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Preface
Thermosoftening Plastics are polymers that can be manipulated into different
shapes when they are hot, and the shape sets when it cools. If we were to reheat
the polymer again, we could re-shape it once again. Modern thermosoftening
plastics soften at temperatures anywhere between 65°C and 200°C. In this state,
they can be moulded in a number of ways. They differ from thermoset plastics
in that they can be returned to this plastic state by reheating. They are then fully
recyclable because thermosoftening plastics do not have covalent bonds between
neighbouring polymer molecules. Methods of shaping the softened plastic
include: ınjection moulding, rotational moulding, extrusion, vacuum forming,
and compression moulding.
Additionally, the large amount of plastics produced and consumed in several
areas of everyday life, together with their low biodegradability and short use have
resulted in enormous waste amounts of these materials. Thus, polymer recycling is
more than imperative. Several recycling methods have been presented in literature,
aiming for the recovery of monomers or other secondary value-added materials
as well as for converting polymeric wastes into fuels or energy. Therefore, in this
book, methods for recycling of thermoplastic polymers are included, together with
potential uses of the recycled materials.
This book shows three areas of thermosoftening plastics, thermoplastic materials,
and the characterization of them, as well as some elements of recycling thermoplastics, together with their applications.
This book comprises six chapters. First chapter covers composition and processing
conditions of plastic lumber and their characterizations. The second chapter shows
a new screw design to facilitate phase to phase thermal and molecular mobility for
polymer plasticization. The third chapter describes the controlled radical polymerization for cellulose based thermoplastics and elastomers. The fourth chapter
presents the properties, modifications, and applications of thermoplastic recycling.
The fifth chapter highlights thermal resistance properties of polyurethanes and its
composites. The final chapter shows the morphological, mechanical, thermal and
environmental studies of recycled polypropylene-coffee husk and coir coconut
biocomposites.
We would like to take this opportunity to thank all the researchers who have made
direct contributions to the writing of this book. Also, we would like to thank all
the editorial members of IntechOpen, in particular, Mrs. Dajana Pemac, author
service manager, for her effective editing and support during different stages of the
production of this book.
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Chapter 1

Processing and Properties of
Plastic Lumber
Fernanda A. dos Santos, Leonardo B. Canto,
Ana Lúcia N. da Silva, Leila Lea Yuan Visconte
and Elen B. A. Vasques Pacheco

Abstract
Plastic residue can be processed into composites using wood flour, mineral
fillers, plant or synthetic fibers to obtain plastic lumber, a substitute material for
natural wood. The composition and processing conditions are largely responsible
for the final characteristics of the plastic lumber. Factors such as density, particle
size and moisture content in the material to be processed require extruders with
specific technical characteristics, in order to reduce the residence time of the plastic
inside the equipment, maintain a constant feed rate and ensure good degassing and
homogenization of the components. The composites can be manufactured using
single-screw, co- or counter-rotating conical or parallel twin-screw extruders. Plastic
lumber exhibits different physical and mechanical properties from natural wood,
including lower stiffness (elastic modulus) and superior weathering resistance.
Keywords: recycling, plastic lumber, plastic, reprocessing, property

1. Introduction
The increasing generation of plastic waste by industry and in urban areas in
recent years has prompted concern in society and efforts to recycle discarded and
unused plastic materials [1–3]. Among the alternatives to minimize plastic waste
accumulation is using postconsumer plastics to produce plastic lumber as a substitute for natural wood [4, 5].
According to the American Society for Testing and Materials (ASTM) [4, 5], the
term plastic lumber applies to products made primarily from plastic (with or without
additives), with a rectangular cross-section and size typical of wood products used for
building. However, plastic lumber products can also exhibit a circular cross-section, as
well as other shapes, with applications such as furniture and farming, among others.
Most plastic lumber products on the market are made from polyethylene, particularly high-density polyethylene (HDPE), but can be obtained using polymers,
such as polypropylene (PP), polystyrene (PS) and polyvinyl chloride (PVC), or
mixtures of different plastic wastes [6]. Additionally, fillers and additives, such as
natural fibers, sawdust [7–9], mineral fillers and glass fiber, can be added to plastic
lumber formulations [10, 11].
Both composition and processing conditions are largely responsible for the final
characteristics of plastic lumber products. Research and patents demonstrate that
1
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Figure 1.
Examples of different plastic lumber profiles.

