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ABSTRACT: Plastics have many benefits due to their light weight, cost effectiveness,
durability and other advantages. They are used as agricultural films, packaging, disposal
consumer items, health, construction, etc. However, most plastics are not degradable which
cause serious environmental problem. Addition of natural fillers into thermoplastics not
only reduce the cost of the thermoplastic/natural filler composites but also help in reducing
the waste of non-degradable plastic composite materials in the environment. Present short
review deals with the issue of non-degradable plastic materials and the application of
various natural fillers in thermoplastic composites. The chemical modifications including
compatibilisation and radiation are reviewed and discussed.

Keywords: Thermoplastic, natural filler, chemical modification, composites, plastic
materials

1. INTRODUCTION

Since the development of countless routes for the production of polymers from
petrochemical sources, the plastic industry has been developing substantially.
Plastics have considerable advantages especially in terms of their durability, low
weight and low cost compared to other materials."> Currently, almost 50% of plastic
materials is consumed for single-use disposable applications including packaging,
agricultural films, disposable consumer items as well as long-term infrastructure
such as cable pipes, coatings and structural materials.’ Plastic longevity in the
environment is not known with certainty since plastics have only been mass-
produced for around 60 years. Most types of plastic are not degradable or taking
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thousands of years to degrade depending on local environmental factors such as
oxygen, temperature and ultraviolet light exposure.*’ Because of that, solid waste
is becoming a critical issue globally especially in the 21st century.®

In view of that, community attentiveness is presently being engaged on the
environmental friendly composite materials manufactured from natural fillers and
polymeric materials.’ The development of these environmental friendly composite
materials have accelerated rapidly since they are nontoxic, biodegradable and
safer to deal with.!” Environmental friendly composite materials also known as
biocomposites are derived from one or more phases that derived from a biological
origin. The addition of plant fibres/fillers such as hemp, flax, wood, cotton or food
crops as natural filler is important to impart reinforcement.!' Besides, the addition
of natural filler into composite material offers numerous environmental advantages
such as biodegradability, lower density, lower cost, enhance toughness and energy
recovery, reduce pollutant emission and reduce the consumption of non-renewable
sources.'> 14

2. THERMOPLASTICS

Among the polyolefins, polypropylene (PP) was the first synthetic stereoregular
polymer to meet industrial requirement. It is presently the fastest emerging
resource for mechanical finish products which are low cost and exhibit high tensile
strength. As early as 1869, Berthelot was the first person who has polymerised PP
by reaction with concentrated sulfuric acid. At room temperature, the resulting
viscous oil did not exhibit fascinating properties for industrial applications. In
1955, Natta et al. polymerised the crystalline high molecular weight PP from
organo-metallic catalysts based on titanium and aluminium which was important
for industrial purposes.'””> PP is a thermoplastic and belongs to semicrystalline
group. Its crystallinity can be seen from its opaque colour of the PP product. PP is
resistant to different chemical solvents, bases and acids.'*'®

In the United States, approximately 5 billion pounds of PP plastic packaging
were produced in 2010. The tensile strength and melting point of PP make it the
single most used plastic products. However, the problems of decontamination and
eliminating odour and stain of PP products make PP one of the slightest recycled
post-consumer plastics according to PP production and recycling by the American
Chemistry Council. Therefore, manufacturers have carried out “life cycle”
educations which study about the plastic from the production of raw material until
the waste management stage. This is important to evaluate the sustainability of the
final product.
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Thus, studies have been carried out to discover the opportunity of consuming
natural fillers as a reinforcing agent in thermoplastic composites.'®?
Nevertheless, a reduction of the mechanical properties has been reported when
the natural filler incorporated in the synthetic polymer as a minor constituent.
In most natural filler composites, the incompatibility of the hydrophobic polymer
matrix and the hydrophilic natural filler results in the weak bonding between the
components.”! Incompatibility of the components leads to agglomeration of fillers
during processing, poor dispersion of fillers into the matrix, and poor resistance to
moisture, which reduces the use of natural fillers in polymer matrix.!”

