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Abstract

The aim of this chapter is to describe in detail the advances in polyethylene rein-
forced with lignocellulosic material. Indeed, the successful employment of natu-
ral based materials to reinforce/improve the properties of polyolefins has been
growing in a wide range of applications. Firstly, basic concepts and terminology
adopted in the lignocellulosic composite materials are reviewed. The objective is to
bring the reader’s attention to important issues that must to be taken into account
when working in this subject as well as by providing the most appropriate refer-
ences for those with interest to delve into the topic. In the context of polyethylene-
lignocellulosic composites, ongoing research is then summarised mainly focussing
on (i) the main aspects related to the selection of the commonly used lignocellu-
losic materials and the potential of its main chemical constituents, (ii) the princi-
pal methods used for the improvement of interfacial adhesion and (iii) the main
adopted processing routes and the composite properties. Finally, applications, new
challenges and opportunities of these polyethylene-lignocellulosic composites are
also discussed.
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5.1 Introduction

Composites are a class of materials that comprises at least two or more dis-
tinct components that leads to a better material due to meaningful differ-
ences between components, in terms of physical and/or chemical properties.
Nature has produced a huge number of natural fibres with high potential to
reinforce the properties in many composites. More specifically, the thermo-
plastic composites containing organic material from renewable resources
such as lignocellulosic fibres have become a viable alternative to inorganic
fillers and synthetic fibres. Environmental benefits, good mechanical prop-
erties, low density, production costs and more easily recyclable are the main
factors for the increased interest and widespread use [1-3]. Indeed, the com-
bination of properties of both lignocellulosic materials and thermoplastics
opened a new range of applications. One of those applications is related to
the employment of polyethylene-lignocellulosic composites in the decking
and construction, which has been a growing market over the past decades.
Moreover, with the increasing pressure in issues related to environment
and sustainable development, polyethylene-lignocellulosic composites have
the potential to step into new markets. This would have a double benefit:
(i) increase the production of the lignocellulosic materials and, as conse-
quence, (ii) acquire new knowledge about the effective behaviour of these
materials. The aim of this chapter is to describe in detail the advances in
polyethylene reinforced with lignocellulosic material. Firstly, basic concepts
and terminology adopted in the lignocellulosic composites and the proper-
ties of the lignocellulosic materials are reviewed. Lignocellulosic materials
are basically constituted of cellulose, lignin and hemicellulose and in some
species suberin [2, 4]. In the form of natural fibres, they are distinct from
synthetic fibres. For the case of polyolefin-lignocellulosic composites the
main problem is that natural fibres are highly heterogeneous materials both
physically and chemically [5, 6]. The hydroxyl groups prevailing on natu-
ral fibres make them hydrophilic, but on the other hand, polyolefin matri-
ces are also hydrophobic and therefore, natural fibre-polymer composites
show typically poor interfaces. Nevertheless, better wetting and chemical
bonding between fibre and matrix can improve the interface behaviour for
different desirable levels of performance [5, 7-9]. Actually, successful strat-
egies were developed to improve the interface and biodegradation resist-
ance on polyethylene-lignocellulosic composites. In this context, the most
investigated matrices are polyolefins, whilst the adhesion promoters are
also mainly based on the same polyolefins but modified with maleic anhy-
dride [10-12]. The chapter addresses the main strategies used to improve
polyethylene-lignocellulosic composites interface. Then, the principal
melt-based processes to obtain these polyethylene composites and their
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properties are described, with particular emphasis on the extrusion pro-
cess. Afterwards, the potential of the main chemical lignocellulosic con-
stituents obtained from renewable biomass feedstock is briefly reviewed,
manly those with potential to replace some inorganic filler by improving
the polyethylene composites and nanocomposites. Finally, the market
applications, the main remarks and some future challenges in the area of
polyethylene-lignocellulosic composites enclose this chapter.

5.2 Materials

5.2.1 Polyolefins

Polyolefins like polyethylene (PE) are commonly used polymers with wide
range of applications. They are normally defined as polymers based on alk-
ene-1 monomers or a-olefins and currently, they are the most widely used
group of thermoplastic polymers. Based on their monomeric units and
their chain structures, they can be divided into the following subgroups
[13]: Ethylene — based materials — polyethylenes (PEs) — shows a predomi-
nantly linear chain structure. This group includes high density PE (HDPE),
medium density PE (MDPE), linear-low density PE (LLDPE) and other vari-
eties, which are distinguished through the regulation of density and subse-
quently mechanical properties through the incorporation of higher a-olefins
(mostly butene, hexene and octene) as comonomers. Polyethylene is con-
ventionally synthesized by following either low-pressure or high-pressure
polymerization, from which the derived products are clearly distinguished.
Polymerization at high pressure leads to branched chains and the polymer
has a low density 0.915-0.935 g.cm™ with crystallinity between 40% and
50%. On the other hand, when ethylene is polymerized at low pressure, the
chain branching is eliminated. The resulting material has a crystallinity of
60%-80% and a density of 0.95-0.965 g.cm™ [14]. The density and modulus
of polyethylene increase with crystallinity. The repeat structure of PE is writ-
ten as (- CH,CH, -) . The properties of PE depend on: molecular weight,
molecular weight distribution, as well as on the degree and type of branching
[15]. Polyethylene, like polypropylene, has many attractive properties, which
make it a prime material for a number of applications. By this reason, the
composites of polyethylene are continuously studied towards the increase
of the number of applications. Polyolefins such as polyethylene, is one of the
preferred choices among the commercial polymers because of their excellent
combination of chemical and physical properties along with the low cost,
superior processability and good recyclability [16]. For instance, high-den-
sity polyethylene (HDPE) exhibits good thermal stability, water vapour
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barrier (nonpolar), low glass transition temperature and high crystallinity,
which make it suitable for instance in packaging frozen foods. In addition,
polyethylene is not is not attacked by most acids, bases, or solvents and pre-
sents relatively high resistance to oxidation compared with polypropylene,
hence, requires less amount of antioxidants for outdoor applications [14, 17].
When burned completely, it converts to carbon dioxide and water vapour.

5.2.2 Recycled Polyolefins

Recycled and waste thermoplastics are some of the major components of
global municipal solid waste (MSW) and they present a promising raw
material source for lignocellulosic composites, especially because of the
large volume and low cost of these materials [18]. High density polyeth-
ylene (HDPE), low density polyethylene (LDPE/LLDPE), polypropylene
(PP), Polyethylene terephthalate (PET), polystyrene (PS) and polyvinyl
chloride (PVC) are the primary constituents of plastics in MSW. Reutilizing
the post-consumed polymeric materials reduces the environmental impact
and the consumption of virgin plastics [19]. Regarding the reuse of pol-
yethylene, considerably research has been conducted in the area of the
polyethylene-lignocellulosic composites materials [12, 19-24].