different processes and recycling equipment are used to produce plastic lumber
[12–15]. Factors such as the properties of the material to be processed, how plastic
waste reaches the processing stage, the presence of additives and the moisture content of the material require extruders with specific technical characteristics when
compared to processing virgin plastic [12]. These characteristics include shortening
the residence time of the plastic inside the equipment, maintaining a constant feed
rate inside the extruder and good degassing and homogenization of the material.
Due to their natural origin, wood-based products may exhibit a series of structural defects, such as knots, cracks, warping, wormholes and fungal damage, as
well as low-dimensional stability and other imperfections resulting from varying
moisture content and drying, which significantly influence the final strength of
products and are difficult to control [16].
Plastic lumber has several advantages over natural wood in a number of
applications and can be made from used plastics such as bottles, cups, packing
and other products with a short useful life, thereby minimizing the accumulation of plastic material in the environment. It can be worked using conventional
carpentry tools and planed, sawn, drilled and nailed in the same way as natural
wood [6]. The advantages of plastic lumber over natural wood include being
waterproof, resistant to weathering, mold and borers, and not requiring regular
painting or maintenance, meaning it can be used in environments that natural
wood would be unable to withstand for long periods. These include wet or underwater structures such as sea dikes in coastal areas [17, 18]. Plastic lumber can
also be used to protect forests by preventing new trees from being felled to make
furniture, decking, fencing and piers [6]. Different plastic lumber profiles are
shown in Figure 1.

2. Background
The oldest records of plastic lumber date back to the early 1970s, when processing techniques for the material were developed in Europe and Japan. The resulting
plastic lumber consisted primarily of post-industrial plastic scrap, which was the
only source of low-cost plastic available at the time. Nevertheless, the plastic lumber
industry did not initially experience significant growth [17].
The Klobbie intrusion system was developed in the 1970s and is based on a combination of conventional extrusion and injection processes. It consists of an extruder
coupled to several rotating molds and a tank of cooling water. The plastic material is
mixed and melted in the extruder and then forced into one of the molds. Once the
2
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mold is filled, the carousel rotates to allow another mold to be filled. The filled mold
is then cooled by passing it through the tank of chilled water before ejecting it. The
process is capable of producing thick wall moldings and linear profiles [13, 17, 19].
Technologies developed from the 1980s onwards include Advanced Recycling
Technology (Belgium), Hammer’s Plastic Recycling (United States) and Superwood
(Ireland). The equipment developed by Advanced Recycling Technology, denominated ET/1 (Extruder Technology 1), is an adiabatic extruder capable of processing
mixed waste plastics with different densities to produce posts, rods, stakes, boards,
etc. The process used by Hammer’s Plastic Recycling differs somewhat from the
Klobbie system and generates thick wall parts such as pallets, animal feeders and
bench brackets, as well as linear profiles such as planks [19].
Other processes have been developed for the continuous extrusion of profiles
under cooling, such as Mitsubishi Petrochemical’s Reverzer process to manufacture
large cross-section products. There have also been historical experiments with
compression molding, such as the Recycloplast process developed in Germany [17, 19]
to produce thick wall parts such as pallets, benches and grates.
Following the abovementioned efforts in equipment design, attention turned
to the composition of plastic lumber, and wood-plastic composites (WPC)
emerged in the 1990s to replace wood with recycled plastic lumber in decking
and fencing [16, 18]. Also in the 1990s, pioneering studies on plastic recycling
for the development of plastic lumber began at the Institute of Macromolecules
of the Federal University of Rio de Janeiro, under the supervision of Professor
Eloisa Biasotto Mano, the first line of research in the area at university level. In
2009, at the same institute, a laboratory scale plastic recycling machine and pilot
scale equipment were developed at the Center of Excellence in Recycling and
Sustainable Development (NERDES).
Despite the development of technology to obtain recycled PL, lack of standardization prevented its use by the construction industry in the early 1990s, particularly in structural applications. The Plastic Lumber Trade Association worked to
establish a set of ASTM standards initially applicable to plastic lumber made from
high-density polyethylene (HDPE) [16, 20].
Wood-plastic composites (WPC) are an important segment of the plastic
lumber market [16, 21].
In addition to their application in decking, American manufacturers use WPC to
replace plywood in fencing, windows and panels [22], and the composites are also
being considered in the production of roofing and cladding [6, 23, 24].
Plastic lumber has been used in marine environments as a replacement for
natural wood treated with chromated copper arsenate (CCA) due to its rot resistance and high durability, as well as the environmental preservation it provides
because no harmful chemicals are used in its manufacture [25, 26]. Recent studies
have shown that copper, chromium and arsenic are continuously released by CCAtreated wood in marine environments [18, 27–29]. By contrast, the disposal of metal
and organic contaminants from plastic lumber in river or seawater is low and no
highly toxic compounds have been identified [30].
The timber market and industry are searching for more sustainable products, and
plastic lumber is a viable alternative in railway tie manufacturing, for example [31].