2.1 Structure

Three possible arrangements form polymerisation of non-symmetrical propylene
molecule CH,=CHCHj; can be seen from Figure 2.
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Figure 2: Isomerism for positions in PP for (a) head-to-tail, (b) head-to-head and (c) tail-
to-tail. Adapted from http://www.pslc.ws/macrog/pp.htm.

A high chemical regularity of the PP chain and the steric effect of the methyl group
highly prefers the head-to-tail arrangement. This is because the occurrences of
head-to-head and tail-to-tail arrangement lead to chemical defects along the PP
chain. Besides that, a random copolymerisation of PP with a co-monomer induces
anticipated chemical defects along the chain as well. Commonly, ethylene is used
as the co-monomer. Ethylene element intensely alters the physical properties of the
polymer chain such as crystallisation, thermal stability, stiffness and elongation at
break.'¢

3. PROPERTIES AND APPLICATION

Generally, the variability of existing PP grades is broader than other plastic
materials. The average molecular weight is varied from 200,000 g mol™ to
600,000 g mol™'. The glass transition temperature of PP is 0°C while the crystalline
melting point ranges from 160°C to 165°C. PP has lower water absorption and
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permeability while exhibiting highly chemically resistant because of its non-polar
structure. PP is extensively injected to form parts such as bumpers and dashboards
in the automotive industry. Profiles, pipes and sheets can be obtained from
extrusion while packaging via blow molding. Besides that, the high molecular
weight product can be produced by melt spinning. A single PP is not capable to
optimise the processability and properties of the final product. Therefore, it is
required to control the polymerisation parameters during processing.'®

PP has a variety of usages, including carpet fibres, clear film packaging,
housewares, rope, stationary, loudspeakers, banknotes, reusable containers,
automotive components, laboratory equipment and thermal underwear. While for
recycled PP, owing to its inherent flexibility, it can be recycled into many different
products such as clothing fibres, industrial fibres, containers, dishware, compost
bins, speed humps and gardening apparatus labelling (compost bins, garden edging
and plant pots).

4. THERMOPLASTIC/NATURAL FILLER COMPOSITES

Present attention in reducing the environmental effect of plastic materials is
heading to the development of novel plastic products or materials. Likewise, owing
to the deficiency of petroleum sources and stress for decreasing the dependence
on petroleum materials, there is a growing consideration in manipulating the
usage of renewable materials. One of the fascinating approaches to develop the
properties of the polymer composites is by the addition of reinforcements such
as natural filler which can express to significant necessities of most engineering
applications.? For that reason, over the past few years, the anxiety for natural filler
reinforced composites have been enhanced drastically for various commercial
applications.?-2¢

In fact, the addition of natural fillers with thermoplastic was becoming one
of the biggest areas of research.’”? Indeed, the addition of natural fillers to
thermoplastics can certainly reduce the cost of the final product. In some way,
it can increase the performance of the final product.*® Additionally, most of the
researchers concentrated on improving the final properties of this thermoplastic/
natural filler plastic product by using additives such as compatibiliser, coupling
agent or chemical treatment. As reported by Ragunathan et al. in their previous
study on the compatibilising effect of PP maleic anhydride (PPMAH) on PP/
acrylonitrile butadiene rubber (NBR)/palm kernel shell (PKS) composites, the
results showed that higher tensile strength and tensile modulus were obtained
for compatibilised composites compared with uncompatibilised composites.'®
Apart from that, Reddy and Yang found that the developed soy protein-jute fibre
composites exhibited a relatively high tensile strength and modulus.?!
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Even though natural fillers are not as popular as mineral or inorganic fillers, it
has some advantages compared with reinforcing materials and traditional fillers.
The major advantages of consuming lignocellulosic fillers as fillers/reinforcements
in plastics are being low cost, biodegradable, non-abrasive, low densities, low
energy consumption, and are easily recyclable. The exploitation of these types
of filler as reinforcing components in polymer composites is an effective way to
produce an eco-friendly and naturally degradable composites without affecting
its rigidity.*?> Besides that, owing to their renewability, ease of separation, carbon
dioxide sequestration and non-abrasive to equipment, natural fillers have attracted
an increasing research interest as well.!*334