5.2.3 Natural Fibres

Lignocellulosic fibres, natural fibres or bio-fibres offers several advantages
over the traditional ones. The most important are low density and low cost,
good specific strength properties, nonabrasive during processing, CO, neu-
tral when burned and biodegradability [5, 25, 26]. Natural fibres are quite
different from the synthetic fibres such as E-glass, carbon, aramid fibres
among others. Natural fibres often consists of a bundle of elementary fibres,
which results in an irregular shape depending on the number of elementary
fibres and the way in which they are packed together [27]. Depending on the
natural origin there are six basic types of natural fibres. They are classified
as follows: bast fibres (jute, flax, hemp, ramie and kenaf), leaf fibres (abaca,
sisal, agave and pineapple), seed fibres (coir, cotton and kapok), fruit (coir
and oil palm), grass and reed fibres (wheat, bamboo, corn and rice) and all
other types (wood, and roots) [28, 29]. Depending on the natural fibre, the
major chemical components are cellulose, hemicellulose, lignin, suberin.

Pectin, pigments and extra ctives can be found in lower quantities. For
this reason, natural fibres are also referred to as cellulosic or lignocellulosic
fibres [28, 31, 33]

Table 5.1 shows the chemical composition and the mechanical prop-
erties of several natural fibres under tensile load as compared with the
synthetic E-glass fibres.
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There is also a general interest in the sustainable production of chemi-
cals and/or materials from renewable biomass feedstock. Indeed, they are
regarded as promising materials that could replace petrochemical based
polymers, reduce global dependence on fossil fuel sources and provide sim-
plified end-of-life disposal [34]. The major chemical constituents derived
from low-value biomass (i.e. lignocellulosic source) with potential to com-
bine with polyolefins are: cellulose, hemicelluloses, lignin and suberin.

« Cellulose is the most abundant renewable natural biopoly-
mer on earth and is a promising feedstock for the production
of chemicals for their applications in various industries [35,
36]. This main structural constituent of plants is important,
since it is seen as a renewable chemical resource to replace
petroleum-based materials. Cellulose is a hydrophilic glucan
polymer of D-glucopyranose units, which are linked together
by B-(1-4)-glycosidic bonds [37]. Figure 5.1 shows the com-
plex hierarchical structures that can be observed from the
cellulose sources to the cellulose molecules. In plants, cellu-
lose is arranged as a system of fibrils embedded in a lignin

Cellulosic fibers
MEBimage —

Elementary fibrils

e wﬁb’ils) Microfibrillated cellulose
i

e

Chemical structure of cellulose
chain

Amorphous regions Crystalline parts Cellulosic fiber

Figure 5.1 From the cellulose sources to the cellulose molecules: details of the cellulosic
fibre structure with emphasis on the cellulose microfibrils. Reprinted with permission
from Ref [39].
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matrix. The microfibrils are a few nanometers of diameter
presenting highly ordered regions (i.e., crystalline phases)
alternated with disordered domains (i.e., amorphous phases)
[6, 37]. A single fibril has a diameter of ca 5 nm and a length
up to tens of micrometers [37]. These fibrils are comprised
of different hierarchical microstructures commonly known
as nano-sized microfibrils with high structural strength and
stiffness, being the elongated crystalline rod-like nanopar-
ticles designated by nanowhiskers. The Young's modulus of
cellulose whiskers was determined by different authors to be
between 110 GPa and 250 GPa, that is close to the modulus
of the perfect crystal of native cellulose and in the range of
a Kevlar fibre (i.e. 124-130 GPa) [33, 38]. The experimental
strength was assessed to be 10 GPa.

The potential of these nano-sized structures can be found
in different areas of application [33, 37, 38, 40-43]. They are
briefly referred as potential reinforcement in polyethylene,
since the focus in this chapter is on the potential of different
lignocellusic materials produced from natural fibres or agri-
cultural/forest crops or residues.

o The hemicellulosic and pectic materials play an important
role in fibre bundle integration and fibre bundle strength
and individual fibre strength. Hemicellulosic polymers are
branched, fully amorphous, and have a significantly lower
molecular weight than cellulose. Because of its opened struc-
ture containing many hydroxyl and acetyl groups, hemicellu-
lose is partly soluble in water and hygroscopic [44]. Cellulose
and hemicelluloses contain free hydroxyl groups that confer
to the wood its inherent hygroscopic character [6].

o Lignin is totally amorphous and hydrophobic in nature. It
is the compound that gives rigidity to the plants. Lignin has
a phenolic-based chemical structure; its high carbon and
low hydrogen content suggests that it has a highly unsatu-
rated and aromatic character. Lignin is characterized by its
hydroxyl and methoxy groups [25]. The main difficulty in
lignin chemistry is that no method has been established by
which it is possible to isolate lignin in its native state from
the fibre [45].

 Suberin is a natural biopolymer typically found in the cell
walls of plants [46]. The structure of suberin in cork (i.e. its
main chemical component) is not yet fully understood. It
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has been proposed that suberin consists of a polyester struc-
ture composed of long chain fatty acids, hydroxy fatty and
phenolic acids, linked by ester groups [4, 47, 48].

The chemical composition of fibres, in terms of cellulose, lignin and
hemicelluloses contents, was found to have a strong influence on the
mechanical properties of composites [49]. The most efficient natural fibres
have been considered those that have high cellulose content coupled with a
low microfibrile angle, resulting in high mechanical properties of the fibre
[26, 30]. Some studies using natural fibres showed that the lignin content
on the surface of the fibres appeared to influence the degree of interfa-
cial bonding: fibres with low lignin surface content gave better mechani-
cal results than fibres with high lignin on the surface [50, 51] but with
lower water resistance. In a study of wood plastic composites, the removal
of hemicellulose from the fibres reduced water absorption and thickness
swelling of the composites [51]. The mechanical properties of glass fibres
are considerable superior as compared with the natural fibres as presented
in Table 5.1 Wambua et al. [52] have compared the capability of some natu-
ral fibres to reinforce polyolefins and compared with the properties of glass
reinforced ones. The study revealed that the composites containing kenaf,
sisal and hemp fibres showed comparable tensile strength and modulus
results. All these examples show the importance and complexity of the
chemical composition of the lignocellulosic fibres and demonstrate their
potential to reinforce polyethylene.

