the acid,
but D(+)-lactic acid can also be produced by microorganisms or through racemization
and this “impurity” acts much like comonomers in other polymers such as polyethylene

terephthalate (PET) or polyethylene (PE). In PET, diethylene glycol or isophthalic acid is
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copolymerized into the backbone at low levels (1-10%) to control the rate of
crystallization. In the same way, D-lactic acid units are incorporated into L-PLA to

optimize the crystallization kinetics for specific fabrication processes and applications.

PLA is a unique polymer that in many ways behaves like PET, but also performs
a lot like polypropylene (PP), a polyolefin. Ultimately it may be the polymer with the
broadest range of applications because of its ability to be stress crystallized, thermally
crystallized, impact modified, filled, copolymerized, and processed in most polymer
processing equipment. It can be formed into transparent films, fibers, or injection
molded into blow moldable preforms for bottles, like PET. PLA also has excellent
organoleptic characteristics and its excellent for food contact and related packaging

applications.

In spite of this unique combination of characteristics, the commercial viability
has historically been limited by high production costs (greater than $2/Ib). Until now PLA
has enjoyed little success in replacing petroleum-based plastics in commodity

applications, with most initial uses limited to biomedical applications such as sutures.

PLA is not new to the world of polymers. Carothers investigated the production
of PLA from the cyclic dimer (lactide) of lactic acid as early as 1932. Even before that,
low molecular weight dimers and oligomers were detected when water was removed
from an aqueous solution of lactic acid. The announcement of the formation of a new
company, Cargill Dow LLC, in 1997 brought two large companies together to focus on
the production and marketing of PLA with the intention of significantly reducing the cost

of production and making PLA a large-volume plastic.

In today’s world of green chemistry and concern for the environment, PLA has
additional drivers that make it unique in the marketplace. The starting material for the

final polymer, lactic acid, is made by a fermentation process using 100% annually
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renewable resources. The polymer will also rapidly degrade in the environment and
the by-products are of very low toxicity, eventually being converted to carbon dioxide

and water.

PLA can be prepared by both direct condensation of lactic acid and by the ring-
opening polymerization of the cyclic lactide dimer, as shown in Figure 2.3. Due to the
direct condensation route is an equilibrium reaction, difficulties of removing trace
amounts of water in the last stages of polymerization generally limit the ultimate
molecular weight achievable by this approach. Most work has focused on the ring-
opening polymerization of lactide, although other approaches, such as azeotropic
distillation to drive the removal of water in the direct esterification process, have been

evaluated.

o (o]
o )K/OH Polycondensation '/)H/o #\Oi

A \ O n
Lactic Acid Low Molecular Weight

Poly(lactide)

Y
[o} Ring-Opening
\')k Polymerlzahon N/L ﬁ
0
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o High Molecular Weight
Lactide Poly(lactide)
Monomer

Figure 2.3 Two common approaches used to synthesize PLA [16]
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Figure 2.4 Nonsolvent process to prepare polylactic acid [17]

Cargill Dow LLC has developed a patented, low-cost continuous process for the
production of lactic acid-based polymers. The process combines the substantial
environmental and economic benefits of synthesizing both lactide and PLA in the melt
rather than in solution and, for the first time, provides a commercially viable
biodegradable commodity polymer made from renewable resources. The process starts
with lactic acid produced by fermentation of dextrose, followed by a continuous
condensation reaction of aqueous lactic acid to produce low molecular weight PLA
polymer (Figure 2.3). Next, the low molecular weight oligomers are converted into a
mixture of lactide stereoisomers using a catalyst to enhance the rate and selectivity of
the intramolecular cyclization reaction. The molten lactide mixture is then purified by
vacuum distillation. Finally, PLA high polymer is produced using an organo tin-
catalyzed, ring-opening lactide polymerization in the melt, completely elimination the
use of costly and environmentally unfriendly solvents. After the polymerization is
complete, any remaining monomer is removed under vacuum and recycled to the

beginning of the process. (Figure 2.4)
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PLA has been extensively studied by many researchers and reviewed in detail

in several recent publications. For example, Jacobsen et al. (2000) developed, based
on a new catalytic system, a reactive extrusion polymerization process, which can be
used to produce PLA continuously in larger quantities and at lower costs than before.
This extrusion polymerization process has been developed and tested with laboratory
scale machines and the possibilities to extend this polymerization process to lactide
based block copolymers have been investigated. [18] Recently, Lim et al. (2008)
discussed the specific process technologies such as extrusion, injection molding,
injection stretch blow molding, casting, blown film, thermoforming, foaming, blending,
fiber spinning, and compounding related to PLA. [19]

2.4 Natural Fibers [14]

Depending on their origin, natural fibers can be grouped into bast (jute, flax,
hemp, kenaf), leaf (pineapple, sisal, screw pine), and seed or fruit fibers (coir, cotton, oil
palm). Cellulose is the main component of natural fibers and can be found in plant cell
wall. Unlike conventional fibers like glass, aramid, and carbon that can be produced
with a definite range of properties, natural fibers will vary considerably. The cellulose of
natural fibers contains different natural substances such as lignin and waxes. The fibers
are made up of cellulose microfibrils bonded together by lignin. The physical properties
of natural fibers are basically influenced by the chemical structure such as cellulose
content, degree of polymerization, orientation, and crystallinity, which are affected by
conditions during growth of plants as well as extraction methods used. The fiber
properties vary considerably depending on where they are taken from a plant, the plant
quality, and location. Different fibers have different lengths and cross-sectional areas

and also different defects such as microcompression or pits or cracks.
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2.5.3 Crystalline structure

Solid cellulose shows a highly ordered microcrystalline structure alternating with
regions of distinctly lower (amorphous regions). The crystalline nature of cellulose
originates from intermolecular forces between neighbouring cellulose chains over long
lengths. All native cellulose shows the same crystal lattice structure, called cellulose I.
However, various modification of native cellulose can alter the lattice structure to yield
other types of crystals [20, 22]. The intermolecular forces in the crystalline domains are
mainly hydrogen bonds between adjacent cellulose chains in the same lattice plane,
which results in a sheet-like structure of packed cellulose chains. In addition, the sheets
are probably connected to one another by hydrogen bonds and/or van der Waal’s
forces. The organization of cellulose molecules into parallel arrangements is responsible
for the formation of crystallites. The length of an elementary crystallite range from 12 to

20 nm and the width from 2.5 to 4 nm.

Table 2.1  Chemical composition of some cellulose source (according to Horn [23])

Source Composition (%)
Cellulose Hemicellulose Lignin Extract
Wheat straw 30 50 15 5
Flax 71.5 20.6 2.2 60
Jute 71.2 13.6 13.1 1.8
Soft wood 40-44 25-29 25-31 1-5
Hard wood 43-47 25-35 16-24 2-8

Ramie 76.2 16.7 0.7 6.4
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2.6 Cotton (Gossypium spp., Malvaceae) [14]

The variety Gossypium hirsutum accounts for most of the world’s production of
cotton (87% of the overall production), G. barbadense for 8%, the species G.
herbaceum and G. arboretum for only 5%. Cotton fibers consist of the unicellular seed
hairs of the bolls of the cotton plant. The cotton fruit burst when mature, revealing a fist-
sized tuft of fibers with a length from 25 to 60 mm and diameters varying between 12
and 45 um. Cotton is of tropical origin but is most successfully cultivated in temperate
climates with well-distributed rainfall. Cotton fibers have been used by early societies to
produce textiles. The oldest archeological evidence of cultivated cotton is some
cottonseed fragments discovered in a cage in Mexican Tehuacan Valley, dated to 5800
B.C. Cotton was used to fabricate textiles as early as 3000 B.C. in Indus Valley in
Pakistan and around 2500 B.C. in Peru. Increased use of cotton fibers in Europe was
boosted by the development of the first ring-spinning wheel (“Spinning Jenny”), invented
by James Hargreaves in 1764, and by the rippling machine (the “cotton gin” invented by

Eli Whitney in 1794).

Cotton fibers have a pronounced three-walled structure. An outer wax layer
protects the primary wall. The secondary cell wall consists mainly of cellulose. The
tertiary wall surrounds the rumen. Mature cotton fibers have kidney-ben shaped cross
sections. The surface contour of the fibers is flat and twisted, ribbon-like. The color of
cotton ranges from creamy white to dirty gray depending upon the conditions under
which it is produced. Cotton is hydrophilic and the fibers swell considerably in water.
Cotton release a considerable amount of heat when absorbing moisture. It dries slowly.
Cotton has high soil and oil absorption but also high release. It is stable in water and its
wet tenacity is higher than its dry tenacity. The toughness and initial modulus of cotton
are lower compared to hemp fibers, whereas its elongation at break, its flexibility, and its

elastic recovery are higher. The fibers are resistant to alkalis but degraded by acids.
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The microbial resistance of cotton is low but the fibers are highly resistant to moths
and beetles. Cotton burns readily and quickly, can be boiled and sterilized, and does

not cause skin irritation or other allergies.

Innumerable products are made from cotton, primary textile and yarn goods,
cordage, and automobile tire cords. Cotton fibers are the backbone of the textile trade

of the world.
2.7 Crystalline Cellulose Preparation [21]

Crystalline cellulose has been widely used especially in food, cosmetic, medical
and biocomposite film as a water-retainer, a suspension stabilizer, a flow characteristics
controller in the systems used for final products and as a reinforcing agent for
biocomposite films. The basic step for preparing crystalline cellulose from native plant
has generally three steps that is delignification, bleaching and hydrolysis. The step of
delignification and bleaching is remove lignin and other composition in microfibrils to
produce cellulose microfibrils. Moreover, lignin and other composition effects on
hydrolysis reaction in cellulose microfils because they are obstructive to the hydrolysis
reaction, that to dissolve the amorphous regions of the polysaccharide. So they are must
be remove as much possible. This research focuses on the preparation of

microcrystalline cellulose (MCC) from acid hydrolysis.
2.7.1 Hydrolysis

Crystalline cellulose is prepared from removing of amorphous regions in
cellulose microfibrils. Under controlled conditions, this transformation consists of the
disruption of amorphous regions surrounding and embedded within cellulose
microfibrils that is occurred on B—1,4— glycosidic lingkage, while leaving the micro or
nanocrystalline segments intact. However, size and shape of crystalline depend on type

and nature of plant.
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- Enzyme hydrolysis process is the mild condition. This process is
depolymerization of cellulose via chemical reaction catalyzed by enzymes which are
synthesized by microorganisms such as cellulose which is isolated from bacteria and
fungi. The reaction of enzyme hydrolysis depends on the reaction condition such as
temperature, pH and pressure. The advantage of enzyme hydrolysis is the mild
condition and has very specific action. Furthermore, the product from this process is
high purification. However, this process is not well-known for industries owing to the
enzyme hydrolysis is a slow reaction and high cost.