3. Processing
Although the composition of plastic lumber varies, the market consists primarily of companies that manufacture HDPE-based plastic lumber and those that use
plastic composites and wood waste [16]. This has contributed to greater interest in
the search for wood-plastic composite (WPC) processing technologies.
3
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Composite
PP/wood flour:
70/30 wt%

Type of screw
extrusion

Tensile strength
(MPa)

Izod impact strength (kJ/
m2)—unnotched

Single-screw

25

7

Twin-screw

28

10

Table 1.
Mechanical properties of polypropylene (PP) composites filled with wood flour made using different
manufacturing processes [33].

In general, WPC are manufactured by extrusion, whereby the molten material is forced through a matrix and formed into a continuous profile in the desired
shape. Extrusion is a process whereby plastic and other additives are melted, mixed,
homogenized and formed into long continuous profiles typical of construction
materials [21], in either simple solid shapes or complex hollow structures [6, 22, 32].
Wood-plastic composites can be produced in single-screw, co- or counterrotating conical or parallel twin-screw extruders or piggyback extruders [21, 32].
Manufacturing companies use different types of extruders and processing strategies
[21], with some employing a single-screw extruder for the final shaping process
[21], or use a twin-screw extruder for mixing and mold the final artifact in another
extruder. Other manufacturing companies use a range of piggyback extruders, one
to homogenize the mixture and others for shaping [21]. The screws are specifically
designed to bind the wood residue to the polymer matrix in order to evenly disperse
it in the polymer [24].
Various types of extruders used lead to significant differences in the properties
of plastic lumber. Yang et al. [33] studied the properties of WPC and polypropylene
(PP) composites filled with rice husk flour (RHF) made using different manufacturing processes. The authors used single- and twin-screw extrusion systems and found
that WPC processed in a twin-screw extruder exhibited better mechanical properties when compared to the composite obtained by single-screw extrusion, attributing
these results to better wood dispersion in the former process (Table 1). They also
observed that the presence of a maleic anhydride-grafted polypropylene (MAPP)
compatibilizer [34, 35] improved the mechanical properties of the RHF-filled PP
composite when compared to the composite without the compatibilizing agent [33].
In addition to extrusion, processing technologies such as injection and compression molding can also be used to produce WPC [36], with the composite formulation adjusted according to processing requirements. For example, the low viscosity
needed for injection molding may limit the wood residue content in the formulation
[21]. Experts from the WPC industry claim that injection molding has significant
potential, with the ability to produce complex shapes, whose growing number of
applications includes products such as tiles and cladding [9, 37].
A number of aspects should be considered when processing WPC. Moisture content and particle size should be tightly controlled to prevent discontinuities and parts
with defects due to the presence of bubbles or stains caused by thermo-oxidative
processes [34, 38]. Thus, as a primary requirement, wood waste must be pre-dried,
and degassing zones must be used to remove residual moisture during processing.
One of the factors directly affected by the moisture content of the lignocellulosic
reinforcement is the output of the extrusion line: the higher the moisture content of
the particles, the lower the throughput due to the longer residence time needed to
devolatilize the composite [39, 40]. As such, the longer the material remains inside
the extruder, the more susceptible it is to thermomechanical degradation.
Additionally, the low thermal stability of cellulose (200–220°C) is a limiting factor in the process, except when residence times are minimal. Exposing wood waste
4
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to temperatures above this range releases volatile compounds, causing discoloration
and odor and making the composite brittle [36]. This has restricted the use of
thermoplastics in WPCs to major commercial resins such as polyolefins (PE and
PP), styrenics (PS, HIPS and ABS) and polyvinyl chloride (PVC), which can be