The advantages in the use of lignocellulosic fibres are not only related
to the mechanical performance to reinforce polyethylene. Coir as natu-
ral reinforcing in polymeric matrices presents inferior performance due
to several factors such as low cellulose content, high lignin content, high
microfibrillar angle and large variable diameter [7]. Although the fibre is
considered a poor reinforcing because of its low strength and modulus, it
has found high interest due to its low density, low thermal conductivity
and high elongation [5]. Another example is cork, the bark of the cork
oak tree, with lower mechanical properties under tensile load. However, it
has unique properties such as lowest density as compared with the natural
fibres. Cork presents closed cell structure, viscoelastic properties and good
insulation properties. It is also chemically inert, fire resistance, coefficient
of Poison near zero and resistance to microbial decay [4, 53, 54]. Table
5.2 shows the main commercial lignocellulosic fibres with potential in the
production of polymeric composites. These numbers shows the principal
available material from renewable sources for new applications by using
thermoplastic with lignocellulosic materials. Moreover, the properties of
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Table 5.2 Commercially major lignocellulosic sources (Adapted from [28, 54]).

Lignocellulosic World Annual
Source Production (10° ton)
Bamboo 30,000

Jute 2300
Kenaf 970
Flax 830
Sisal 378
Cork 374
Hemp 214
Coir 100
Ramie 100
Abaca 70

natural fibres differ among cited works, due to the employment of different
fibres, containing different moisture conditions, as well as due to different
testing methods employed to evaluate these properties.

The performance of natural fibre reinforced polymer composites
depends on several factors, including fibre chemical composition, cell
dimensions, microfibrillar angle, defects, structure, physical and mechani-
cal properties, and the interaction of a fibre with the polymeric matrix [28].
The knowledge about the characteristics of the fibre is essential in order to
expand the effective use of lignocellulosic materials for polyethylene com-
posites and to improve their performance.

5.3 Coupling Agents and Fibre Chemical Treatments

Lignocellulosic composites using polyolefins (including polyethylene) have
gained increasing interest over the past two decades, both in the scientific
community and industry [55]. The main drawback with the use of natu-
ral based components such as natural fibres in polyolefin composites is
their hydrophilicity due to the high surface hydroxyl groups concentration
which leads to poor interface and moisture resistance in composite mate-
rials [7]. The fibre-matrix interaction can be improved either via the fibre,
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usually by modifying its surface, or via the matrix, usually by employing
additives called coupling agents [55].

5.3.1 Coupling Agents used in Compounding

Since high density polyethylene (HDPE) is relatively inert it is difficult to
achieve good interfacial adhesion in composites. Often maleic anhydride
grafted polyethylene is added to HDPE to improve interfacial adhesion to
the reinforcing fibres [56].

Coupling is a common method of chemical modification. A coupling
agent contains chemical groups which react with the fibre surface and the
polymer matrix [5]. In such case, the interfacial bonding between the two
components results in enhanced mechanical properties. Maleated polyole-
fins are the most widely used coupling agents [17, 28, 57]. They contain two
functional domains: one a polyolefin typically high density polyethylene
or polypropylene, which is able to form entanglements with the polymer
matrix, and the second group, maleic anhydride, which is able to interact
strongly with the lignocellulosic material at extrusion temperatures, cova-
lently, via hydrogen, or ionic bonds [17]. Before compounding, special care
should be taken since the maleated polyolefins can slowly react with air
moisture during storage, and form free acid. As a result, chemical reactivity
of the coupling agents decreases. Hence, should be kept the maleated poly-
olefins dry, or heat them up before usage in order to regenerate the anhy-
dride chemical structure [17]. In the composite formulation containing
natural reinforcements or fillers, the maleated polyolefins are usually used
at 1-5% by weight [17, 58-60]. In wood plastic composites the maleated
coupling agent is the most expensive component representing 4-20% of
the total cost of the materials in the formulation, whereas the plastic repre-
sents 60-80% of the formulation [17]. Several other coupling agents were
also successfully tested as coupling agents or by improving the mechanical
properties of polyolefins. These coupling agents included maleic anhydride
(MA) [61-63], functionalized polyolefins including maleic anhydride graft
polyethylene (PE-g-MA) [11, 12, 62, 64-87], maleic anhydride graft poly-
propylene (PP-g-MA) [50, 66, 67, 69, 88-90], styrene-ethylene/butadi-
ene-styrene copolymer (SEBS) [66] and styrene-butadiene-styrene (SBS)
[61,91],silane based [87,92-102], acrylic acid grafted polyethylene [62, 67],
ethylene acrylic acid copolymer [69], phthalic anhydride (PA) [46, 103],
epolene([57, 88, 92, 104], glycidyl methacrylate-grafted polyethylene [80],
maleated ethylene [93], polyisocyanate[104], oxidized polyethylene [68],
pentaerythritoltetracrylate (PETA) [46, 99], dicumyl peroxide (DCP) [99,
105-107], carboxylated polyethylene (CAPE) [70] and titanium-derived
mixture (TDM) [70]. More recently, chemical components isolated from
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lignocellulosic materials such as lignin [108-111] and suberin or modified
suberin[46, 112], were also suggested to improve the properties of polyole-
fins and its composites.

The use of coupling agents promotes a significant increase on the
mechanical properties and in several studies it was showed that reduces
the moisture content. Several of these studies revealed significant improve-
ments on the modulus of elasticity, stiffness, tensile and/or flexural strength
and fibre dispersion.

5.3.2 Chemical Pre-Treatments of Lignocellulosic Fibres

Lignocellulosic fibres are highly polar owing to the presence of hydroxyl
groups [7, 9]. The hydroxyl groups are readily available for chemical bond-
ing (hydrogen bonding) with compatible polymer matrices and physical
interlocking (wetting) with the non-polar matrices such as polyethylene.
However, the presence of pectin and waxy materials along with hydroxyl
groups, does not allow their bonding and wetting with the polymer matri-
ces and make them less attractive for reinforcement [32, 113].

In lignocellulosic fibres, several chemical pre-treatments performed
before compounding have been investigated by a number of researchers
showing potential to remove waxes, oils from the surface and make it
rough, active readily available hydroxyl groups or the introduction of new
reactive site/groups; and to stop water uptake [1, 2, 114-119]. These treat-
ments aim to improve fibre-matrix adhesion have achieved several levels
of success in improving fibre strength, reducing water absorption and
enhancing fibre-matrix adhesion in natural lignocellulosic composites.