- The acid hydrolysis of cellulose is strong condition. The reaction of acid
hydrolysis depends on type of acid, temperature and time. The great advantage of this
process is simple and economical. Furthermore, acid hydrolysis is quite rapid reaction
and low cost. On the other hand, the advantage of acid hydrolysis is not specific
reaction and the product is not purification. However, the acid hydrolysis is well-known
process for industry because it is viable commercially and simple. In fact, concentrated
acids give quantitative yields of hydrolysis of micro-crystalline cellulose powder (MCP).
However, in native cellulose it is difficult to hydrolyse because it is presented as a highly
ordered crystalline structure and lignin accompanying the cellulose fiber inhibits
hydrolysis. In addition, treatment with alkali could remove lignin as well as some
hemicelluloses from the native cellulose and thus make cellulose more accessible to
hydrolytic attack. Alkali treatment also makes the cellulose structure amorphous and

may render it more prone to hydrolysis [23].

From the several advantages of acid hydrolysis, many researches have been
studied crystalline cellulose prepared from acid hydrolysis process. Their researches
have been focused on physical and chemical properties and size of crystalline

cellulose.
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In 1953, Nelson and Tripp [24] prepared microcrystalline cellulose from cotton
and rayon. The cotton and rayon were hydrolyzed by hydrochloric acid (HCI) at 100,
80°C. By various concentration of HCI were 0.01N, 0.1N, 1.0N, and 2.5N, respectively.
The result showed that conditions in the reaction at higher concentrations and
temperature were effect on the reaction faster than at lower concentrations and

temperature.

2.8 Fiber-reinforced PLA composites

Natural fiber-reinforced polymers has recently grown because of increasing
environmental concerns. Natural fiber reinforcements could considerably lower the price
of bio-based composites that is still the higher barrier for their wider application. Further
advantages of natural over synthetic fibers are good specific mechanical properties,
reduced tool wear, enhanced energy recovery, biodegradability, etc. Besides this, the
natural fibers can also affect the mechanical properties of bio-matrices. In the last years
different natural fibers have been employed in order to modify the properties of PLA. Up
to now, the most studied natural fiber reinforcements for PLA were kenaf [5,25,26], flax
[27,28], hemp [29], bamboo [30], and wood fibers [31].

For example, in 2003, Plackett, Andersen, Pedersen, and Nielsen[32] used PLA
and then used in combination with jute fiber mats to generate biodegradable
composites by a film stacking technique. The tensile properties of composites produced
at temperatures in the 180-220 °C range were significantly higher than those of PLA
alone. Examination of composite fracture surfaces using electron microscopy showed
voids occurring between the jute fiber bundles and the polylactide matrix.

Later in 2008, Bax and Mussig [27] studied the mechanical properties of PLA
composites reinforced with Cordenka® rayon fibers and flax fibers which are examples
for completely biodegradable composites were tested and compared. The samples

were produced using injection moulding. The highest impact strength of 72 kd-m” and



22

tensile strength of 58 MPa were found for Cordenka® reinforced PLA at 30 wt% fiber-
mass content. The highest Young's modulus of 6.31 GPa was found for the composite
made of PLA and flax. A poor adhesion between the matrix and the fibers was shown for
both composites using SEM. The promising impact properties of the presented
PLA/Cordenka® composites show their potential as an alternative to traditional
composites.

Within the same year, Buzarovska et al [33] investigated the effects of rice straw
content on thermal and mechanical properties of poly (hydroxybutyrate-co
hydroxyvalerate) (PHBV) composites. It was shown that the value of tensile modulus
value almost doubled with the increase of rice straw content, while the tensile strength
slightly decreased, compared to pure PHBV resin. The decreasing of tensile strength
related to very poor adhesion between the polymer matrix and the filler, are confirmed
by SEM photomicrographs of the fractured samples.

Natural fibers are hydrophilic in nature and poor resistance to moisture and
incompatible to hydrophobic polymer matrix. This incompatibility of natural fibers results
in poor fiber/matrix interface which in turn leads to reduce mechanical properties of the
composites (John & Anandjiwala, 2008) [34]. The researchers have been used many
methods to improve interfacial between matrix and fiber such as the treatment of the
fibers may be alkali, acetylation, bleaching, grafting of monomer, and so on. However,
plasma surface treatment and plasma polymerization as an alternative coating
technique have been mainly used for surface modification of fibers. The details are as
follows

In 2007, the effects of the alkali treated natural fibers on the mechanical
properties of PLA/hemp fibers were studied by Hu and Lim [29]. They fabricated
completely biodegradable composites of PLA reinforced with short hemp fibers by using
the hot-press method. The results show that the composite with 40% volume fraction of

alkali treated fiber possessed the best mechanical properties. The tensile strength,
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elastic modulus, and flexural strength of the composite with 40% treated fiber were
54.6 MPa, 8.5 GPa, and 112.7 MPa respectively, which are much higher than those of
neat PLA. The composites have lower densities, which were measured to be from 1.19
g-om'3 to 1.25 g-cm’a. Surface treatment of the natural fibers was used also to improve
the impact resistance of the PLA-based composites.

A more efficient way to improve the adhesion between fibers and biodegradable
resin could be provided by the utilization of coupling agents. In PLA/kenaf fiber
composites a suitable reactive coupling agent was obtained by grafting maleic
anhydride onto PLA [25,26]. PLA-based composites were prepared by a proper in situ
reactive compatibilization. Namely, low amount of PLA grafted with maleic anhydride
(PLA-g-MA) was added to the composite components. Maleic anhydride groups grafted
onto PLA chain are reactive with respect to hydroxyl groups present on the fiber surface.
In this way, interactions between hydroxyl and maleic anhydride groups are responsible
for in situ formed grafted species that are able to effectively compatibilize PLA/fiber
composites. In fact, morphological analysis carried out on these systems revealed that a
significant enhancement of the adhesion level between the fibers and the matrix is
observed for PLA/kenaf composites compatibilized by using 5 wt% PLA-g-MA.
Significant improvements of the flexural modulus, up to 55%, were recorded as a
function of kenaf fiber content. Higher modulus values were obtained in presence of the
reactive coupling agent. The same behavior has been observed for the flexural strength,
the highest values being obtained for compatibilized composites reinforced with 30 wt%
of kenaf fibers. Also the resilience of neat PLA was improved, up to about 190%, for
compatibilized composites.

Later on 2011, Nyambo et al [35] investigated the use of PLA-g-MA as a
potential method for improving interfacial adhesion between agricultural residues and
PLA. The result showed that addition of 3 and 5 phr PLA-g-MA to the composites
resulted in significant improvements in tensile strength (20%) and flexural strength
(14%) of the composites, matching that of the neat polymer. The observed improvement

in strength was attributed to the good interfacial adhesion between the fiber and matrix.
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2.9 Biodegradation [12,13]

2.9.1 Definning Biodegrability

In 1992, an international workshop on biodegradability was organized to bring
together experts from around the world to achieve areas of agreement on definitions,
standards and testing methodologies. Participants came from manufacturers, legislative
authorities, testing laboratories, environmentalists and standardization organizations in
Europe, USA and Japan. Since this fruitful meeting, there is a general agreement

concerning the following key points.

- For all practical purposes of applying a definition, material manufactured to
be biodegradable must relate to specific disposal pathway such as
composting, sewage treatment, denitrification and anaerobic sludge
treatment.

- The rate of degradation of a material manufactured to be biodegradable has
to be consistent with the disposal method and other components of the
pathway into which it is introduced, such that accumulation is controlled.

- The ultimate end products of aerobic biodegradation of a material
manufactured to be biodegradable are CO,, water and minerals and that the
intermediate products include biomass and humic materials. (Anaerobic
biodegradation was discussed in less detail by the participants).

- Materials must biodegrade safely and not negatively impact the disposal

process or the use of the end product of the disposal.

As a result, specified periods of time, specific disposal pathway, and standard
test methodologies were incorporated into definitions. Standardization organizations
such as CEN, ISO and ASTM were consequently encouraged to rapidly develop

standard biodegradation tests so these could be determined. Society further demanded
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undebatable criteria for the evaluation of the suitability of polymeric materials for
disposal in specific waste streams such as composting or anaerobic digestion.
Biodegradability is usually just one of the essential criteria, besides ecotoxicity, effects

on waste treatment processes, etc.

The used definitions for biodegradation remain rather broad since they have to
be acceptable to all parties involved. In this paper, however, biodegradation is
addressed from a more scientific point of view. The following definitions are therefore

applied as a basis.

- Degradation is the irreversible process in which a material undergoes
physical, chemical and/or biochemical changes leading to an increase in
entropy.

- Biodegradation is degradation catalysed by biological activity, ultimately
leading to mineralization and/or biomass.

- Mineralization is the conversion of (organic) material to naturally occurring
gasses and/or inorganic elements.

- Biodegradability is the potential of a material to be biodegraded.
Biodegradability of a material shall be specified and measured by standard
test methods in order to determine its classification with respect to specific
environmental conditions.

- Biodegradable A material is called biodegradable with respect to specific
environmental conditions if it undergoes biodegradation to a specified

extent, within a given time, measured by standard test methods.

The chemistry of the key degradation process is represented below by equation
(1) and (2) where C, e represents either a polymer or a fragment from any of the

degradation processes defined earlier. For simplicity here, the polymer or fragment is
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considered to be composed only of carbon, hydrogen and oxygen; other elements
may, of course, be incorporated in the polymer, and these would appear in an oxidized
or reduced form after biodegradation depending on whether the conditions are aerobic

or anaerobic, respectively.

Aerobic biodegradation:

CPOLYMER + O2 - CO2 + HZO + CRESIDUE + CBIOMASS + SaltS (Eq 1)
Anaerobic biodegradation:
CPOLYMER —> COZ + CH4 * HZO + CRESIDUE = CBIOMASS + Sa'tS (EC] 2)

Complete biodegradation occurs when on residue remains, and complete
mineralization is established when the original substrate, C,o er in this example, is
completely converted into gaseous product and salts. However, mineralization is a very
slow process under natural conditions because some of the polymer undergoing
biodegradation will initially be turned into biomass. Therefore, complete biodegradation
and not mineralization is the measurable goal when assessing removal from the

environment.