processed at temperatures below cellulose degradation [9, 21].
Another factor that hampers WPC processing is the low density of wood waste,
which makes it difficult for the residue to pass through the small openings typical of
plastic processing equipment, leading to a decline in throughput [41].
Processing WPC can be classified into four distinct categories. In pre-drying and
premixing, wood waste is pre-dried at moisture levels below 1% and the material
is fed into a counter-rotating twin-screw extruder along with the polymer, usually
in the form of a powder. The dry blend of polymer, wood and additives is prepared
in high-intensity Henschel mixers before being fed into the extruder [42]. The
dry blend is then fed into the extruder using a Crammer feeder. Given the narrow
residence time distribution of the material in the system and limited thermal energy
generation, counter-rotating twin-screw extruders are used primarily for PVC
conversion due to its thermal instability [12, 40].
Pre-drying wood and feeding the polymer and wood residue into the extruder
separately (pre-dry; split feed) allow better control of the residence time of the
wood filler during processing [42]. High capacity twin-screw extruders with side
feeders are generally used in this type of process, where the residue is mixed with
the molten polymer, passing through distributive mixing and degassing zones.
A third process involves feeding wet wood residue into the extruder first, followed by the molten polymer (wood first; melt feed). Two simultaneously operating extruders are needed, the first to dry the wood and a second smaller extruder
to plasticize the polymer and additives [42]. An example of this type of system is
the Woodtruder®, equipped with a counter-rotating twin-screw extruder designed
to remove moisture from wood fiber even at high levels (1–8% moisture content).
The process includes a primary counter-rotating parallel twin-screw extruder
(L/D 28:1) and a satellite extruder with either one or two screws depending on the
polymer used. The primary extruder dries the wood fiber and then mixes it with the
polymer, while the satellite extruder melts the polymer and returns it to the primary
extruder [32].
In many ways, processing wood waste in parallel twin-screw extruders is similar
to processing neat polymers [32]. Although standard feeders are generally used
for polymers, gravimetric ones are needed to feed the wood waste into the twinscrew extruder. The feed rate is automatically adjusted by the controller to increase
feeding efficiency, circumventing the problems caused by wood fiber bulk density
fluctuation. The screws drive the residue forward as the heat from the barrel and
screws is transferred to the material, heating both the wood and the water in the
wood fibers and releasing moisture.
The WoodTruder system uses a set of two extruders. The wood fibers enter
the feeding zone of a counter-rotating parallel twin-screw extruder with a special
venting section to draw moisture, while the molten polymer is added in sequence
via a side mounted, single-screw extruder. The mixture then enters the compression
section of the primary extruder to more easily blend the two components [32, 42].
Degassing occurs after compression in order to remove volatile components from the
polymer or residual moisture from the wood fiber. The completely dried homogenized mixture then moves into a different zone to increase the pressure flow through
the head. Melting temperatures are typically between 170 and 185°C. Temperatures
above 200°C should be avoided in order to reduce wood degradation. In addition to
wood fibers, the WoodTruder system can also process rice hulls, sisal, peanut shells
and a range of other materials [32].
5
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The fourth WPC production process uses wet wood and separate feeding of the
polymers and additives (wood first, split feed), whereby the wet wood residue is fed
into the extruder first and the polymer and additive are subsequently introduced
into the barrel via a side feeder. However, this process typically requires longer
extruders (L/D 44 or 48:1) with degassing zones located close to the feeding zone to
remove moisture from the wood, which is not always possible [42].
Changes in moisture can lead to melt consistency problems in processes
where an extruder is used to dry the wood fiber, making pre-dried wood a safer
alternative.