Natural fibre modification relies on chemical and physical techniques
to improve the interfacial interactions between the polyethylene matrix
and the natural phase. The principal chemical and physical routes explored
in polyethylene lignocellulosic fibre composites can be summarized as
follows:

o Alkali Treatment: Mercerization or alkali treatment with
strong alkali bases was developed as a method for cot-
ton fibre modification by John Mercerin 1850 [55]. It is a
common method to produce high quality natural fibres, by
removing the natural and artificial impurities from the fibre
surface. The chemical treatment reduces the fibre diameter
and thereby increases the aspect ratio [26]. Mercerization
is usually performed applying aqueous solutions of sodium
hydroxide (NaOH), at reaction times of 30 min up to 3 hr.
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Different degrees of modification are obtained by varying
the concentration of the alkaline solution, the temperature
and the extension of the treatment. Theoretically, other
alkali types can be used as well, but sodium atoms have been
shown to provide the optimal diameter for cellulose swell-
ing, meaning that the treatment with NaOH is the most effi-
cient [120]. In any case, excessive alkali has to be removed by
washing the modified fibres/fillers subsequently, followed by
a drying step [55]. Some studies [50, 116], indicate that the
lignin content on the surface of fibres appeared to influence
the degree of interfacial bonding. They found that chemi-
cal treatments remove the impurity and lignin, increasing
the cellulose content of the natural fibre. As a result of alkali
treatment, the removal of the surface lignin and hemicellu-
loses also exposes more active hydroxyl groups from cellu-
lose to react with matrix improving properties with higher
tensile strength, toughness and impact strength [51].

o Silane treatment: silane crosslinking is one way to improve
the mechanical and long-term properties of wood plas-
tic composites [97].The bifunctional structures of silanes
have attracted their use in natural fibre/polymer compos-
ites, since both glass fibres and natural fibres bear reactive
hydroxyl groups. Extensive research has been accordingly
carried out to screen the varied silane structures for NFPC
production. In order to effectively couple the natural fibres
and polymer matrices, the silane molecule should have
bifunctional groups which may respectively react with the
two phases thereby forming a bridge in between them. Some
reviews can be found in the literature discussing the poten-
tial of silanes [3, 95, 117, 118]. It is possible to find that the
use of silane to coat wood fibres produces an increase of
31% in the tensile strength and 124% in the tensile modulus,
when compared to unfilled linear low density polyethylene
(LLDPE) [121]. Bengtsson et al. used silane to crosslink-
ing composites of wood flour and polyethylene [96, 97]. In
both studies, composites of vinyltrimethoxysilane grafted
high density polyethylene and wood flour were produced by
compounding in a twin-screw extruder. The results showed
an increase of the tensile strength with the increase of the
amount of wood flour, which is an indication of improved
adhesion between the matrix and the wood flour. Moreover,
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the study reported a clear reduction on the water absorption
after fibre chemical treatment [96].

o Stearic acid: ... is an esterification method. The acid is
added to an ethyl alcohol solution, up to 10% of the total
weight of the fibres to be treated. The obtained solution is
added drop wise on the fibres, which are then dried in oven
[10]. In a study compounding PE-sisal composites by extru-
sion followed by compression moulding, the sisal fibres were
treated with stearic acid. It was found that the fibre treatment
with stearic acid increased the interfacial shear strength by
23% with respect to untreated fibres [122]. A different study
performed using several natural fibres industrial crops (i.e.
cotton stalk, rice straw, bagasse, and banana plant waste)
compared the use of stearic acid and maleated polyethyl-
ene to reinforce the polyethylene. Better compatibility and
enhanced mechanical properties were obtained when using
maleated polyethylene as compatibilizer [49]. In a review
on the modification methods for vegetable fibres for natural
fibre composites [9], it was referred that by using an cou-
pling agent, like silanes or stearic acid, the mechanical prop-
erties are promoted, dependent on the polymeric matrix.

o Peroxide treatment: Natural fibres are immersed in a solu-
tion of dicumyl (or benzoyl) peroxide in acetone for about
half an hour, then decanted and dried [123]. Recent studies
have highlighted significant improvements in the mechani-
cal properties. In a study of polyethylene hybrid composites,
sisal and glass fibres were proposed to reinforce the matrix
in terms of tensile strength and modulus. Among different
chemical treatments, benzoyl peroxide treated fibres revealed
to be more successful. This was attributed to the peroxide-
initiated grafting of polyethylene on to the fibres [124].

« Heat treatment: this treatment involves heating of the fibres
or processing the composites at temperatures close to those
at which the existing components of natural fibres began
to degrade. When cellulose is heated it suffers physical
and chemical changes. The physical properties affected by
the heat treatment included the enthalpy, weight, strength,
colour and crystallinity. Some studies on polyethylene-
lignocellulosic composites reflect the use of this treatment
[125]. Sapieha et al. [126] studied the effect of this treat-
ment on untreated cellulose fibres combined with LDPE. It
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was reported that the strength of the composites increased
with the processing temperature and reached a maximum
at 225°C. Moreover, the increase in strength was accompa-
nied by discoloration of the polyethylene composite mate-
rial. Chemically the appearance of new peaks on the infrared
FTIR analysis, which were not characteristics from the fibre
or the matrix were suggested to be formed due to the deg-
radation of the cellulose and from the oxidation of the pol-
yethylene. Recently Kaboorani et al. [127, 128] investigated
the treatment of pre-heat wood at different temperatures
(175, 190 and 205°C) in order to improve the compatibil-
ity of wood fibres with HDPE. Using wood treated at 190°C
resulted in composites with the highest stiffness and ten-
sile strength. Moreover, the treatment at 190°C resulted in
good flexural properties and excellent water resistance of the
wood-polyethylene composites [128].

o Plasma Treatment: Plasma is a fully or partially ionized gas,
containing electrons, ions, high-energy neutral molecules
and radicals. Usually, it accompanies ultraviolet (UV) photo
emission [129]. Plasma is thought to bring a physical modifi-
cation on the surface through roughening of the fibre by the
sputtering effect, producing an enlargement of contact area
that increases the friction between the fibre and the polymer
[130]. This recent method in natural fibres allows to modify
significantly the fibre surface without change the bulk prop-
erties of the material. However, chemical and morphological
modification can be very heterogeneous depending on the
treatment conditions. Therefore, process control is a critical
aspect and the final surface modifications strongly depend
on it [123]. This method is also applied to impart reactive
groups on the polymeric surface and to promote polymer
adhesion [9, 129-131]. In polyethylene-lignocellulosic
composites, Felix et al. [132], studied the modification of
cellulose fibres with oxygen plasma and characterised the
interface in the system cellulose with LLDPE. By using single
fibre fragmentation tests they show that after 15s of oxygen
plasma treatment the interfacial shear strength (IFSS) was
increase 200%. Furthermore, it was seen that after plasma
the surface roughness of the fibres was reduced and by X-ray
photo electron spectroscopy (XPS) it was shown the exist-
ence of hydroperoxide groups that could initiate grafting on
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the matrix chains. Other study, on LDPE-wood fibres com-
posites, shows that in cold high frequency methane plasma
improves the compatibility between fibre and the matrix.
The tensile properties of polyethylene composites were
improved and it was observed an increase in the hydropho-
bicity of the fibre [133].