2.10 Method of Biodegradation

Biodegradation is the natural process. The biodegradable process is organic
substances are attacked by living organisms. The organic material can be degraded
aerobically, with oxygen, or anaerobically, without oxygen, and it is converted into small
molecule such as H,0 and CO,. The change in the chemical structure of biodegradable
plastics under specific environmental conditions results in a loss of some properties
including physical and mechanical properties. The biodegradation processes are
usually followed by monitoring the changes in these properties using standard test

methods appropriate to the plastic. Today’s plastics are designed with little
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consideration for their ultimate disposability. This has resulted in mounting worldwide

concerns over the environmental consequences of such materials because they were
entered to the waste stream after their uses especially in single use and disposal plastic
applications. Polymer waste management requires sound complementary practices of
conservation, recycling, incineration and biodegradation. Since biodegradation is
potentially the most environmentally friendly of all these practices, there is activity in the
area of biodegradable polymers as packaging materials. Generally, starch removal
does occur when the starch-based films are exposed to microbial. The first mechanism

of degradation is the production of enzyme amylase by microbial [17].

Generally, there are several ways to test the biodegradability of plastics. The

methods for testing biodegradability are highlighted as following:

2.10.1 Environmental Chamber Method

Environmental chambers employ high humidity (>90%) situation to encourage
microbial growth. Test material are hung in the chamber, sprayed with a standard mixed
in columns of known fungi in the absence of additional nutrients and incubated for 28 to
56 day at constant temperature. A visual assessment is subsequently made and a rating
given based on the amount of growth on the material. This test is particularly stringent
and was designed to simulate the effects of high humidity condition on electronic
components and electrical equipment. Growth of fungi across a printed circuit board

can result in gross systems failure in a computer system or military equipment.

2.10.2 Soil Burial tests

The material is buried in soil beds prepared in the laboratory. The soil beds
containing the samples are incubated at a constant temperature for between 28 days
and 12 months. The soil beds are normally conditioned for up to 4 weeks prior to use

and may be supplemented with organic fertilizer to encourage an active microbial. The
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microbial activity is tested using a cotton textile strip, which should lose 90% of it

tensile strength within 10 days of exposure to the soil. The moisture content is normally
set at 20-30%. Samples are removed for assessment of changes in their properties such
as weight loss, mechanical properties or morphology that is surface damage. However,
the soil burial tests are that a 3 to 6 month tests is sufficient to demonstrate the

environmental resistance of polymer materials [46].

2.10.3 Specific Microorganism or Enzyme Degradation

Biodegradation is an event which takes place through the action of enzymes
associated with living organisms (bacteria, fungi, etc.). Generally, microorganism
produced enzyme involving in the chemical mode of degradation and attack natural
polymer. The attack is specific with specific with respect to both the enzyme and
biopolymer couple. All enzymes are protein, even small changes in temperature or pH
can result in changes in the enzyme activity. The accessibility of a polymer to be
degradatively attacked by living organisms has no direct reaction to its origin and not all
biopolymer are truly biodegradable. This test method is also appropriate for the
evaluation of degradable plastic that have undergo specific chemical, thermal or photo

degradation or combination.

2.10.4 Activative sludge Waste water treatment

This method is the simulation studies range from laboratory designed
equipment, which replicates aerobic sewage treatment anaerobic sludge digestion,
through the exposure trials and where material is submerged in activated sludge
environment. Exposure trials require that the samples be securely held on some form of
racking for agoues environments. The racks, normally made of stainless steel, are

submerged in the test situation and samples periodically removed. This test method is
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designed to be applicable to all plastic materials that are not inhibitory to the bacterial

present in the activated sludge.

Biodegradation is nature's way of recycling wastes, or breaking down organic
matter into nutrients that can be used by other organisms. "Degradation" means decay,
and the "bio-" prefix means that the decay is carried out by a huge assortment of
bacteria, fungi, insects, worms, and other organisms that eat dead material and recycle
it into new forms.

In nature, there is no waste because everything gets recycled. The waste
products from one organism become the food for others, providing nutrients and energy
while breaking down the waste organic matter. Some organic materials will break down
much faster than others, but all will eventually decay.

By harnessing these natural forces of biodegradation, people can reduce
wastes and clean up some types of environmental contaminants. Through composting,
we accelerate natural biodegradation and convert organic wastes to a valuable
resource. Wastewater treatment also accelerates natural forces of biodegradation. In
this case the purpose is to break down organic matter so that it will not cause pollution
problems when the water is released into the environment. Through bioremediation,
microorganisms are used to clean up oil spills and other types of organic pollution.
Composting and bioremediation provide many possibililites for student research.

Currently, there are standard test methods that are designed for determining
biodegradation of plastic materials in order to proper selecting for studying rate of
biodegradation of various plastics both degradable and nondegradable plastics. Many
researchers have been studied on biodegradation of plastics by comparing the

standard test methods and type of plastics.

For instance, in 2010, Moura et al [36] studied the biodegradability of blends

containing aliphatic polyesters using standard methods. Biodegradable polymers used
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were poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), and Mater-Bi (thermoplastic
starch with PLA or PCL). Biodegradation tests were carried out using two standard
methods: (i) ISO 14851 (1999), biochemical oxygen demand in a closed respirometer
and (ii) ASTM G 22-76, microbial growth of test microorganisms. Both biodegradability
tests suggested that the blend containing PCL is more biodegradable than the one
containing PLA. Addition of starch increased the biodegradability of the PLA blend. The
biodegradability of the blends evaluated in this study by the biochemical oxygen
demand method ranged from 22% (PLA 60) to 52% for corn starch/PCL 30/70 (% wt)
(SPCL 70). Therefore, the blends may not be considered “readily biodegradable”
according to the OECD standard.

In the same year, Chin-San Wu [37] investigated biodegradability of composite
materials composed of polylactide (PLA) and sisal fibers (SFs) were buried in soil. Both
the PLA and the PLA-g-AA/SF composite films were eventually completely degraded,
and severe disruption of film structure was observed after 6-10 weeks of incubation.
Although the degree of weight loss after burial indicated that both materials were
biodegradable even with high levels of SF, the higher water resistance of PLA-g-AA/SF
films indicates that they were more biodegradable than those made of PLA.

As far as biodegradability is concerned, it has been confirmed that PLA is
naturally degraded in soil or compost even if it is known that PLA is less susceptible to
degradation than other aliphatic biodegradable polymers such as poly(€-caprolactone)
(PCL) in natural environment (Ghorpade et al., 2001). It was reported that the products
of the PLA hydrolytic degradation can be totally assimilated by microorganisms such as
fungi or bacteria (Tsuji et al., 1998; Li et al., 2000; Hoshino et al., 2003). Biodegradation
of PLA and its copolymers are usually done by esterases, proteases and lipases
secreted from microorganisms.

In 2009, Sebastien Lenglet, Suming Li, Michel Vert [3] reported on the enzymatic

biodegradation of copolymers of 3-caprolactone and DL-lactide in the presence of
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Pseudomonas lipase with the aim of identifying the effect of composition on the

degradation characteristics of PCL/PLA copolymers. The copolymers were processed to
films by compression moulding, and allowed to degrade at 37 °C in a 0.05 M pH 7.6
phosphate buffer containing Pseudomonas lipase. Degradation in the presence of
Pseudomonas lipase shows that copolymers with caprolactone (CL) contents lower than
25% are not degradable. The degradation rate increases with CL content for CL rich

copolymers.



CHAPTER 3

EXPERIMENTAL

3.1 Materials and Chemicals

3.1.1 Polylactic acid (PLA 2002D) purchased from Naturework” LLC (Cargill-
Dow, Minneapolis, MN) was used as a matrix of composites. The MFI for the PLA is
between 5 and 7 g/10 min. It has a specific gravity of 1.24. The glass transition and
melting temperatures of PLA one 60 °C and 210°C, respectively. Its chemical structure is

shown in Figure 3.1
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Figure 3.1 Chemical structure of polylactic acid

3.1.2 Bleached knitted cotton fabric obtained from a local company in Thailand
was used as a raw material for microcrystalline cellulose preparation.
3.1.3 Hydrochloric acid (HCI, analytical reagent) purchased from Labscan Asia

Co., Ltd., Bangkok, Thailand was used to hydrolyze cotton fabric.

3.1.4 Tetrahydrofuran (THF, analytical reagent) purchased from Labscan Asia

Co., Ltd., Bangkok, Thailand was used as a solvent for PLA.

3.1.5 Benzoyl peroxide (BPO, analytical reagent) obtained from Merck Ltd.,

Bangkok, Thailand was used as an initiator.
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3.1.6 Maleic anhydride (MA, analytical reagent) obtained from Siam Chemical
Industry Co., Ltd., Bangkok, Thailand was used as a grafting material for maleic

anhydride — grafted polylactic acid (PLA-g-MA) preparation.

3.1.7 Diethyl ether purchased from Labscan Asia Co., Ltd., Bangkok, Thailand,

was used as a precipitate reagent.

3.1.8 Sodium acetate (NaC,H,0,, analytical reagent) obtained from Merck Ltd.,

Bangkok, Thailand was used as a buffer for preparing acetate buffer solution.

3.1.9 Acetic acid (CH,COOH, analytical reagent) obtained from Labscan Asia

Co., Ltd., Bangkok, Thailand was used as a buffer for preparing acetate buffer solution.

3.1.10 Potassium dihydrogen orthophosphate (KH,PO,, analytical reagent)
obtained from Ajax Finechem Nuplex Industries Pty., Ltd., New South Wales, Australia

was used as a buffer for preparing phosphate buffer solution.

3.1.11 di-potassiumhydrogen orthophosphate K,HPO,, analytical reagent)
obtained from Ajax Finechem Nuplex Industries Pty., Ltd., New South Wales, Australia

was used as a buffer for preparing phosphate buffer solution.



3.2 Equipments and Instruments

Table 3.1 lists the instruments used in this research.