4. Properties
The physical and mechanical properties of plastic lumber differ from natural
wood parts with the same dimensions [6, 16, 17]. One of the most significant
differences is the lower stiffness (modulus of elasticity) of plastic lumber. Pine and
oak typically have a modulus of at least 6.9 GPa, which is higher than that of plastic
lumber without a filler.
Mechanical properties of polymers depend on the time and temperature at
which stress is applied. Plastic lumber is subject to permanent deformation (creep)
under long-term loads [17, 18]. The strain rate depends on the amount and duration
of the stress applied, as well as temperature. Moreover, changes in size as a result of
temperature are more marked in plastic lumber than natural wood [8].
Drawbacks of plastic lumber include its low resistance to heat and flame in
relation to the slow burn of natural wood, intense heating when exposed to direct
sunlight and slow cooling. These problems can be mitigated by placing a small
opening between adjacent planks, allowing air to flow around them and generating
a cooling effect [17] or by producing hollow or foamed profiles.
These differences mean plastic lumber is generally unsuitable as a direct replacement for natural wood of a similar shape and size, since the resulting structures
may exhibit unacceptable deformation under load or buckle over time due to their
own weight [17, 43].
The abovementioned features limit the use of plastic lumber in structural
applications such as support posts for decks. Most plastic lumber in decks is used as
flooring, where the flexural modulus is less critical. The properties of this synthetic
material change with the addition of fillers or compatibilizers or by promoting
crosslinking of the base polymer [32].
Different compositions have been used to modify the physical and mechanical
properties of plastic lumber and thereby ensure a larger number of applications with
better results, the most noteworthy being those containing wood waste. One of the
benefits of wood-plastic composites (WPC) is that they provide an alternative for
waste from the lumber industry, which requires special attention as a low density
material that needs a significant amount of storage space. Furthermore, using plant
fibers in polymer composites improves the mechanical performance of conventional
plastics, reduces environmental impacts, ensures recyclability and lowers costs [9, 44].
Wood fillers also increase the stiffness of composites, improve their machinability and are less expensive than polymer resin. Given the increasing use and
importance of WPC, different authors have studied the effects of adding wood
fiber on the mechanical properties of plastic lumber [7, 9, 43, 45–47]. Table 2 shows
flexural modulus results of three composites made with the same filler, however in
three different polymer matrices.
Research by Solís and Lisperguer [48] indicates that adding wood waste reduced
the impact strength of WPC (Table 3).
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Type of polymeric matrix in composite

Flexural modulus (GPa)

Polyethylene

1.7

Polypropylene

2.1

Polystyrene

4.9

Table 2.
Flexural modulus values as a function of plastic matrix in lumber samples with 25 wt% of wood flour [27].

Amount of wood flour (wt%)

Impact strength (kJ/m2)

0

10.0

20

2.3

10

1.9

Table 3.
Impact strength of HDPE and wood flour composite [48].