5.4 Composites Processing and Properties

According to the standard ASTM D 3878, composite material is defined as
a substance consisting of two or more materials, insoluble in one another,
which are combined to form a useful engineering material possessing
certain properties not possessed by the individual constituents [134].
Composites using natural component such as the use of natural fibres to
reinforce the polymeric matrix are manufactured using traditional man-
ufacturing techniques that includes compounding, mixing, extrusion,
injection moulding, pultrusion, compression moulding, and rotational
moulding systems [28, 153]. Table 5.3 shows the studies developed on
different polyethylene-lignocellulosic composite materials using these
manufacturing processes. In this chapter, special emphasis is given to
the extrusion because it is a process widely used to compound polyeth-
ylene with lignocellulosic materials and disperse additives such as foam-
ing agents [151, 154], nanoclays and nanocellulose to reinforce [152,
155-157], colour and coating adhesion [131, 158, 159], organic [75, 111]
and inorganic fire retardants [160, 161], antioxidant, thermal and ultra-
violet (UV) stabilizers [111, 156, 162-164], fungal and decay resistance
[81, 165-168], lubricant agents [46, 169, 170]. The aim is to improve the
polyethylene-lignocellulosic composites properties. Problems concern-
ing the processing of thermoplastics reinforced with lignocellulosic fibres
are discussed in the literature [3, 28, 171]. One of the major issues in the
development of composites containing polyethylene and lignocellulosic
fibres is the thermal stability of the natural fibres. The production of natu-
ral fibre composites is strongly limited by the temperature and processing
times begin seeing significant thermal degradation around 180-210°C, or
over 175°C for long periods with a significant decrease on the mechanical
properties [5, 172]. Therefore, the processing of these composites must
be limited to temperatures at the lower range of this degradation range
and for limited processing times avoiding significant fibre damage and
reduced composite performance [5, 173]. Barone et al. found that a nat-
ural fibre named keratin feather fibre is thermally stable for long periods
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Table 5.3 Reported work on polyethylene/lignocellulosic composites and manu-

facturing process.

Natural Fibre Matrix Manufacturing Process Ref.
Polymer
Polyethylene-natural fibre composites

Wood HDPE Extrusion [69, 135]

Wood HDPE Extrusion & Injection [66, 74,
Moulding 81, 136,

137]

Wood HDPE Extrusion & Compression [62, 96]
Moulding

Bamboo HDPE Extrusion & Injection [138]
Moulding

Jute HDPE Extrusion [139]

Sisal HDPE Extrusion [139]

Cork HDPE Pultrusion& Compression [12,75]
Moulding

Agave LMDPE Rotational Moulding [140]

Sisal HDPE Rotational Moulding [141, 142]

Wheat straw HDPE Blending & Extrusion [143]

Sisal LDPE Extrusion [114]

Coir LDPE Extrusion & Compression
Moulding

Cork LDPE Extrusion & Compression [112]
Moulding

Pineapple Leaf LDPE Compression Moulding [144]

Wood Recycled PE Co-extrusion [145]

Wood Recycled PE | Compression Moulding [24]

Peach Palm Recycled PE | Compression Moulding [146]

Piassava Recycled PE Extrusion [22]

(Continued)
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Table 5.3 Cont.

Natural Fibre Matrix Manufacturing Process Ref.
Polymer
Hybrid polyethylene-natural fibre composites
Pine/Agave HDPE Extrusion & Injection [147]
Moulding
Cork / Coir HDPE Extrusion & Compression [76, 82,
Moulding 148]
Cork / Sisal HDPE Extrusion & Compression [82, 149]
Moulding
Cork / Wood HDPE Extrusion & Compression [82]
Moulding
Sisal / Glass LDPE Solution mixing & [124]
Compression Moulding
Cotton/Flax Recycled PE | Compression Moulding [23]
Kenaf Recycled Mixing & Compression [20]
HDPE/ Moulding
Rubber

Polyethylene composite blends and micro-nano reinforced

Lignin LDPE Mixing & Compression [109]
Moulding
Lignin or HDPE-Cork Extrusion & Compression [150]
Suberin Moulding
Cellulose HDPE Extrusion [151]
Cellulose LDPE Mixing & Compression [98]
Moulding
Cellulose LDPE Two-roll mill [64]
Cellulose LDPE Extrusion [152]
whiskers

Polyethylene (PE); low-density polyethylene (LDPE); linear medium-density polyethyl-
ene (LMPE); high-density polyethylene (HDPE).
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of time up to 200°C, although the best composite properties were found
at processing temperatures of 205°C, where the fibres are only stable for a
few minutes. This clearly shows that thermoplastics such as polyethylene
are the right option to be used as matrix when combined with lignocellu-
losic materials.

The moisture content at a given relative humidity, can have also a great
effect on the biological performance of a composite made from natural
fibres [28]. For example, the low moisture of cork can be regarded as one of
the advantages of cork to be selected as natural component in composites
design, since it is a hydrophobic material. In this section, special atten-
tion is given to the extrusion process because, it is the main processing
route to compound both components (i.e. polyethylene and lignocellulosic
material) and, on the other hand, it allows to obtain different varieties of
polyethylene composite as either the final product or in the pellet form
to be applied in a subsequent process such as compression or injection
moulding. Overall, the selection of the processing route should take into
account the desired final product.

5.4.1 Extrusion

Processing natural fibres in plastic with an extruder presents unique chal-
lenges, but these challenges can be overcome by the application of engi-
neering principles [174]. The extrusion process is used by the plastic
industry for the production of granules and also in the continuous pro-
duction of semi-finished products or components. Single screw as well as
twin-screw extruders that run either co- or counter-rotating may be used
for this process. Single screw extruders are used when the mixing effect
does not have to be very high. However, using a single screw configuration
it was found that at higher processing temperatures it is possible to induce
more alignment of natural fibres in the flow direction [139].

The excellent mixing effect of twin-screw extruder is that the natural
fibre materials can be homogeneously distributed and wetted in the poly-
mer melt [28, 171]. For instance, counter-rotating twin-screw extruders are
mainly used in the processing of wood fibre reinforced thermoplastics; as
the screws run in opposite directions, a secure material feed and a defined
compacting of the material can be achieved [171]. The main advantages
and disadvantages of both systems to process natural fibre composite sys-
tems are compared in Table 5.4. It should be noted that in order to produce
the the polyolefin lignocellulosic composite pellets, and after the extrusion
process, these factors must be taken into account.
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Table 5.4 Counter-rotating versus co-rotating extruders (Adopted from [174]).

Counter-Rotating

Co-Rotating

throughput potential;

Advantages Low screw speed suitable Higher power - higher
for very shear-sensitive throughput potential;
products; Flexible screw design;

Positive pump - develops Excellent dispersive and
high pressures. distributive mixing.