Table3.1 Experimental instruments

33

Instruments Model Manufacturer
1. Hot plate MR Hei-standard Heidolph,Germany
2. Scanning electron JSM-6480LV JEOL, Japan
microscope (SEM)
3. Fourier Transform Nicolet 6700 Thermo Scientific,
Infrared Spectrometer USA
(FT-IR)
4. Laser particle size Mastersizer 2000 Malvern Instruments,
analyzer UK
5. Thermogrametric TGA/SDTA 851° Mettler Toledo,
analyzer (TGA) Switzerland

6. Differential scanning

calorimeter (DSC)

Pyris Diamond DSC

PerkinElmer, USA

7. Proton nuclear Bruker ACF-200 spectrometer | Bruker, USA
magnetic resonance
spectroscopy ('H-
NMR)

8. Carbon nuclear Bruker DPX-300 spectrometer | Bruker, USA

magnetic resonance
13
spectroscopy ( "C-

NMR)

9. Gel permeation

chromatography (GPC)

Column oven : CTO-10Acvp
Injector : SIL-10ACvp

Liguid chromatograph : LC-

Shimadzu, Japan
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10ACvp

System controller : SCL-
10ACvp

UV-vis detector : SPD-10AVvp
Refractive index detector :

RID-10A

10. Twin screw extruder

PRISM TSE 16 TC

Thermo Electron

Corporation, USA

11. Micrometer

Model G

Peacock, Japan

12. Universal testing

machine

LR 100K

LLOYD, UK




3.3 Experimental Procedure
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Flow chart of the experimental process is shown in Figure 3.2 and the details for

each step are described as follows.

PLA BPO M4

Cotton fabric
_I Hydrolysis with
‘ 8373 25N HCl
PLA (2002D) PLA-g-MA | Mcroctystalline cellulose (MCC)
— Titration — Particle size
—  FT-IR L SEM
e IR L FT-R
= D3SC, TGA — TGA
- SEM
Twin screm extruder at 165, 170, 190, 190, 190 ‘C
Compression molding & 180 ‘C
Biocomposite films
Physical properties Mechanical properties Thermd propetties Biodegradability
- Water absorption - Tensile propetties -TGA - Enzymatic degradation
- Mophclogy -DsC - Adivated sludge
degradation

Figure 3.2 Flow chart of the experimental process
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3.3.1 Preparation of Microcrystalline Cellulose

Small pieces of cotton fabric were hydrolyzed with 2.5 N hydrochloric acid (HCI)
solution at 80 °C for 2 h. After that, the cellulose solution was filtered and washed with
distilled water several times until the pH value of CT-MCC was neutral. Then, the MCC

was dried in an oven at 60 °C for 24 h.

3.3.2 Preparation of Polylactic Acid Grafted Maleic Anhydride (PLA-g-MA)

Firstly, 15 g of PLA was dissolved in 150 ml of tetrahydrofuran (THF) and then
added into the four-neck round bottom flask. Then, 0.5 g of the initiator (BPO) was
added and stirred at 80 rpm for 3 h under a nitrogen atmosphere at 85 °C. Thirty minute
later, 2 g of maleic anhydride (MA) was added into the reactor and stirred at 80 rpm for
another 150 min at 85 °C. The grafted product was washed with acetone to remove the
unreacted MA, and subsequently precipitating with excess diethyl ether. The resulting
solid was filtered and dried in a vacuum oven at 60 °C for 24 h. The grafting percentage

was determined using a titration method.

Figure 3.3 Experimental set up for PLA-g-MA solution polymerization.
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3.3.3 Film Formation

Dried MCC powder, PLA, and PLA-g-MA were pre-mixed in a zip-lock bag at
various ratios as shown in Table 3.2. Then, the mixtures were fed into a twin screw
extruder (PRISM TSE 16 TC, Thermo Electron Corporation, Staffordshire, UK), which had
a twin screw diameter of 17.8 and L/D ratio of 40. The temperature profiles for
compounding MCC/PLA composites were set at 165, 170, 190, 190, 190 °C,
respectively; while the rotational speed was maintained at 45 rpm. After that, the
compound was fabricated into film by a compression molding with a pressure of 10 MPa

at 180 °C. The average thickness of the films was 2.83 + 0.09 mm.

Table 3.2 The various ratios of PLA biocomposites

Materials PLA (g) CT-MCC* PLA-g-MA
(@) (5%wt of CT-MCC) (g)

Neat PLA 100 - -
10%CT-MCC/PLA 90 10 -
20%CT-MCC/PLA 80 20 -
30%CT-MCC/PLA 70 30 -
40%CT-MCC/PLA 60 40 -
10%CT-MCC/5%PLA-g- 90 10 0.5
MA/PLA

20%CT-MCC/5%PLA-g- 80 20 1
MA/PLA

30%CT-MCC/5%PLA-g- 70 30 1.5
MA/PLA

40%CT-MCC/5%PLA-g- 60 40 2
MA/PLA

* Cotton Microcrystalline Cellulose (CT-MCC)
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3.4 Characterization of Microcrystalline Cellulose (MCC)

3.4.1 Particle Size Analysis

Average particle size of MCC was determined by the laser particle size analyzer
(Mastersizer 2000, Malvern instruments, Worcestershire, UK) at room temperature,
operated between the size ranges of 0.02 to 2000 pm. To avoid possible agglomeration,
prior to measurements powders were suspended in distilled water and ultrasonically
stirred for about 4 min. The intensity of scattered light from the laser which was
scattered at different angles from the different particle sizes, was measured with a series

of detectors. A refractive index of 1.53 was used as a model parameter.

Figure 3.4 Laser Particle Size Analyzer, Malvern Instruments Mastersizer 2000

3.4.2 Morphology

Morphology of MCC was examined by Scanning electron microscope (SEM;
JSM-6480LV, JEOL, Tokyo, Japan). The MCC was coated with a thin layer of gold before
being scanned in order to prevent charging on the MCC surface. SEM was operated at

an accelerating voltage of 10 kV.
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Figure 3.6 Thermogravimetric Analyzer, Mettler Toledo TGA/SDTA 851°
3.5 Characterization of Polylactic Acid-Grafted Maleic Anhydride (PLA-g-MA)

3.5.1 Titration

The grafting percentage of PLA-g-MA was calculated from the acid number and
was determined as follows. First, about 2 g of PLA-g-MA sample was dissolved in 200
ml of chloroform. The solution was then titrated immediately with a 0.03N ethanolic KOH
solution, which was standardized against a solution of potassium hydrogen phthalate,
by using phenolphthalein as an indicator. The acid number was calculated using eq.

(3.1) below, and the grafting percentage was calculated using eq. (3.2). [2]

Acid number (mgKOH/g) = V,,, (ml) x C,,,(N) x 56.1 (E.q. 3.1)
Polymer (g)
Grafting percentage (%) = Acid number x 98.1 (E.gq. 3.2)
2 x 561

Where :
Vion is the volume of the KOH (mL)

C.on is the concentration of the KOH (N)
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3.5.2 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FT-IR) spectrum was acquired with a Thermo
Scientific Spectrum Nicolet 6700 FTIR spectrometer to characterize the functional group
of PLA-g-MA. Powdered sample was evaluated with KBr pellet technique in transmission
mode. For PLA-g-MA sample spectrum was recorded with 64 consecutive scans at a

frequency range of 400-4000 cm”.

3.5.3 Nuclear Magnetic Resonance Spectroscopy (NMR)
3.5.3.1 'H-NMR Spectroscopy

Proton (1H) nuclear magnetic resonance analysis was used to characterize PLA
and PLA-g-MA structures. The sample was dissolved in Deuterated chloroform (CDCI,).
The NMR experiment was carried out by using Bruker ACF-200 NMR spectrometer.
'H-NMR was operated at 400 MHz by using tetramethylsilane as an internal standard.
Chemical shifts (6) were reported in parts per million (ppm) relative to the residual

protonated solvent signal as a reference between 0-13 ppm.

Figure 3.7 Proton Nuclear Magnetic Resonance Spectroscopy, Bruker ACF-200 NMR

Spectrometer
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3.5.3.2 "°C- NMR Spectroscopy

Carbon (13C) Nuclear Magnetic Resonance Analysis was used to characterize
PLA and PLA-g-MA structures. Solid-state "C-NMR spectrum performed with a Bruker
DPX-300 MHz spectrometer, was obtained at 75 MHz. Chemical shifts (6) were
reported in parts per million (ppm) between 0-200 ppm. All samples were characterized
at room temperature (20+1°C). The spectral parameters used were as follows: 4,000

numbers of scan (NS), relaxation delay of 4 s., and spin rate of 5 kHz.
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Figure 3.8 Carbon Nuclear Magnetic Resonance Spectroscopy, Bruker DPX-300 MHz

NMR Spectrometer

3.5.4 Thermal properties

3.5.4.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was carried out with a TGA/SDTA 851°.
PLA-g-MA sample (7 mg) was run from 30 °C to 500 °C at a heating rate of 10°C/min
under a nitrogen atmosphere. Prior to do the experiment, the sample was dried in an
oven at 60 °C for 24 h. The decomposition temperature (Td) was reported as the onset

of weight loss of heated sample.
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3.5.4.2 Differential scanning calorimetry (DSC)

The differential scanning calorimeter (DSC; Pyris Diamond DSC, PerkinElmer,
Connecticut) was used to determine glass transition temperature (Tg), melting
temperature (T, ), and crystallization temperature (T_). Sample of about 7 mg was placed
in a sealed aluminum pan. During the cycle, the sample was heated from 50°C to 200°C
and maintained at that temperature for 1 min, thereafter it was cooled down to 50°C and
heated to 200°C, respectively. The heat-cool-heat experiment was carried out by using

heating and cooling rates at 10 °C/min under nitrogen atmosphere.

Figure 3.9 Differential Scanning Calorimeter, PerkinElmer Pyris Diamond DSC
3.5.5 Morphology

Morphology of PLA-g-MA was examined by Scanning electron microscope
(SEM; JSM-6480LV, JEOL, Tokyo, Japan). Prior to the examination, PLA-g-MA was dried
overnight in air oven at 60 ° C and mounted on stub with sticky tape. Then, it was coated
with a thin evaporated layer of gold in order to improve conductivity and prevent

electron charging on the surface. The SEM was operated at 10 kV to image the sample.
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Figure 3.10 Scanning electron microscope, JEOL JSM-6480LV

3.6 Characterization of PLA Biocomposite Films
3.6.1 Physical Properties

3.6.1.1 Water Absorption

Water absorption of the PLA biocomposite films was measured using a
specimen size of 20 mm x 30 mm following the ASTM D570 standard method. The
samples were dried in a vacuum oven at 50+2 °C for 24 h, cooled in a desiccator, and
then immediately weighed (this weight was designated as W,). After that, the samples
were immersed in distilled water and maintained at room temperature for 24 h. During
this time, the films were removed from the beaker, gently blotted with tissue paper to
remove excess water from their surfaces, immediately weighed (this weight was
designated as W,). The water absorption capacity (WAC) was determined from the
following equation.