Carroll et al. [43] evaluated the shear strength of Duraboard® plastic lumber
planks made from a compound of recycled plastic and sawdust under load and high
temperatures. Mechanical tests were also conducted simulating winter (−23.3°C)
and summer conditions (40.6°C). The results under winter temperatures showed
that plastic lumber exhibits tension, compression and flexure properties comparable to those of natural wood, but lower strength under simulated summer conditions, albeit with acceptable values. The findings demonstrate that plastic lumber
pieces should be larger than their natural wood counterparts to compensate for
these differences. The high temperature modulus of the plastic lumber was lower
than that of natural wood, which increases structural deformation when submitted
to loading. This behavior is evident in a number of decking applications. The low
stiffness of plastic lumber planks makes them prone to buckling under their own
weight. In the case of long plastic lumber planks, the distance between the support
posts should be smaller and/or thicker planks should be used when compared to
natural wood decking [17, 18, 43].
Glass fiber has also been used as a filler to reinforce WPC, which can significantly increase the elastic modulus and stiffness of PL, albeit not to the extent of
natural wood [10, 11].
Breslin et al. [27] studied long-term variations in the mechanical properties of
recycled plastic lumber made from HDPE with 20% fiberglass used to build a pier.
The results of dimensional stability assessment indicated no significant variation in
sample dimensions. Additionally, hardness showed no significant change over time.
However, individual hardness measurements of the exposed cross-section varied
considerably along the surface (22 ± 16–36 ± 9 units on the Shore D scale). The
authors attributed this result to the porous internal structure of the plastic lumber,
making it denser closer to the surface. As such, since the properties of the porous
core differ from those at the outer surface, plastic lumber should always be tested
at different internal and external points in order to obtain conclusive results [43].
There was no significant difference in compressive strength until the nineteenth
month of exposure to extreme weather conditions. The flexural modulus showed
a high degree of variation between duplicate samples of plastic lumber profiles.
Although the flexural modulus measured in the cross-sectional direction did not
vary significantly between the first and nineteenth month of exposure, a substantial variation was measured over time, with the greatest change recorded in the
summer months. According to the authors [43], varying cross-sectional bending
7
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Composition (wt%)
Glass fiber

Tensile modulus (MPa)
Wood fiber

0

0

810

25

0

2310

0

8

980

25

8

2900

Table 4.
Plastic lumber tensile modulus of HDPE reinforced with glass fiber and/or wood fiber [10].