Disadvantages | Lower power - less Less positive pump — may

require gear/screw

Screw design option limited; pump to generate high
Limited dispersive mixing: pressure;
poor distributive mixing. | Higher screw speed

not suitable for very
shear-sensitive products.

The results show that the lignocellulosic content and the type of plastic
used are the main parameters that control the physical properties of com-
posites. Some of the thermoplastic materials exhibit mechanical proper-
ties comparable to those of customary wood fibre products, i.e., medium
density fibreboard (MDEF) [99, 175]; however they show distinctly better
behaviour than the MDF and natural wood after exposure to moisture [75,
99, 175].

In polyolefin with lignocellulosic fibres, co-extrusion technology has
been pointed out as advanced polymer processing technology due to the
unique capacity in creating a multi-layer composite with different com-
plementary layer characteristics, and in making the properties of the final
products highly “tunable” [145, 176, 177]. Generally, co-extrusion consists
of two or more extruders combined with one die to produce multiple-layer
products. In this process two or more polymer materials are extruded and
converged upon a single die to form a unique multilayer structure [145,
178]. Properties, such as water resistance, air entrapment, oxygen bar-
rier, and increased toughness are some of the advantages of coextruded
products [178]. Based on a co-extruded core-shell structure of wood pol-
ymer composites (WPC) system, Huang et al. [176], investigated the shell
layer, made of thermoplastics such as LDPE and HDPE unfilled/filled with
minerals or natural fibres and other additives. It was shown that these
organic/inorganic materials play an important role in enhancing the over-
all properties of the composite material. The core-shell structure profiles
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can significantly improve flexural and impact strengths of polyethylene-
lignocellulosic composites. Stark and Matuana [179] evaluated the mois-
ture uptake, flexural properties and weathering performance between
non-coextruded and coextruded wood plastic composites (WPC) with
HDPE or a polypropylene (PP) shell. In their research, co-extruded WPC
demonstrated reduced moisture uptake than non-coextruded WPC and
there were no significant differences in the flexural properties.

Extruders are an ideal reactor, which serves as a pressure vessel, for pol-
ymer modification. It enables intensive mixing, shear, control of temper-
ature and residence time, venting of by-product and transport of molten
polymer through the various sections of the extruder, each serving as a
mini-reactor. It is economically attractive because the extrusion and the
processing are done in a single stage without chemical solvents emissions
[180]. Studies based on polyethylene wood composites [181, 182] focused
on the potential to graft maleic anhydride by a reactive extrusion process to
improve fibre-matrix interface. Luo et al. [181] investigated the potential to
graft maleic anhydride the wood fibre on HDPE by reactive extrusion. The
results showed an increase of 112% and 36% in tensile and impact strength
properties respectively; however, a slight decrease in thermo-stability of
the polyethylene composites was also reported.

The extruder was also used to compound HDPE and wood with chemi-
cal foaming agents. The propose was to obtain composites with lower den-
sity [154]. The results of this study indicated that the use of coupling agent
in the formulation was required to achieve HDPE/wood composite foams
with high void fraction.

The use of the main chemical components of lignocellulosic fibres e.g.
cellulose, lignin and/or suberin have been found to enhance the proper-
ties of polyethylene and its composites. Cellulose microcrystals (so-called
“whiskers”) obtained from different cellulose sources such as wood, were
also applied as reinforcing agent. One of the few studies reports that
these microcrystals were used in grafting of the cellulose nanowhiskers
during extrusion. Long chain fatty acids have been used to successfully
extrude cellulose nanowhiskers with LDPE. The homogeneity of the ensu-
ing nanocomposites was found to increase with the length of the grafted
chains resulting in a significant improvement in terms of elongation at
break [152]. These nanostructures are used to produce nanocomposites
and reinforce the properties of the materials. Palaniyandi and Simonsen
[183] studied microcrystalline cellulose as filler compounded with HDPE
in the presence of coupling agent to disperse cellulose. The presence of
microcrystalline cellulose (i.e. polar substance) does not improve the
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thermoplastic properties. The study revealed that microcrystalline cel-
lulose and/or compatibilizer increased the matrix degree of crystallinity
without affect the stiffness of the developed composite. Moreover the com-
patibilizer improved the strength of the composites.

The production of new polyolefin blends or composites containing
lignins could lead to a reduction in the use of petrol, a non-renewable
resource of polyolefins. Thus, lignin valorisation could also improve the
carbon footprint of the polyolefin production contributing to create new
value added products. Doherty et al. [184], reports in different studies
polyolefins were already combined with lignins derived from different
sources. These polyolefin matrixes included preferably polypropylene
[110, 185] and polyethylene as matrix [109, 150, 163, 186, 187]. Levon
et al. [187] have successfully proposed the improvement of the thermal
stabilization of polyethylene with lignin derivates. The rheological results
of the polymer melt indicated that a reaction occurred during processing.
Pucciariello et al. [163] have studied blends of lignin powder with differ-
ent polyethylene grades. The obtained blends revealed slightly increases
in the modulus for most lignin-polymer blends, whereas the tensile stress
and elongation reduced. Moreover, lignin acted as a stabilizer against the
UV radiation forLDPE and LLDPE grades. Indeed, these new products
have the potential to improve the economy in the pulp and paper industry,
which in the context of biorefinery would also contribute to the decrease of
greenhouse gases by using, even if partially, more natural product instead
of synthetic ones [184].

Fernandes et al. [112, 150], successfully proposed the use of the main
chemical component of cork (i.e. isolated suberin and lignin) as bio-
based coupling agents through a reactive extrusion process to improve
HDPE-cork interfacial bonding. Benzoyl peroxide (BPO) was used as the
initiator. The outcomes of this research confirmed that composites with
coupling agent present higher mechanical properties, lower water uptake
and reduced thickness swelling variation. Suberin acted as plasticizer
agent with antioxidant benefits for the polyethylene composites, while
lignin works as a coupling agent, increasing both tensile modulus and
strength and improved the thermal stability [150]. In another work, the
same methodology using LDPE was applied and a modified suberin from
cork and birch outer bark [112]. The morphology of the LDPE-cork com-
posites showed good adhesion and the mechanical results confirmed that
the addition of suberin acted as a coupling agent, improving the strength
and leading to cork-polyethylene composite materials with improved
strain.
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5.4.2 Compression Moulding

The compression moulding is a common processing technique in the
manufacture of natural fibre composites due to of its high reproducibil-
ity, simplicity and versatility [5, 28, 171]. Compression moulded materi-
als combined with natural fibres are used in the automobile industry to
produce car interior lining parts. The main reason for this application is
the great strength and stiffness and the low composite density of the nat-
ural fibre composites [171]. Compression moulding and extrusion are the
standard processes to combine products of polyolefin with natural fibres.
Table 5.3 indicates several studies where compression moulding was
used as a second melting process to give the final shape to polyethylene-
lignocellulosic composite products [23, 62, 75, 96, 98, 109, 124, 188]. A big
concern with compression moulding that needs always to be considered
is the maximum pressure before the damage of the fibres and the com-
posite structure [43]. Compression moulding was also applied in a single
step process to obtain the final product. Wolcott [189], addressed the use
of flat-pressed wood-polyethylene composites. By using this hot-pressing
technique, it was found that both the amount of HDPE and the melt flow
index (MFI) of the selected polyolefin significantly influenced the flexural
behaviour of the pressed panels. Thus, the panel stiffness was improved
with decreased levels of HDPE and low MFI values. The use of wax and
zinc stearate in the formulation decreased panel stiffness and enhanced the
moisture resistance.