WAC % =W, —W, X 100 (E.q. 3.3)

Wi
Where :
W, is weight of sample at absorbing equilibrium (g)

W, is initial dry weight of sample (g)
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3.6.1.2 Morphology

A Scanning electron microscope (SEM; JSM-6480LV, JEOL, Tokyo, Japan)
operated at an accelerating voltage of 10 kV was used to study the interfacial adhesion
and the dispersion of MCC in the PLA composite. The composite film was coated with a
thin layer of gold before being scanned in order to prevent charging on the film surface.

3.6.2 Mechanical properties

3.6.2.1 Tensile testing

Mechanical properties such as tensile strength, tensile modulus, and percent
elongation at break of film samples were determined according to ASTM D882 standard
method. The film samples were carried out by Universal Testing Machine (LR 100K
,LLOYD,UK), using a crosshead speed of 10 mm/min, a gauge length of 100 mm, and
load cell of 1000 N. All the film samples with the dimensions of 10 mm wide and 150 mm
long were conditioned for 24 h at 25 °C before testing. At least five specimens were

tested and the results were averaged to obtain a mean value.

Figure 3.11 Universal Testing Machine, LLOYD LR 100K
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3.6.3 Thermal properties

3.6.3.1 Thermalgravimetric analysis (TGA)

A thermogrametric analyzer (TGA; TGA/SDTA 851°, Mettler Toledo, Greifensee,
Switzerland) was performed at a heating rate of 10°C/min from 30 °C to 500 °C under
nitrogen atmosphere. Approximately 7-8 mg of each sample was used. Prior to do the
experiment, the samples were dried in an oven at 60 °C for 24 h. The change in weight
due to thermal decomposition and the onset of degradation temperature (Td) of the

sample were investigated.
3.6.3.2 Differential scanning calorimeter (DSC)

The differential scanning calorimeter (DSC; Pyris Diamond DSC, PerkinElmer,
Connecticut) was used to investigate the thermal properties. The Sample of about 7 mg
was placed in a sealed aluminum pan. The same temperature profile was applied to all
the sample : the first heating from 50°C up to 200°C, followed by cooling the sample to
50 °C, and finally heating again to 200 °C. The heat-cool-heat experiment was carried
out by using heating and cooling rates at 10 °C/min under nitrogen atmosphere. The
glass transition temperature (Tg) values were reported in the glass transition region
during the second heating scan while the melting temperature (T ) values were reported
as the peak temperature of melting endotherms reported on the second heating scan

and the crystallization temperatures (T,) values were reported on the second heating

scan.

3.6.4 Biodegradability

3.6.4.1 Enzymatic degradation

Biodegradability of the film sample was investigated by enzymatic degradation

method using cellulase and lipase. The specimens were cut into 2 cm x 2 cm squares
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and subjected into 40 ml vial. Then, cellulase enzyme solution consisting of 0.2 M

acetate buffer pH 5.5 (5.5 ml) and cellulase solution (4.5 ml) was prepared. After that,
the enzyme solution was added into the vial containing film samples. The vial was then
put into water bath, with continuously shaking and heating at 55 °C. The film specimens

were removed from the vial every 24 h for evaluation of their biodegradability. [38]

In addition, lipase enzyme solution consisting of 0.025 M phosphate buffer
pH7 (5 ml) and lipase solution (5 ml) was prepared. Each sample was incubated at
37°C with gentle shaking in water bath. Specimens were withdrawn from the

degradation media every 24 h. [3]

After removing from the media, specimens were washed with distilled water and
dried under vacuum oven at 60 °C for 24 h to get rid of moisture before testing. Film
samples were then weighted to determine their percentage of weight loss and measured
their molecular weight before and after degradation. The evidence of enzymatic

degradation was also confirmed by the SEM analysis.
3.6.4.2 Activated sludge degradation

Biodegradation by activated sludge was carried out at the waste water treatment
plant at the Si Phraya Water Environment Control Plant (SPWECP) in Bangkok for 2
momths. The biocomposite in the form of thin films were prepared in square shape with
the size of 2 cmx 2 cm, and placed into the bag which made from nylon net. After that,
the bag was floated into the waste water at a depth of 1m from the surface. The films
were removed from the waste water treatment system, washed with distilled water, and
dried in vacuum oven at 60 °C for 24 h. As will be described in the next section, the rate
of biodegradation was followed by measuring the percentage of weight loss and

molecular weight of the film samples before and after being exposed to activated sludge
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at every 7 days. The change in physical appearance of the film surfaces was also

observed by SEM analysis.

3.7 Evaluation of the Degradation
3.7.1 Weight Loss

Weight loss of the film specimens was measured by weighing the sample before
and after biodegradation. The percentage of weight loss for the film samples was
calculated using the following equation :

Weight loss (%) =W, - W, x 100% (E.q. 3.4)

W,

Where :

W, is initial weight of sample before degradation (g)

W, is final weight of sample after degradation (g)

3.7.2 Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography (GPC, Shimadzu, Kyoto, Japan) was used to
evaluate the molecular weight of biocomposite films. The sample (15 mg) was dissolved
in tetrahydrofuran (THF) (3ml) and filtered by syringe filter (diameter 13 mm. nylon). GPC
chromatogram of sample was obtained from Shimadzu chromatography equipped with
Shodex GPC KF-805L columns at 40 °C. THF was used as an eluent with the flow rate of
2.0 mi/min. Degassed THF mobile phase was passed through the column for 20 min
before injecting the samples. The sample (20 upl) was injected and run through the
column for 15 min. Polystyrenes (PSS Inc, USA) were used as standards for calibration.

The molecular weight was determined by a reflection index detector.
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Figure 3.12 Gel Permeation Chromatography, Shimadzu

3.7.3 Morphology

Scanning electron microscope (SEM; JSM-6480LV, JEOL, Tokyo, Japan) was
employed to investigate the film surface of the samples collected before and after
biodegradation testing in enzymatic and activated sludge degradation. Each sample
was cleaned and dried in vacuum oven at 60 °C for 24 h. The composite film was
coated with a thin layer of gold before being scanned in order to prevent charging on

the film surface. SEM was operated at an accelerating voltage of 10 kV.



CHAPTER 4

RESULTS AND DISCUSSION

This work aimed to investigate the preparation of PLA biocomposite films
reinforced with various amounts of cotton microcrystalline cellulose (CT-MCC). The
synthesis of PLA-g-MA for improving interfacial adhesion between CT-MCC and PLA
was also focused, with the goal of enhancing mechanical properties and

biodegradability. The results were divided mainly into 4 parts as follows:

1. Characterization of microcrystalline cellulose prepared from acid hydrolysis
of cotton fabric

2. Characterization of PLA-g-MA

3. Characterization and testing of PLA biocomposite films

4. Biodegradability of PLA composite films

4.1 Characterization of Microcrystalline Cellulose Prepared from Acid Hydrolysis of

Cotton Fabric

411 Particle Size and Morphology

The physical appearance of CT-MCC prepared from hydrolysis of cotton fabric
was exhibited in Figure 4.1. CT-MCC appeared as white fine powder as same as
calcium carbonate powder. Comparing with commercial MCC (Avicel PH101), the
results from laser particle size analyzer summarized in Table 4.1. showed that the
average particle size of the CT-MCC was smaller than that of the Avicel PH101. Similar
results were also observed in previous researches [39]. In addition, SEM micrographs
displayed in Table 4.1 showed that CT-MCC presented as short fiber shape with
smooth surface having aspect ratio of approximately 5-20 lLm; whereas Avicel PH101

showed flake shape with rough surface.
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Figure 4.1 Physical appearance of acid hydrolyzed CT-MCC

Table 4.1 SEM micrographs and particle size of cotton MCC and Avicel PH101

CT-MCC Avicel PH101

SEM

particle size 26.11 hm 64.22 Um

4.1.2 FT-IR spectroscopy

FT-IR spectra of CT-MCC and Avicel PH101 were compared and showed in
Figure 4.2. Two types of MCC showed similar spectrum, which was observed by a
strong broad band at 3346 cm’ originating from the O-H stretching of hydroxyl groups.
The band at 2900 cm was corresponding to the C-H stretching in cellulose unit. The
peak at 1638 cm’ was attributed to the absorbed water of O-H bending. The peaks at

1370 cm and 1281 cm’' were assigned to the C-H bending. The absorption band at
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1165 cm’ was contributed to the C-O stretching; while a strong band at 1059 cm’
was originated from the C-O-C pyranose ring skeletal vibration. Table 4.2 summarizes all
the FT-IR assignments for cellulose structure. Abeer and co-worker (2011) have also

reported the same results of FT-IR spectra for rice hulls MCC and Avicel PH101. [40]

- Avicel PHI01
- Cotton MCC

%o Transmittance

1000 3000 2000 1000

Wavemumber (cm’)
Figure 4.2 FT-IR spectra of CT-MCC and commercial MCC (Avicel PH101)

Table 4.2 FT-IR assignments for CT-MCC

Wavenumber (cm'1) FT-IR assignments
3346 O-H stretching

2900 C-H stretching

1638 absorbed water of O-H bending
1370, 1281 C-H bending

1165 C-0O stretching

1059 C-0O-C pyranose ring skeletal vibration
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4.1.3 Thermogravimetric Analysis (TGA)

The decomposition temperatures (T,) is an important parameter for the
processing and is the most widely used technique to observe the structural dependence
of polymer on the thermal degradation. Figure 4.3 shows TGA curves of CT-MCC and
Avicel PH101. Obviously, both CT-MCC and Avicel PH101 illustrated two steps of weight
loss. The first step around 80-110 °C was attributed to the moisture decomposition from
CT-MCC and Avicel PH101. The second step of CT-MCC and Avicel PH101 started to
decompose at 285.48 °C and 280.25 °C, respectively, was contributed to the

degradation of cellulose.

120

100 4o

80 -

60 -

% weight

40 -

CT-MCC
20 - —— —— Avicel PH101

100 200 300 400 500
Temperature ( 0 C)

Figure 4.3 TGA thermograms of CT-MCC and Avicle PH101

From Figure 4.3, it can be observed that the thermal stability of CT-MCC was
similar to that of Avicel PH101. The onset of thermal decomposition temperature and the
decomposition temperature at 50% weight loss, as well as char yield of CT-MCC and

Avicel PH101 were summarized in Table 4.3.
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Table 4.3 Thermal decomposition temperature and char vyield of cotton and

commercial MCC.