Furthermore, the consumption of high loading fillers tends to increase the stiffness.
In the United States, the thermoplastic/natural filler composites have been applied on
rail and decking products. While in Europe, they are more prominent in automotive
applications such as dashboard, car roofs, seat panels, interior panels, headliners,
acoustic panels and parcel shelves. Besides, the thermoplastic/natural filler
composites are starting to integrate into pallets, doors and architectural moldings
especially in China and other parts of Asia. Indeed, many applications have been
paying attention on the use of natural polymers which are inexpensive, renewable
and also biodegradable.’>” Efforts are ongoing to determine unconventional
resources for biopolymers. Corn stover, wheat straw and cotton stalk, soy protein
as well as wheat gluten are among the agricultural by products and agricultural co-
products that have been explored for their potential use as a matrix.>!
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Figure 3: Number of journal publications on the natural fillers and polymer composites
(source: www.sciencedirect.com).
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The increasing number of publications during the latest years imitates the growing
reputation of this type of composites. Figure 3 shows the number of journal
publications on the natural fillers and polymer composites from the year of 2010
to 2017. So far, studies have founded a rough indication of the increased interest
of researchers on this topic. The natural fillers which have been reported in
literature to reinforce different polymer matrices are listed in Table 1.

Table 1: Recent reported work on natural fillers and polymer composites (source: www.
sciencedirect.com).

Filler Matrix References
Wheat straw Recycled PP 37
Palm kernel shell PP 18
Wood chips Recycled polyethylene 35
Wood High density polyethylene 36
Rice husk Polyethylene 38
Rice husk Recycled high density polyethylene 17
Rice husk Recycled high density polyethylene 39
Wood PP 40

4.1  Challenges

There are a few crucial drawbacks of the usage of the lignocellulosic filler that
limit its applications. The main problem is the compatibility between the high
hydrophilic nature of natural fillers and the hydrophobic thermoplastic in
composites.***° The mechanical properties of composites are depending strongly
on the interfacial adhesion between filler and matrix components. However, this
can be solved by enhancing the adhesion and interaction between fillers and
matrix.?>#! The first approach that can be used to improve the interfacial adhesion
is by using coupling agents. Coupling agents can modify the polymer matrix and
enhance the interfacial strength and mechanical properties of the products. Apart
from that, filler treatment before mixing process also can be used to improve
the interfacial adhesion.* Since the presence of hydroxyl groups in lignin and
cellulose, natural fillers have a decent potential for chemical treatment. Hydroxyl
groups reaction able to alter the polarity and surface energy of the natural fillers.

Besides that, the possibility of lignocellulosic to degrade and volatile emissions
during processing also limit its applications. Consequently, the processing
temperature should be limited to 200°C. Due to these problems, the types of
thermoplastics that can be used are also limited. For instance, only polyethylene,
PP or polystyrene can be used in processing with natural fillers.
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Another drawback is the high moisture absorption of the natural fillers due to the
high hydroxyl groups in lignocellulosic. This results in fillers swelling and finally
affected the properties of composites.*>* Nevertheless, the moisture absorption
of the fillers can be lessened through chemical modification of hydroxyl groups
present in the fillers.*** Moreover, there are also some other difficulties accessible
by thermoplastic/natural filler composites such as poor weathering resistance, huge
inconsistency of mechanical properties, lower elongation at break, lower ultimate
strength, and bubbles in the final product.*64’

4.2  Current Developments

The global markets have indicated increasing demands for bio-based and natural
fillers. In the United States, the usage of fillers in plastic industry in 1967 was about
525,000 tons. In 1998, the usage had increased to 1,925,000 tons.*® While in 2010,
8.5 billion pounds of fillers had been used by plastic industry, with 0.7 billion
pounds made up of natural fillers. Figure 4 presents the (a) application areas
and (b) countries share for thermoplastic/natural filler composites. Obviously,
from Figure 4(a), the leading application areas of thermoplastic/natural filler
composites are in building products such as park benches, railing, decking,
cladding fencing, roofing and siding.
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Figure 4: [Illustrations of (a) application areas and (b) countries share for thermoplastic/
natural filler composites (adapted from www.intechopen.com).
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4.3  Structure and Chemistry