5.4.3 Injection Moulding

The injection moulding process allows manufacturing, within short
periods of time, complex geometric components with functional ele-
ments, fast and also in high volumes [171]. Injection moulding is a
major plastic forming process in which the components used to obtain
the final material goes through five stages: (1) mould closing, (2) filling,
(3) packing-holding, (4) cooling and (5) mould opening are preceded
repeatedly. The injection moulding is widely used in the industry for
plastic processing because, as a cyclic process, leads to high production
rates on complex shape products with good dimensional accuracy and
surface finishing [190]. It is a high-pressure process with machine capital
costs and tooling costs generally high, if compared to other composites
processing routes. Nevertheless, these costs can be recovered through
inherent short cycle times, automation, and low labour costs [191]. The
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processing parameters during injection moulding are expected to have
a strong influence on polyethylene composite properties. Indeed, two
aspects that influence the end-product must be considered (i) the injec-
tion moulding process causes orientation of the polyethylene molecules
within the sample due to the shear introduced during injection and
(ii) the rapid cooling of parts within the mould produces parts with skin
and core layers, caused by the different crystallization rates of the poly-
mer within the part. Consequently, different properties on the moulded
part can be obtained.

The injection moulding process has been used in several cases [51, 137,
159, 192-197] aiming to obtain the final composite product mainly after
the extrusion, because it allows to get the final shape of the specimens. This
melt-based process it may also contribute to the natural fibre length reduc-
tion. Bouafif et al. [196] showed that the major reduction in wood parti-
cle length was found to occur in the compounding process. In this study,
extrusion and injection moulding contributes to particle length reduction.
Conversely, compression moulding did not cause significant damage to
wood particles. This particle reduction and the correct dispersion of the
natural fibres in the matrix can benefit the mechanical properties of poly-
ethylene-lignocellulosic composites.

The evolution of the technology lead to a combination of injection
moulding and extrusion into a single machine, was developed by Krauss-
Maffei, a Germany company. In this step also called as injection moulding
compound (IMC) process, the polyolefin and the lignocellulosic fraction
are compounded. This method offers advantages in terms of reduced pro-
duction costs and the material is heated just once in this one step process
[198]. This is a way to protect the natural fibres from degradation avoiding
the two thermal cycles, i.e. the extrusion to obtain the composite pellets
and the injection moulding to obtain the product.

5.4.4 Pultrusion

Pultrusion is an automated process to produce continuous and con-
stant-cross-section composites [5]. Long-fibre reinforced thermoplastic
materials or composite granules are usually produced with the pultrusion
process. At the exit of this system the cross-section of the strand is cali-
brated by a nozzle, then cooled and granulated [171]. In this process the
material mixture is equally plastified with frictional heat and pressure.
Resulting steam is vacuumed off. The pultruded material is pneumatically
transported into a granulator which produces a homogeneous and uni-
form granule [199]. Advantages of this process are the ability to build thin
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wall structures, the large variety of cross-sectional shapes and the possibil-
ity for high degree of automation [43].

Based on a R&D collaboration between the industry and academia, poly-
olefins to compound with cork sub-products was selected [12, 75]. HDPE
was combined with different cork sub-products derived from industrial
processes, with the same weight proportion, by using this melt based tech-
nology followed by compression moulding. The composite pellets showed
lower density as compared with the used matrix and the cork particles
were well dispersed. The tensile strength of the composites was improved
by the use of a coupling agent based on maleic anhydride [12]. Comparing
the properties of the developed composites with well-established medium
and high density fibreboard (MDF) and (HDF) materials it was found
that the polyethylene-cork composites showed good dimensional stability,
lower water uptake, a better acoustic insulation performance and similar
behaviour in terms of hardness and fire resistance when compared with
both MDF and HDE These polyethylene composites showed important
characteristics to be considered as good candidates to be applied in the
design of flooring and construction systems. [75].

5.4.5 Rotational Moulding

Rotational moulding or rotomolding is a process used mainly for the man-
ufacture of hollow plastic parts with low internal stresses at an economic
cost, if compared to other manufacturing processes. Some of the typical
products manufactured with rotational moulding are toys, balls and stor-
age tanks. More recently, the rotational moulding of HDPE has gained
considerable importance, due to unique advantages in the manufacture of
hollow plastic products [141, 200]. Polyethylene is the main material used
in this technology; indeed, about of 85% of the rotomoulded parts pro-
duced worldwide are made from PE [201]. This is mainly due to low melt-
ing point, low cost, and good thermal stability of this material; on the other
hand, PE has lower mechanical properties than other polymers, which is
a limitative factor in high performance applications [2]. One of the most
common defects in rotomoulded parts is the appearance of bubbles [202].
In order to understand the potential of combining natural fibres to rein-
force polyethylene by rotational moulding Torres and Aguirre [203] used
jute, sisal and cabuya, as well as wood, pecan and rice shell flour of differ-
ent types. The study reports improvements in the compression strength of
the natural fibre reinforced rotomoulded products, when compared to the
unreinforced materials. In addition, a good dispersion level of the natural
fraction in the fibre or powder form is observed.



142 POLYETHYLENE-BASED BLENDS, COMPOSITES AND NANOCOMPOSITES

5.5 Industrial Applications of Polyethylene
with Lignocellulosic Fibres

Polyethylene is the largest volume plastic produced in the world and is
rather soft, making PE-based composite easier to nail, screw, cut, and saw
[17]. The combination of thermoplastic materials, as polyethylene, with
the unique properties of the lignocellulosic materials opens the prospec-
tive of new uses and applications. Well-known trade names are presented
in Table 5, showing several of the commercial products developed by using
polyethylene with lignocellulosic fibres. The composite products are mainly
focused on the use of polyethylene (i.e. HDPE and LDPE) and recycled
polyethylene as the matrix. Moreover, it was observed for these products a
minimum of lignocellulosic component of 35 wt.% up to 70 wt.%. Potential
applications of these composite materials are mainly towards the consumer
and industrial use; automotive sector; and in construction in load floors.
Indeed, polyethylene-lignocellulosic materials are found in outdoor deck
floors, railings, fences, landscaping timbers, cladding and siding, park
benches and indoor furniture.