Sample T,(°c)  T,(°C)  Charyield at 500 °C (%)
CT-MCC 285.48 315.04 5.64
Avicel PH101 280.25 313.89 6.37

4.2 The Grafting Reaction of Polylactic Acid with Maleic Anhydride

The grafting reaction of polylactic acid with maleic anhydride was achieved in
this work via free radical polymerization using benzoyl peroxide (BPO) as an initiator, the
PLA-g-MA was synthesized by solution polymerization in THF under nitrogen
atmosphere as reported by Chin-San Wu [2]. The formation of an initiator radical is the
first step in reaction. Once the radical is formed, hydrogen abstraction, that occurs on
the PLA backbone. After that, the addition of maleic anhydride to radical on the PLA
backbone was result shown that polymer radical may combine with maleic anhydride.
The common reaction scheme of polylactic acid with maleic anhydride to produce

polylactic acid grafted maleic anhydride (PLA-g-MA) is shown in Figure 4.4



55

(0]
o
Q A Oe
o’O 2
0 'R
BPO
CH CHs O 0 CH
] 3 RO (I: : t{_\?ﬂ» | 3
L{I:‘ﬁ"(:'fa TECT C\.CzD
H Il |é 5
0 n n n
0
PLA PLA free radical PLA-g-MA

Figure 4.4 The schematic of maleic anhydride grafting on the PLA by solution
polymerization.

In this research, the optimum conditions for preparation of PLA-g-MA were

investigated. The investigating parameters included reaction time and reaction

temperature (50, 70, 85, and 1OOOC). The influences of these variables on the chemical

structure of PLA-g-MA were characterized.
4.2.1 The Optimum Conditions for Preparation of PLA-g-MA

To find the optimum conditions for grafting reaction of PLA with MA, the
reactions were conducted and assessed by varying in (1) time of adding maleic
anhydride and benzoyl peroxide and (2) reaction temperature. The grafting reaction of
PLA-g-MA or grafting product was mainly determined by investigating the chemical

structure obtained from 'H-NMR spectroscopy.
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4.2.1.1 The Influence of Time for Adding Maleic Anhydride and Benzoyl

Peroxide

From schematic shown in Figure 4.4, after adding BPO for a certain period of
time (0,15,30, and 45 min) as shown in Table 4.4, MA was added into the reaction and
the total reaction time was kept constant at 50 °C for 6 h, according to Chin-San Wu
[2, 37]. The first formula (1A) means that, BPO and MA was added at the same time
since reaction started; while the other formula(2A, 3A, and 4A) represent the various
reaction times for adding MA. After that "H-NMR was carried out to study the effect of

reaction time on chemical structure of PLA and PLA-g-MA.

Table 4.4 The reaction time profiles to add the maleic anhydride at 50 °c

Formula Time to add the MA (min)
1A 0
2A 15
3A 30
4A 45

The chemical structure of PLA and PLA-g-MA was investigated by "H-NMR
spectroscopy in liquid system using tetramethylsilane as internal standard. The NMR
spectroscopy has advantages over FTIR and most other spectroscopic methods since
the chemical shifts are very sensitive to the chemical environment. Thus, ideally it should
be possible to establish not only the nature of the group but also how and where it is

attached to the polymer backbone.

The 'H-NMR spectra and chemical structure of PLA and PLA-g-MA were shown
in Figure 4.6 and 4.7, respectively; whereas their chemical shifts were given in Table
4.5. From Figure 4.6, these are three peaks corresponding to proton atoms in the

unmodified PLA. The first peak between 1.5 and 1.7 ppm (peak a) is corresponding to
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the proton of CH,, while peak of the CH of PLA backbone (peak c) is presented
between 5.0 and 5.3 ppm, and finally, the peak at 7.29 ppm (peak d) is attributed to the
proton joined to the oxygen atom. Meanwhile, the spectra of PLA-g-MA showed new
peak at 2.1 ppm (peak b) which was a characteristic of the proton of CH, atom
connected with carbon atom and the peak between 4.2 and 4.5 ppm (peak e),
corresponding to the proton of CH, atom joined to the carbonyl of acid anhydride bond.
'H-NMR was useful for investigating the position of PLA-g-MA. Comparing
among four 'H-NMR spectra presented in Figure 4.7, obviously, formula 1A exhibited an
extra peak between 6.5 and 6.8 ppm, referring to the proton of either (1) CH of MA
residue or (2) CH of MA reacted with BPO, as shown in Figure 4.5. The latter case
could be possible due to the greater reactivity of MA monomer comparing to PLA
towards the free radical reaction with BPO. In other words, by adding BPO and MA at
the same time, once the BPO radical was formed, it may tentatively react with MA
monomer instead of PLA (step 2), owing to the difference in the reactivity of those two
reagents. After that, the unstable radical from the second step can react with PLA
radical to form the PLA-g-MA which has the alkoxy group (RO) in its structure. It is
postulated that the extra peak between 6.5 and 6.8 ppm would belong to the proton of

CH atom joined to the alkoxy group and carbonyl of acid anhydride bond.

Besides, the intensity of peaks b and e which were designated as maleic
anhydride grafting on the PLA are too low to confirm the efficiency of grafting.

In order to solve this problem, three other formula (formula 2A-4A) were
designed, by adding MA at various reaction times after BPO was added. The purpose of
this step was to assume that the BPO radicals will react with PLA first and resulted in the
free radical on the PLA backbone which should be ready to be grafted with MA in the
next step to form PLA-g-MA. By adding MA 15 min after adding BPO, the peak at 6.7

ppm was still existed although with the very small intensity, as shown in Figure 4.7 b.
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However, upon increasing this reaction time to 30 and 45 min, the "H-NMR spectra

showed that the peak around 6.7 ppm was dissappear. There was no significant
difference between these two spectra (Figure 4.7 ¢ and d); thus we decided to choose
formula 3A as the optimum condition for preparing PLA-g-MA at this stage. However, the
intensity of the interested peaks was still low, it is expected that the intensity may be
improved when reaction temperature is increased. Therefore, different reaction

temperatures was investigested, as discussioned in the next section.
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Figure 4.5 The schematic of side effect of maleic anhydride grafting on the PLA



Table 4.5 'H-NMR chemical shift of PLA and PLA-g-MA

Proton in PLA backbone

Position 0 (ppm)

PLA

a 1.61

C 5.16

d 7.29
PLA-g-MA

a 1.60

b 2.10

C 5.29

d 7.16

4.38
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4.2.1.2 The Effect of Reaction Temperature

Four reaction temperatures as well as reaction time based on the cleavage of
initiator was selected, as shown in Table 4.6. According to the results presented in
previous section, BPO was used as an initiator and MA was added into the reaction 30
min after adding BPO. Total reaction time was dependent on the reaction temperature,
which directly related to the half-life of BPO initiator. To identify the MA grafted PLA was
analyzed by 'H NMR spectra. Figure 4.8 shows the 'H NMR spectra of PLA-g-MA

synthesized at each reaction temperature.



63

Table 4.6 The PLA-g-MA synthesis reaction temperature profiles adopt from [41]

Formula Temperature (°C) Reaction time (h)
1B 50 6
2B 70 14
3B 85 3
4B 100 2

As previously discussed, the intensity of peak e of PLA-g-MA formula 1B (or
formula 3A), which was synthesized at low temperature (50°C), was low. Similarly, the
grafting product synthesized at 70 °C (formula 2B) also showed low intensity of the
interested peak. These results may be assumed that the temperature is not suitable for
this reaction posiibly because (1) the kinetic of this reaction is too slow or (2) the energy
is not enough to generate adequate radicals. Nevertheless, the intensity of peak b and
peak e increased, when the reaction temperature was increased up to 85 °C. At the
same trend, peak b and peak e still had high intensity at 100 °C. However, at 100 °C,
this temperature is not proper for PLA-g-MA synthesis because it is closed to the boiling
point of THF which is the solvent in this reaction. [42] From these results, it can be
concluded that the optimum temperature for PLA-g-MA synthesis is 85 °C.

Conclusively, from the above results, the suitable condition for PLA-g-MA
synthesis was that PLA was dissolved in tetrahydrofuran (THF) and using benzoyl
peroxide (BPO) as an initiator under a nitrogen atmosphere at 85 °C. Thirty minute later,
maleic anhydride (MA) was added into the reactor and stirred at 80 rom until 3 h. The
grafted product was washed with acetone to remove the unreacted MA, and
subsequently precipitating with excessive diethyl ether. The resulting solid was filtered

and dried in a vacuum oven at 60 °C for 24 h.
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4.2.2 Characterization of Polylactic Acid Grafted Maleic Anhydride (PLA-g-MA)

The obtained PLA-g-MA was characterized quantitatively by titration technique
and qualitatively by FT-IR, "C-NMR, DSC, TGA, and SEM to confirm that MA was

successfully grafted on PLA backbone.
4.2.2.1 Titration

Quantitative Analysis of maleic anhydride grafted on the PLA backbone by
titration gave the result as the grafting percentage. While, the grafting percentage of
PLA-g-MA was calculated from the acid number and was determined as follows. First,
PLA-g-MA sample was dissolved in chloroform, the solution was then titrated
immediately with a KOH in ethanol solution, which was standardized against a solution

of potassium hydrogen phthalate (KHP), using phenolphthalein as an indicator.

KHP solution (standard solution) is used to react with KOH solution to observe
the concentration of KOH as showed in Table 4.7. The average volume and
concentration of KOH are, then used to calculate the acid number as shown in equation

3.1

Acid number (mg KOH/g) = V,,, (ml) x C,.,,(N) x 56.1 (E.qg. 3.1)

Polymer (g)

Table 4.7 The concentration of potassium hydroxide.

Sample Weight of KHP (g) Volume of KOH (ml)  Concentration of KOH (N)

1. 0.62 95.58 3.14X10”
2, 0.61 96.76 3.10X10”
3. 0.61 97.64 3.07X10”

Average 3.10X10°

S.D. 0.03X10?
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After that, the acid number was used to calculate, the grafting percentage of

PLA-g-MA according to equation 3.2. The results are presented in Table 4.8.

Grafting percentage (%) = Acid number x 98.1 (E.q. 3.2)

2 X 561

Table 4.8 The acid number and %grafting of PLA-g-MA.