The structure of lignocellulose is shown in Figure 5. The main component of
lignocellulose is a beta(1—4)-linked chain of glucose molecules which is also
known as cellulose. The crystalline cellulose is resistance to degradation which
is contributed by hydrogen bonds between different layers of the polysaccharides.
Besides that, the second most abundant constituent of lignocellulose is
hemicellulose which consists of various 5- and 6-carbon sugars such as glucose,
mannose, arabinose, galactose and xylose. Lignin comprises three main phenolic
components, namely sinapyl alcohol (S), coniferyl alcohol (G) and p-coumaryl
alcohol (H). The polymerisation of these three components synthesised lignin.
The ratio of these components varies within different plants, cell wall layers and
wood tissues. Microfibrils are formed by cellulose, hemicellulose and lignin. Its
macrofibrils structure facilitates structural stability in the plant cell wall.*
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Figure 5: Structure of lignocellulose (adapted from www.nature.com).

Membrane of the cell wall in fillers is not homogeneous. It is complex and built up
with layered structures. Figure 6 shows the molecular structure of cellulose. As can
be seen from Figure 6, the layered structures comprise a primary wall that is the
first layer positioned through cell growth surrounding by three layers of secondary
wall. The mechanical properties of the fillers are controlled by this thick central
layer of secondary walls. The long chain of cellulose molecules forms a series of
helically wound cellular microfibrils which are completed as middle layer.



Journal of Physical Science, Vol. 30(Supp.1), 81-99, 2019

Pit
Middle ~Three-Layered
/Lamella Y Secondary Wall

Cellulose
© Molecule .

CH,0H CH,OH CH,OH

| |
H G—0O H ¢—O H C—
R NN LR NS LA
N2 RN NC L R
\?_?/E \? °|/*L SN

H OH H OH H OH

Figure 6: Structure of lignocellulose (adapted from www.nature.com).
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Figure 7 shows the positioning of the cellulose fibrils in lignocellulose. The outer
secondary cell wall (S1) contains four to six lamellae which are twisting in reverse
orders along the longitudinal axis of the tracheid. The thickness of S1 is similar to
the primary wall, while the thickness of the middle secondary wall (S2) is slightly
smaller than S1. Furthermore, the tertiary wall or inner secondary wall (S3) is
infrequently well developed and have little technical significance. Conversely, the
microfibril orientation contained by S2 layer has strong influence on mechanical
properties of fillers such as elasticity and modulus. The microfibril angle and
cellulose content determine the mechanical properties of fillers. A capable

reinforcing filler should has high cellulose content and low microfibril angle.*

Figure 7: Positioning of the cellulose fibrils in lignocellulose, showing middle lamella
(M), primary wall (P), secondary wall (S1), secondary wall II (S2), and

secondary wall III (S3). Adapted from www.nature.com.
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4.4  Properties and Application

Natural fillers display significant deviation in diameter along with the length of
separate filaments. The properties of the individual constituents, the lamella matrix
and the fibrillar structure affect the strength characteristics of fillers, while the
quality of the fillers is dependant upon, maturity and processing methods of the
filler’s extraction. Apart from that, electrical resistivity, density, initial modulus
and ultimate tensile strength are correlated to the chemical composition and internal
structure of fillers. Moreover, the overall properties of the fillers can be determined
from the main variables such as the cell dimensions, microfibrillar angle, structure
and defects of the fillers.*'-*?