In the case of automotive applications, polypropylene seems to be the
preferable choice as matrix. In this context, in 1940 Henry Ford envisaged
a car door made by hemp fibres and polyethylene. Several patent and pat-
ent applications can be found in the literature revealing the potential of the
polyethylene with natural fibres for different areas of application [82, 158,
170, 208-213].

There is a variety of composites products in the market using polyeth-
ylene matrix with lignocellulosic fibres. As pointed before, these commer-
cial products could originate from recycled or virgin polyethylene grades.
Most of them are decking products as shown in Figure 5.2 that contain
wood fibres, dust or flour. Composites based on wood and high density
polyethylene, both recycled and virgin, are mostly used in exterior build-
ing components [214].

There are a diversity of formulas to produce the composite material,
some of them using recycled materials in terms of matrix and natural rein-
forcement, although the trend seems to be less recycled material and more
virgin polyethylene for higher quality boards. Chemical additives such as
anti-UV agents, Anti-oxidation agents, stabilizers, colorants, anti-fungi
agents, coupling agents, reinforcing agents, and lubricants, among others,
are added to the formulation to improve the composite performance. The
physical and chemical treatments including the use of coupling agents on
polyethylene-lignocellulosic composites showed to improve fibre-matrix
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Table 5.5 Listing of some commercial products available in the market
(Compiled from [204-207]).

Name Plastic Type | Fibre (wt.%) Application
Premier HDPE Wood flour Decking
Durawood HDPE Wood Decking, benches,
picnic tables
Latitudes HDPE > 50% wood flour Decking
Mikron HDPE, Hardwood and Decking
LDPE softwood flour
Timbertech HDPE 50% wood flour Deking, solid and
slotted boards
Fiberon HDPE, 50% wood flour, oak Deking, slotted
LDPE and pine boards
NCell PE 40% natural cellulosic [ Consumer &
microfibres Industrial;
automotive; load
floors
Weatherbest HDPE Recycled wood fibres | Slotted boards
JERtech PE Pine, oak, maple and Consumer goods,
Envirotech rice hulls toys, and
construction.
JadeMask HDPE 70% recycled bamboo | Decking & railing
recycled systems, garden
box
EverGrain HDPE Wood fibres dust Decking
recycled
Carefree HDPE 35% wood and natu- | Decking
Composite recycled ral fibres
Nexwood HDPE 60% rice hull flour Decking
recycled
BamDeck HDPE 60% Bamboo Decking
recycled

(Continued)
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Table 5.5 (Cont.)

Name Plastic Type | Fibre (wt.%) Application
Duradeck HDPE Oak fibre Decking
recycled
EverGrain HDPE Wood fibres dust Decking
recycled
Trex PE recycled | 50% hardwood fibres | Decking
Choicedek HDPE Red oak fibres Decking, solid and
recycled Slotted boards

1. Tendura: for use on covered

1 porches, polypropylene and
waste wood fibre; lifetime
limited warranty.

2. Latitude: polyethylene and
wood flour; 15-year limited
warranty.

3. ChoiceDeck: recycled
polyethylene and recycled
wood fibre; limited lifetime
warranty.

4. Boardwalk: PVC and wood
flour/natural fibres; 10-year
limited warranty.

5. TimberTech: virgin
Polyethylene and wood fibre;
25-year warranty.

Figure 5.2 Thermoplastics with natural fibre market products for decking applications [215].

adhesion. With this, the fibre strength has been promoted and conse-
quently led to higher mechanical resistance of the composites. Moreover,
it is seen that the moisture content is reduced whereas the outdoor per-
formance is increased [118]. The evolution and perfection of some of the
polyethylene composite products (e.g. EverGrain and Trex) simulates/copy
natural wood species, presenting embossed grain via compression mould-

ing process.
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5.6 Conclusions and Future Trends

The uses of lingocellulosic material from renewable sources as reinforc-
ing agent in terms of mechanical, insulation and/or aesthetic properties
in polyethylene composites is reviewed. Based on information found in
literature, and herein presented, the properties of natural fibre-reinforced
composites are shown to be, in the most cases, superior to those of the
unreinforced ones, when dealing with polyethylene and lignocellulosic
fibres. The fire proofing characteristics of the natural fibre polyolefin com-
posites will take special attention. Indeed, the flammability performance
of composite applications e.g. building and transportation must follow the
safety regulations independently of the high structural performance of
these materials. The selection of flame retardants should provide the maxi-
mum effectiveness and the minimum secondary effects in a fire satisfying,
at the same time, all environmental and toxicological requirements. The
type of natural fibre will promote the fire resistance; however for higher
amounts of fibre used as reinforcing it is expect some limitations on the
amount of flame retardant due to processing conditions.

In the natural fibre polyolefin composites, the antimicrobial protection
should not be neglected. Moreover, accelerated tests should be performed
in order to achieve the optimal antimicrobial protection by using specific
additives.

Colour and UV resistance of the natural fibre polyolefin composites will
continue to be a key issue. The colour of some natural fibre composites fade
inashort time. As aforementioned, the chemical composition of the natural
fibres shows quite significant variations. In this context, new and efficient
strategies are essential in order to guarantee that the developed polyethyl-
ene composites are able to sustain larger exposure periods to the light and
weather conditions. At the moment, colouring the polymer matrix with
organic pigments is one of the most effective ways to colour these com-
posites. Another issue is the potential to recycle and reuse these polyeth-
ylene composites with lignocellulosic fibres. More effort to determine the
resistance of these recycled composite systems and the maximum number
of processing cycles without significant failure in terms of colour stability
and mechanical performance should be conduct to the final products. In
addition, tests under extreme environment conditions and the develop-
ment of means to enhance that resistance will become critical to the use
of the final products. In the context of eco-friendly products, polyethylene
sub-products and natural fibre sub-products can be used as raw material
for the production of alternative materials in architecture in urban or rural
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areas. Nevertheless, the market trend showed an increased interest in the
use of virgin polyethylene to obtain competitive composite products with
improved performance and lifetime. As far as the technology is concerned,
the development of in-line monitoring systems to identify the changing of
material characteristics during processing and moulding cycles will bring
new knowledge and enhance the understanding about the effective behav-
iour of these composite materials. Further investigation on the application,
development and commercialisation of suberin and specially lignin, cel-
lulose and cellulose whiskers is needed. Mainly as components to improve
the characteristics of the polyethylene composites, which will bring benefit
to the final product in specific key areas.
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