Sample Weight of PLA-g-MA  Volume of KOH Acid number % Grafting
(9) (ml) (mg KOH/qg)
1. 2.01 40.48 35.02 3.06
2. 2.02 45.66 35.99 3.15
3. 2.02 39.17 33.70 2.95
Average 3.05
S.D. 0.10

Table 4.9 The acid number and %grafting of PLA.

Sample Weight of PLA  Volume of KOH Acid number % Grafting
(9) (ml) (mg KOH/g)
1. 2.01 5.31 4.59 0.40
2. 2.01 5.28 4.57 0.40
3. 2.02 5.46 4.70 0.41
Average 0.40
S.D. 0.01

It should be noted that the acid number of PLA-g-MA was calculated based on
volume of KOH which reacted with anhydride functional group grafted on PLA
backbone. However, it is possible that KOH can also react with carboxylic end group of
PLA backbone. Thus, the same procedure for calculating acid number and grafting
percentage of PLA-g-MA was applied to ungrafted PLA and those values were shown in

Table 4.9. As a result, the real amount of maleic anhydride in PLA-g-MA was calculated
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from subtraction between % grafting of PLA-g-MA and PLA. Therefore, it can be

concluded that the real grafting percentage of PLA-g-MA in this work is 2.6530.09%.
4.2.2.2 Fourier Transform Infrared Spectroscopy

Infrared spectroscopy is currently the most widely used method for identifying in
modified polylactic acid. Figure 4.9 shows IR-spectra of PLA and PLA-g-MA. The PLA
spectrum shows CH, stretching at 3000-2916 cm’ and the C=0 stretching at 1749 cm’”.
The absorption band at 1500-1361 cm’' contributes to the CH, bending and the peak at
1195-1034 cm’ corresponds to the O-C=0 stretching characteristic of ester bond.
Meanwhile, the PLA-g-MA spectrum shows a band at 3008-2838 cm’ originating from
the CH, stretching and the CH, bending at 1448-1341 cm'. The peak at 1181-1034 cm’’
attributes to the O-C=0 stretching characteristic of ester bond. The double
characteristic adsorption bands of acid anhydride appeared at 1744 cm’ and 1769
cm’'. These double peaks were the evidence of grafting of maleic anhydride onto the
PLA main chain. Since the amount of maleic anhydride presented in the blends is small,
the C=0 stretching of maleic acid or anhydride peak is very weak and might be
overlapping with the carbonyl peak of PLA. This result suggests that if the level of
grafting is too low, the IR spectroscopy is probably not a suitable technique or not
sensitive enough to identify these changes. Similar observations have been reported in
several studies. [2,43]. The FT-IR band assignments for PLA and PLA-g-MA were

summarized in Table 4.10.
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Figure 4.9 Infrared spectra of PLA and PLA-g-MA.

Table 4.10 FT-IR assignments for PLA and PLA-g-MA

Wavenumber (cm'1) FT-IR assignments

Polylactic acid

3000-2916 CH, stretching

1749 C=0 stretching

1500-1361 CH, bending

1195-1034 O-C=0 stretching

PLA-g-MA

3008-2838 CH, stretching

1749 C=0 stretching

1744, 1769 adsorption bands of acid anhydride
1448-1341 CH, bending

1181-1034 O-C=0 stretching

69
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Table 4.11 °C-NMR chemical shift of PLA and PLA-g-MA

Carbon in PLA backbone

Position 0 (ppm)
PLA
a 170.08
b 70.15
C 17.53
PLA-g-MA
a 170.23
b 70.28
C 17.65
d 176.08
e 84.30
f 54.97
g 37.50

4.2.2.4 Differential scanning calorimetry (DSC)

Figure 4.12 illustrates the second heating scan of the DSC thermograms of PLA
and PLA-g-MA. It can be seen that the thermograms consisted of glass transition
temperature (Tg) and melting temperature (Tm). The Tg of PLA and PLA-g-MA were 60
°C and 40.6 °C, whereas the melting temperature of PLA and PLA-g-MA were 153, and
141 OC, respectively. The Tg (40.6°C) and Tm (141°C) of PLA-g-MA were lower than
PLA due to the grafted branches that increased the spacing between the PLA chains
and disrupted the regularity of the chain structure might explain the lower Tg and Tm of

PLA-g-MA.[44] From Table 4.12, it can be seen that the glass transition temperature
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results indicated that the flexibility of PLA-g-MA molecular structure was greater than

that of PLA and the melting temperature decreased after PLA was modified by MA. This

may be due to the increased difficulty in arranging the polymer chain as the PLA

prohibited the movements of the polymer segments and by the steric effect. [2,44]
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Figure 4.12 DSC thermograms (second heating scan) of a) PLA and b) PLA-g-MA

Table 4.12 The glass transition temperature, the melting temperature, and the

decomposition temperature of PLA and PLA-g-MA.

Sample Tg (°C) Tm (°C) Td (°C)
1st 2nd
PLA 61.82 149.53 302.45 -
PLA-g-MA 40.6 141 120.85 300
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4.2.2.5 Thermogravimetric analysis (TGA)

The thermogravimetric analysis of the PLA-g-MA sample shows that the
decomposition temperature was lower than that of the pure PLA, implying a less
thermally stable product (Figure 4.13). In other words, the PLA-g-MA sample obtained
exhibited lower thermal stability as compared to the original PLA. The decomposition
peak of PLA was 302.45 C>C, whereas the decomposition peak of PLA-g-MA showed
two steps of weight-loss: the first one is due to loss of maleic anhydride, while the
second step is attributed to the thermal decomposition of PLA. This is because the
degradation temperature of maleic anhydride starts at ~120.85 OC, whereas the
degradation temperature of PLA is ~300 °C.In addition, both PLA and PLA-g-MA were

completely degraded at 400 °C. The decomposition temperatures of PLA and PLA-g-MA

were summarized in Table 4.13.
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Figure 4.13 TGA thermograms of PLA, PLA-g-MA, and Maleic anhydride.
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4.2.2.6 Scanning electron microscopy (SEM)

The morphological study of PLA-g-MA was observed by scanning electron
microscopy. After modification reaction similar to CT-MCC, PLA-g-MA can be seen by
naked eyes as white powder, as illustrated in Figure 4.14. The SEM micrographs of
PLA-g-MA are exhibited in Figure 4.15 a) and b). As seen, the PLA-g-MA showed a

rough surface particle. It particle size seemed to be approximately 50-80 LLm, which is

larger than that of the CT-MCC.

Figure 4.14 Physical appearance of PLA-g-MA
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Figure 4.15 SEM micrographs of PLA-g-MA a) 500X magnification b) 1000X magnification.

4.3. Characterization of PLA Composite Films

4.3.1 Physical Properties

4.3.1.1 Water absorption

- Effect of MCC content on water absorption

Figure. 4.16 illustrates water absorption of neat PLA and PLA composites at
various CT-MCC content. All the composite films were uncompatibilizerd. As seen in
Figure 4.16 the water absorption increased with the addition of CT-MCC content. The
PLA film with 40% CT-MCC showed higher water absorption than neat PLA
approximately 0.7%. This evidence supported that the natural fiber is more hydrophilic
than PLA. This is a main drawback of using natural fiber in composites because poor
water resistance of fiber can cause severe decrease in mechanical properties of the
composites. In addition, the adhesion between matrix and fiber gets weak when the
composite is wet. So, moisture may reduce the strength of adhesion between the fiber-
matrix interface by breaking the bonds and the water absorption may cause rapid

debonding. [25,26,29,45]
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- Effect of compatibilizer on water absorption

The addition of compatibilizer reduced the water absorption of the composites
when compared with the uncompatibilized ones as seen in Figure.4.16. The reduction in
% water absorption has been attributed to the formation of covalent bonds between the
functional groups of maleic anhydride and the hydroxyl groups at the surfaces of

CT-MCC.
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Figure 4.16 The water absorption of composites with compatibilizer and uncompatibilizer

4.3.1.2 Morphology

The fiber—-matrix interface of the composite specimens was investigated by SEM to
understand the failure mechanisms and also study possible interaction between
different components. Overviews of the fractured surfaces of the uncompatibilized and
compatibilized composites are given in Figure 4.17, 4.18, respectively. It is clear from

the results in Figure 4.17 that in uncompatibilized composites show uniform dispersion
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of MCC in the PLA matrix. Another observation is that the MCC still remains as fibers

aggregated into bundles and no separation had taken place during the extrusion
process. Furthermore, in Figure 4.18(b), (c), (d), and (e), a large number of holes in the
PLA matrix are visible where MCC have been located before the fracture. It can also be
seen that there was no wetting of fiber surfaces by PLA, possibly because the surface
energy of fibers and polymeric matrix are significantly different that the cotton surface is

hydrophilic, whereas the PLA surface is hydrophobic. [6]
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4.3.2 Mechanical Properties

-Effect of CT-MCC content on mechanical properties

The effect of CT-MCC content on the tensile properties of neat PLA and CT-
MCC/PLA composite films are shown in Table 4.13 and Figure 4.20 (a) tensile strength,
(b) Young’s modulus, and (c) elongation at break, respectively. The results showed that
the addition of CT-MCC led to an increase in the Young’'s modulus but the tensile

strength and the elongation at break were decreased.

The significant reduction of tensile strength and elongation at break with
increasing CT-MCC content (Figure 4.20(a), (c)) is not surprising since other studies
have also indicated. According to Mathew and co-worker [46], increasing of fiber or filler
loading in composite materials decreased the tensile strength and elongation at break.
This result is probably because of the poor adhesion between PLA and CT-MCC phase,
as a result poor stress transfer at the MCC-PLA interface occurred. The presence of
MCC in a PLA matrix gives rise to defects (voids) at the interfaces which are not only
responsible of the decrease for the composite strength and elongation at break, as it

has been shown by SEM analysis.

Additionally, the significant reduction in mechanical properties (tensile strength
and elongation at break) at high MCC content might be due to the presence of many
MCC ends in the composites which could cause crack initiation and, hence, potential

material failure [6].