4.5 Chemical Modification

Natural fillers can be modified since they are made up of hydroxyl groups from
cellulose and lignin. However, due to the involvement of hydroxyl groups
in hydrogen bonding within the cellulose molecules, the effectiveness or the
interfaces of natural fillers towards the matrix may decrease. Mechanical, thermal
and physical properties of composites are depending on the interfaces. Thus,
chemical/physical treatments or specific interfacial additives can be added to
improve the interfacial adhesion by activating these groups. Besides, it provides
the new moieties that can efficiently interconnect between the polymer matrix
and the fillers.'®**>* In addition, NaOH (delignation and bleaching) or traditional
chemical treatments such as extraction with benzene and alcohol can also be used.
Different chemical modifications of natural fillers will result in different levels of
achievement in enhancing strength, fitness and adhesion between the fillers and the
matrix.!” Brief explanations of some substantial chemical modifications of natural
filler which applied in this research are discussed in the subsequent sections.

4.5.1 Compatibilisation with PEAA

Poly(ethylene-co-acrylic acid) (PEAA), also known as carboxylated ethylene
copolymer, is produced at high pressure via free radical copolymerisation of
ethylene and acrylic acid.®> The principal monomers, ethylene and acrylic acid
influence the properties of PEAA copolymers. Many olefinic polymers comprise
of ethylene as a basic monomer. Polyethylene is hydrophobic in nature which
is composed of only carbon and hydrogen. Under suitable circumstances, its
symmetric structure allows it to crystallise. While for acrylic acid, the pendant
carboxylic acid group allows it to absorb water although it also has a backbone
of carbon and hydrogen. During polymerisation, hydrogen groups opposite
the acrylic acid group tend to backbite, hence imparting itself to branching.>®>’
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Free radicals of the cellulose molecules may initiate the acrylation reaction. High
energy radiation can be used to treat cellulose, hence generate radicals and chain
scission.’® In natural fillers surface modification, acrylations lead to strong covalent
bond formation, thus slightly increase the tensile strength and Young’s modulus
of treated fillers.®% Scheme 1 shows the whole reaction between cellulose-OH
groups and acrylic acid from PEAA.!

Fillers-OH + CH,CH-COOH — Fillers-O-CO-CH-CH, + H,0

Scheme 1

4.5.2 Filler Modification by Polyvinyl Alcohol

The first polyvinyl alcohol (PVOH) was prepared by Hermann and Haehnel via
hydrolysing polyvinyl acetate in potassium hydroxide and ethanol. Generally,
PVOH is produced using a continuous process from polyvinyl acetate.®' In the
presence of aqueous sodium hydroxide or anhydrous sodium methylate, acetate
groups are hydrolysing using ester exchange with methanol. To determine its
specific functional uses and physical characteristics, the degrees of hydrolysis and
polymerisation are prominent. PVOH is a powder with white or cream coloured,
translucent, odourless and tasteless. The PVOH in food supplement tablets acts as
a moisture barrier. Likewise, PVOH can be used in natural fillers modification in
natural filler/thermoplastic composites application. This is due to the hydrophilic
nature of PVOH. It has a hydroxyl group on each of its repeating units, hence
promoting the interaction of hydrogen bonds with hydroxyl and carboxyl groups
of cellulose fillers. Scheme 2 shows a result of filler treatment by PVOH.

Fillers-OH + CH,-CH-OH —» Fillers—O-CHCH, + H,0
Scheme 2

4.5.3 Alkaline Peroxide Pre-treatment

Alkaline peroxide pre-treatment is one of the significant modifications of natural
fillers by interference of hydrogen bonding in the network structure. Throughout
this treatment, celluloses are depolymerised and short length crystallites are
exposed. Then, some quantity of oils, wax and lignin that are protecting the
external surface of the fillers cell wall are removed.®?> The addition of aqueous
sodium hydroxide (NaOH) to natural fillers permits the ionisation of hydroxyl
groups to alkoxide.®* Consequently, the exposure of celluloses on the filler’s
surface is increased and mechanical interlocking is improved.'” This means that
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the number of possible reaction sites are increased, thus promoting natural filler’s
wetting. Moreover, many studies on alkaline treatments have been done in order
to increase the mechanical properties of polymer composites. For example,
Bledzki and Gassan examined the effect of alkali treatment on properties of hybrid
filler composites.® The results presented that alkali treatment manages to rise the
fillers surface area effectiveness in contacting the polymer matrix by breaking the
fillers bundle into smaller size of fillers. Likewise, Sreckala et al. and Sreekala
et al. reported findings that the interfibrillar region becomes less dense and less
rigid after the partial removal of lignin and hemicellulose by alkali modification of
cellulose fillers.®% Scheme 3 shows a result of alkaline treatment.*