modulus values may be due to the heterogeneity of the material. Significant bending modulus variations should be taken into account when designing plastic lumber
structures.
George and Dillman [10] analyzed glass fiber filler used to reinforce plastic
lumber made from recycled HDPE. Additionally, the authors tested different
formulations containing wood fiber and compared the effect of the content of each
filler on the mechanical properties of the composites. The results showed that glass
fiber significantly improved stiffness and promoted a greater increase in tensile and
flexural moduli when compared to wood fiber (Table 4).
In some cases, adding glass fiber to plastic lumber for applications that come into
contact with the skin, such as benches and handrails, can cause skin irritation. Glass
fiber is also associated with a disease that affects the lungs in a manner similar to
asbestos [41]. As such, these types of applications should be avoided.
Ledur et al. [49] developed a plastic lumber made from a mixture of polyethylene
(PE) urban waste and ethylene-vinyl acetate (EVA) copolymer industrial waste filled
with calcium carbonate. It was compounded in a Drais batch mixer and hot compression molded as rectangular-shaped sheets. An urban trash container prototype was
prepared from the plastic sheets and a hundred trash containers passed a pilot test.
Other types of fillers have been studied for use in plastic composites, particularly natural components such as sisal, jute, hemp and coconut fiber [9, 11, 50, 51].
Wambua et al. [11] produced polypropylene composites reinforced with lignocellulosic fibers and found mechanical property values similar to those reported in the
literature for glass fiber-reinforced PP composites.
Natural fibers offer a number of advantages over mineral or synthetic fillers as
reinforcement in polymer composites, including less equipment abrasion, lower
density of the final product, low cost and greater abundance.
One of the difficulties encountered in plastic lumber technology is the wide
range of raw polymers, whose composition is beyond industrial control. This diversity results in polymer blends with coarse phase separated morphologies, which
inevitably lead to incompatibility of properties. Possible solutions include adding a
compatibilizer to the polymer blend or generating in situ molecular changes in the
components through reactive extrusion to allow bonds to form between the polymer chains of the different phases [34].
Wood fiber/polyolefin composites widely used to obtain plastic lumber are
incompatible because the thermoplastic material is nonpolar, while cellulose is
polar, thereby requiring compatibilization using coupling or interfacial adhesion
agents. Processing aspects, compatibilization and properties have been investigated
by several authors [34, 42, 47].
Initially, the compatibilizer or coupling agent in contact with the filler surface
should interact strongly with the fibers through strong covalent bonds, acid-base
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interactions or hydrogen bonds. The compatibilizing agent should contain a sufficient number of functional groups to allow reaction with cellulose hydroxyl
groups. Another aspect to consider is the length of compatibilizer chains, which
should be long enough to allow molecular entanglement with the polymer matrix
in the interphase through mechanical anchoring [42]. Some authors [34, 52] have
reported surface treatment of the fiber as a means of optimizing the compatibilization process.
Studies demonstrate that the modulus values of WPC increase slightly in relation to neat polymers, but with no statistically significant differences. However,
there is almost no variation in tensile strength between neat HDPE and maleinized-polypropylene (MAPP) composites, although the former exhibited lower
impact strength in relation to the other samples. This result is attributed to better
adhesion between the fiber and polymer matrix, allowing better stress transfer to
the fiber [9, 34, 50–52].
In addition to compatibilizers, other additives are used to improve the properties and appearance of the final product, such as impact modifiers, colorants,
flame retardants, antioxidants, UV stabilizers, lubricants, stabilizers and
biocides.
One way of altering the properties of plastic lumber is by modifying the molecular structure of one or more component polymers through exposure to ionizing
radiation. Irradiation has the advantage of being a clean, continuous easy-to-control
process [53–56]. It promotes the formation of crosslinks parallel to chain scission as
well as double bonds. Crosslinking causes an increase in molecular weight, which
typically improves properties, whereas chain scission reduces molecular weight and
decreases properties in general [54].
Martins et al. [54] assessed the effects of ionizing radiation on IMAWOOD®
plastic lumber made from recycled polyethylene (around 75% low-density
polyethylene—LDPE and 25% HDPE), using irradiation produced by industrial
equipment with a 60Co source. The specimens received total doses of 10, 500, 1000
and 2000 kGy. The authors concluded that irradiation in air increased the tensile
strength of IMAWOOD®, although a decrease in elongation at break was observed
with ductile-brittle transition. Additionally, from an engineering standpoint,
IMAWOOD® offers the best conditions for certain applications after irradiation
because it is less brittle.
One alternative to improve the mechanical properties of wood fiber-reinforced
plastic lumber is through crosslinking using silane [57–60].
Studies have shown that crosslinked composites obtained by addition of silane
display greater toughness, impact strength and interfacial adhesion than composites
without silane [57, 58]. Additionally, the formation of crosslinks in the polymer
matrix reduces buckling when the material is overloaded [57].
Bengtsson and Oksman [58] analyzed the effects of silane on the mechanical
properties of wood-HDPE composites. The silane-grafted composites were stored at
different moisture levels (in a sauna and temperature chamber) to determine how
this parameter affects the degree of crosslinking in the composites. Experiments
conducted with different amounts of vinyltrimethoxysilane in the presence of small
amounts of peroxide indicated that the samples stored in the sauna showed the
highest degree of crosslinking, which was calculated by measuring the gel content
and swelling ratio. The results demonstrated that the samples exposed to the highest
moisture level exhibited a higher degree of crosslinking. Water was responsible for
the hydrolysis of methoxy groups to silanol, increasing the degree of crosslinking
in the material stored in the sauna. The flexural modulus and flexural strength of
neat HDPE were higher than those of the silane-grafted composites. In contrast to

9

Thermosoftening Plastics

neat plastics, the crosslinked composites showed better flexural strength than the
material without silane.
The improved flexural strength is likely due to greater wood-polymer adhesion,
enabling stress transfer from the polymer matrix to the wood fibers when the material is overloaded. The authors [58] attributed the superior adhesion to the covalent
bond between wood and polyethylene to condensation or free-radical reactions.
Furthermore, hydrogen bonding between the silanol groups grafted onto polyethylene and the hydroxyl groups of wood, as well as van de Waals forces between
condensed silane in the wood and the polyethylene matrix, can improve adhesion
between phases.
Lower creep was observed in the crosslinked composites when compared to
those without crosslinking. This behavior may be related to the reduced viscous
flow in the matrix due to crosslinking and better adhesion between the polymer
matrix and wood flour [57–60].
Bengtsson et al. [57] evaluated mechanical property variations in WPC treated
with silane containing different wood fiber concentrations. The stress-strain curves
of the silane-treated composites indicated increased stiffness of the material with
the addition of wood flour, in addition to a decline in ultimate strength. There was
a significant increase in tensile strength with a rise in wood flour concentration, in
contrast to the behavior reported by other authors [33, 61], whereby tensile strength
declined with an increase in wood flour content. The authors attributed this behavior to greater interfacial adhesion between the wood and plastic promoted by silane
addition.