In contrast, MCC incorporation was associated with a significant increase of
Young’'s modulus (Figure 4.20). The Young’'s moduli of PLA and cotton are 2.08 GPa
and 5.5 — 12.6 GPa [14], respectively. The significantly high Young’s modulus value of
cotton fiber explains the increase in stiffness of the produced composites as the

CT-MCC content increase.
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The production of composites with >20wt% CT-MCC content was
accompanied by appearance of increased MCC agglomeration into bundles. Thus, as
can be seen, the best mechanical properties were obtained by 10%CT-MCC/PLA
composite. Nevertheless, the mechanical properties of the films were still low indicating
that the films were brittle when comparing to the commercial PLA films. Therefore, the
properties of the PLA composite films should be improved by an incorporation of some

additives, such as compatibilizer. [34,44]

Table 4.13 Tensile properties of CT-MCC/PLA films

Materials Tensile Strength  Tensile Modulus Elongation at

(MPa) (GPa) break (%)

Neat PLA 43.7913.28 2.08+0.09 4.79%1.27

10%MCC/PLA 28.5210.99 2.30£0.12 2.34£0.18

20%MCC/PLA 27.95%1.01 2.39+£0.16 2.25%0.15

30%MCC/PLA 26.04%1.62 2.42+0.08 2.18%0.10

40%MCC/PLA 25.38%0.70 2.64+0.22 1.784+0.32

10%MCC/5%PLA-g- 33.44£0.97 1.9620.11 3.09£0.22

MA/PLA

20%MCC/5%PLA-g- 29.40%0.88 2.02+0.09 2.910.19

MA/PLA

30%MCC/5%PLA-g- 29.3241.78 2.09+0.12 2.77%0.18

MA/PLA

40%MCC/5%PLA-g- 29.16+1.76 2.22+0.27 2.73%£0.19

MA/PLA
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-Effect of compatibilizer on mechanical properties

Figure 4.20 and Table 4.13 also present the effect of compatibilizer on the
tensile properties of CT-MCC/PLA composite films at various CT-MCC contents. The
CT-MCC/PLA composite films with the addition of PLA-g-MA exhibited better tensile
properties than those without PLA-g-MA. The most important factor for obtaining good
fiber reinforcement in a composite is the strength of adhesion between PLA matrix and
fiber [6]. Due to the difference in the polarity of hydrophilic cotton fibers and
hydrophobic polymer matrix, a weak interfacial bonding between the two phases is

obtained. The other one is the dispersion or uniformity of MCC.

Therefore, the mechanical properties of composites were improved by addition
of compatibilizer as can be noticed from the study of Rozman [47]. In their work, the
profile of impact strength before and after the addition of coupling agents showed that
impact strength. This result confirms that the tendency of agglomeration or non-

uniformity and poor adhesion can be decreased.

Similarly, in this work as clearly shown in Figure 4.20, the addition of the
compatibilizers led to an improve in the tensile strength and elongation at break. The
raising of elongation at break does affect the Young’s modulus to decrease as seen in
Figure 4.20. This behavior might be due to the interfacial adhesion improvement
between two phases caused by PLA-g-MA.

The good performance of PLA-g-MA as a compatibilizer in composites could be
attributed to the following two factors: (1) the ability of the MA to react with the hydroxyls
of the cotton fibers, and (2) the great compatibility of the grafted copolymer PLA chain

with the main PLA phase. [6]
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4.3.3 Thermal properties
4.3.3.1 Thermalgravimetric Analysis (TGA)

TGA was used to investigate the degradation temperature of MCC/PLA
composites. The values of the onset of the degradation temperature are very important,
because they could indicate the processing temperatures or initiating a process of

decomposition.
-Effect of CT-MCC content on the degradation temperature

Figure 4.21 presents the effect of CT-MCC content on the thermal degradation
behavior of the CT-MCC/PLA composites at various CT-MCC contents. Obviously, the
CT-MCC/PLA composites degraded in single step of weight loss. Table 4.14
summarizes the onset of degradation temperature and residue at specific temperature
for all the composites. The neat PLA exhibited the onset of degradation temperature at
342.89 °C, whereas the PLA film with 10, 20, 30, and 40%CT-MCC started to degrade at
327.33, 322.80, 325.16, and 324.8500, respectively. When increasing CT- MCC
contents, the onset of degradation temperature decreased due to the lower thermal
stability of CT- MCC, which had the onset of thermal degradation temperature at 285.48
°C. Therefore, the shift of thermograms towards lower temperature is due to effect of

CT-MCC content.

The weight percentage of char at 400 °C for CT-MCC/PLA composites increased
with the rise of cotton MCC content. This result means that thermal stability of the CT-
MCC/PLA composite at 400 °C enhanced by CT- MCC reinforcements which acted as

barrier for better heat insulation.



87

100 REasas e T Ty
80
5 60 4
L
3 Neat PLA
*® 10%MCC/PLA
40 4
______ 20%MCC/PLA
—i—m—- 30%MCCIPLA
20 + — — —  40%MCCIPLA
0 T
100 200 300 400 500

Temperature (0 C)

Figure 4.21 TGA curves of uncompatibilized MCC/PLA composites.

Table 4.14 The decomposition temperature at onset and char yield of uncompatibilized

MCC/PLA composites.
Materials e % Char at 400°C
Neat PLA 342.89 0.26
10%MCC/PLA 327.33 1.43
20%MCC/PLA 322.80 2.72
30%MCC/PLA 325.16 3.06
40%MCC/PLA 324.85 4.35

- Effect of compatibilizer on the degradation temperature

The influence of PLA-g-MA is shown in Figure 4.22. The CT-MCC/PLA composite

films with PLA-g-MA also show single stage of thermal decomposition. From Figure 4.22

and Table 4.15, as the amount of PLA-g-MA was kept constant, the thermograms of

composites films were lower than neat PLA due to the CT-MCC decomposition.
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However, in contrast to Figure 4.21, the addition of CT-MCC with the presence of

PLA-g-MA in the composite films led to an increase in the thermal degradation
temperature when the amount of CT-MCC increased. Nevertheless, comparing between
the CT-MCC/PLA composite films with and without PLA-g-MA, it was found that the
composite films containing PLA-g-MA at any CT-MCC contents (except 40% CT-MCC)
had lower onset of decomposition temperature. This should be attributed to the lower

onset of decomposition temperature of PLA-g-MA, as previously shown in Figure 4.13.

However, upon increasing the temperature upto 400 °C, as shown, thermal
stability of the films increased with respect to the amount of PLA-g-MA. Furthermore, the
weight percentage of char at 400 °C for CT-MCC/PLA composites with PLA-g-MA
increased with the rise of CT-MCC content similar to Figure 4.22. Table 4.3 summarizes
the onset of degradation temperature and residue at specific temperature for all the

composites with PLA-g-MA.
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Figure 4.22 TGA curves of compatibilized MCC/PLA composites.
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Table 4.15 The decomposition temperature at onset and char yield of compatibilized

MCC/PLA composites.
Materials Ty onset % Char at 400°C
Neat PLA 342.89 0.26
10%MCC/5%PLA-g-MA/PLA 298.22 9.30
20%MCC/5%PLA-g-MA/PLA 312.46 10.21
30%MCC/5%PLA-g-MA/PLA 322.74 11.24
40%MCC/5%PLA-g-MA/PLA 328.10 12.62

4.3.3.2 Differential Scanning Calorimetry (DSC)

DSC was employed to observe thermal transitions and to get some information on
the miscibility between CT-MCC and PLA. As described in the experimental section,
three scans for each sample were performed. Second heating cycles provide more
information on the reversible transitions by erasing any prior thermal histories associated

with the sample.

-Effect of CT-MCC content on the thermal transition

Figure 4.23 presents DSC curves of CT-MCC/PLA composites. The DSC
thermograms of PLA showed that upon heating, the polymer went through a glass
transition at a temperature of about 63.33 °C followed by a single melting peak (Tm) at
about 149 °C. When increasing the amount of MCC at 10%, the DSC thermogram of
10%CT-MCC/PLA is very different from that of PLA. Double melting peaks at 145 and
150 °C were also observed. Depending on the processing conditions and DSC heating
program, the melting peak at lower temperature sometimes appeared as a shoulder on
the DSC thermogram. This indicates the co-existence of an a-form and a'-form crystals

in the PLA. A higher melting temperature induces the formation of the a-form whereas a
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Figure 4.23 DSC thermograms of uncompatibilized CT-MCC/PLA composites

-Effect of compatibilizer on the thermal transition

From Figure 4.24, at the same CT-MCC content, the Tg and Tc of compatibilized
CT-MCC/PLA composite films were lower than those of the uncompatibilized
CT-MCC/PLA composite. This result may be because of the faster crystallization.
Moreover, the marked drop of Tc with the increasing CT-MCC content is suggestive of
the nucleation activity of fillers.

However, percentage crystallinity of the compatibilized composites was
increased at every CT-MCC content when compared to the uncompatibilized
composites. This is resulted from the PLA-g-MA which can improve miscibility
compatibility between CT-MCC and PLA matrix by increased potential hydrogen
bonding. The increased interaction of the fiber with the matrix PLA could further help the

fiber surface to act as nucleation sites for the crystallisation of PLA.

10%MCC/5%PLA g-MA/PLA

Heat flow exo vp

60 80 100 120 140 160 180 200
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Figure 4.24 DSC thermograms of 10%CT-MCC/PLA and 10%CT-MCC/5%PLA-g-

MA/PLA composite films.
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Table 4.16 Second-order transition temperature of MCC/PLA composites.

Materials Tg(°®C)  Tcc(®C) Tm1(°C) Tm2(°C)  AHm DAHce Y (%)

(J/g) (Jig)

Neat PLA 62.30 116.47 147.64 6.82 5.17 1.77
10%MCC/PLA 61.72 112.74 145.89 150.47 2243 20.69 2.08
20%MCC/PLA 61.46 108.80 141.14 147.79 20.32 18.69 2.19
30%MCC/PLA 60.49 112.90 143.01 149.52 21.73 18.22 5.39
40%MCC/PLA 60.43 110.47 142.50 148.81 22.77 18.82 7.08

10%CT-MCC/5%PLA-g-
59.76 107.88 141.57 148.68 20.24 17.04 3.82
MA/PLA

20%CT-MCC/5%PLA-g-
60.79  107.67 14072 14597 1725 1220  6.73
MA/PLA

30%CT-MCC/5%PLA-g-
60.52 11245 14403 14838 1885 1371  7.90
MA/PLA

40%CT-MCC/5%PLA-g-
60.74 108.07 140.54 148.45 17.73 11.44 11.27
MA/PLA

4.4 Biodegradability of PLA composite films

Biodegradability of PLA composite films was performed by enzymatic
degradation and activated sludge degradation. The biodegradability of PLA composite
films