Fillers-OH + NaOH — Fillers—O Na* + H,O

Scheme 3

4.5.4 Radiation on Thermoplastic/Natural Filler Composites

Instead of using chemical modification on thermoplastic/natural filler composites
to improve the interfacial adhesion between natural fillers and polymer matrix,
one of the most commonly alternative approaches is using radiation technology.
Radiation technology is able to introduce changes by breaking the chemical bonds
of polymeric materials. Process conditions such as type and dosage of radiation,
presence of oxygen, additives, solvents and degree of crystallinity mainly influence
the polymer changes.®® There are many benefits of ionising radiation on polymer
modification. For instances, the process can be carried out at ambient temperature,
with no chemical initiator needed, and there is no pollutant and is solvent-free.
Besides that, electron beam and cobalt 60 are examples of primary sources
providing radioactive elements.

Generally, crosslinking and degradation are two major reactions involved during
irradiation process, thus influencing the physical and mechanical properties of
the polymeric materials. Due to the limitation of gamma irradiation such as time
consuming and probability of severe oxidation degradation of the composites,
electron beam irradiation (EBI) offers some advantages in comparison to other
conservative alteration methods.®® The advantages of EBI include: it provides
reliable sterilisation; very high dose rates are achievable; radiation doses are easily
controlled; safe and easy to operate; high speed enhancement of properties, allowing
irradiation of a variety of physical shapes; and pose no serious environmental
hazards due to practically free of waste products.®’ % Usually, during EBI, polymers
having hydrogen in their monomeric units tend to form crosslink whereas others
might be degraded during irradiation.
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Yet, it is also reliant on the microstructure of the certain polymer. The final
properties of the material strongly depend on the degree of crosslinks. The
crosslinked structure could reduce the interfacial tension and results in an
improvement in material properties. Radiation technology is able to alter the
structure and chemical composition as well as mechanical and thermal properties.
However, the irradiation dosage is required to be maintained at an optimum level
in order to prevent excessive crosslinking which can result in material brittleness.
Basically, gel content technique can be used to measure the crosslink in materials
whereas the radiated materials might be immersed into a solvent. The increment
of gel content attributes to the occurrence of crosslinking while the increment of
soluble friction indicates the chain scission of polymers.’’ 7>

Several reports have revealed that ionising radiation efficiently enhances
the material properties by introducing the cross linking and scission process
throughout the polymer chains in multipurpose applications.”®”* The elongation at
break and the intensity of hydrogen and carbonyl stretching group increased with
increasing the irradiation dose.”” Besides that, Zhai et al. reported in their findings
that a chemical reaction happened through irradiation followed by the formation
of complete network structure in starch-based plastic sheets.” The tensile strength
also increased by electron beam irradiation.

Electron beam radiation can be generated by a heated cathode in a vacuum. The
procedure begins with the emitting of electron from the cathode and acceleration
between cathode and anode in applied electrostatic field. The acceleration of
electron to the window plane of the accelerator can be emphasised by using an
optical electron beam system. As stated by Drobny, when the energy is sufficient
to penetrate the 5-20 pm thick titanium window of the accelerator, the electrons
can leave the vacuum chamber.”” After an electron beam entered a material, the
accelerated electron can be altered. The large number of interactions such as
ionisation, excitation and electron capture causes energy loss.

5. CONCLUSION

The utilisation of plastics in various applications such as agriculture, construction,
health, household, etc. provides challenges for researchers to find suitable waste
management strategies for plastics. Thermoplastic/natural filler composites are cost
effective, recyclable and degradable which can reduce the utilisation of synthetic
materials in different application of plastics.
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