5. Final remarks
In addition to adding value to postconsumer plastic packaging waste and
preventing deforestation, plastic lumber offers other significant benefits, including resistance to fungi and insects and eliminating the need for painting and
maintenance.
Its easy processing and the possibility of obtaining different compositions demonstrate the wide variety of properties and applications of plastic lumber. However,
when replacing a traditional material with another, it is important to consider the
required performance of the product, the application and the cost-effectiveness of
the replacement in order to prevent any technical problems related to the characteristics of the two materials and ensure successful usage.
Thus, research is needed to develop new technologies aimed at obtaining
recycled material with superior properties at lower economic, environmental and
social costs, in order to increase the number of applications for plastic lumber as a
replacement for natural wood and help reduce plastic waste accumulation.
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Chapter 2

Multi-Field Synergy Process for
Polymer Plasticization: A Novel
Design Concept for Screw to
Facilitate Phase-to-Phase Thermal
and Molecular Mobility
Ranran Jian, Hongbo Chen and Weimin Yang

Abstract
A novel concept of screw design has been proposed considering the multi-field
synergy principle to facilitate phase-to-phase thermal and molecular mobility; subsequently, a torsion element has been designed. This new screw design allows an
innovative and effective way to resolve a growing challenge in polymer process
engineering, especially for nanocomposites or biopolymers, that is, an inadequate
control of mass transfer and thermal management for multicomponent melt flows
through narrow channels during extrusion or injection. The adaption of torsion
element in the screw facilitated the plasticization mixing and thermal distribution in
polymer melts, and the torsional flow induced by the torsion elements shows a
synergistic effect on the melt-phase mass flow and the thermal flow field. The latter
effect enhances the mass and heat transfer of heterogeneous polymer systems and
realizes effective heat management to achieve properly uniform temperature field.
Keywords: multi-field coupling, polymer plasticization, field synergy,
torsional flow, heat and mass transfer enhancement

1. Introduction
Polymer plasticization is a complex process with many uncertain variables,
which involves phase transfer and viscoelastic behavior. The nonlinear effect of
polymer plasticization is a multidisciplinary engineering science problem that
includes heat transfer, rheology, and flow dynamics among others. The thermal
homogeneity and stability of polymer melts in this plasticization process is the key
to determine the quality of products, especially for biodegradable nanocomposites
or microcellular foam materials.
In polymer processing, plasticization screw is an added unit operation that
facilitates melting and homogenization of an initially heterogeneous physical system [1, 2]. In general, the temperature distribution is not uniform in the process of
plasticization; this is due to significant friction heating and the low thermal conductivity of polymers. It is very important to optimize the structural parameters
and working characteristics of the screw in order to enhance plasticization of
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polymers. The effect of barrel configurations and screw designs on heat and mass
transfer has been investigated in the past and proved unquestionably important
attributes for determining temperature uniformity and mixing effectiveness in
extrusion and injection molding processes [3–8]. Different from conventional
screw, the new types of screw can be roughly divided into four categories: distribution screws, barrier screws, separator screws, and channel screws with variable
sections. These reconfigured screws are stated to be better than a standard one. For
example, Kelly et al. [6] developed a barrier-flighted screw with Maddock mixer to
achieve good melting performance and low temperature and pressure fluctuations.
Spalding [9] introduced a distributive melt-mixing type screw equipped with an
Eagle mixer in injection molding process and obtained better melting capacity and
higher mixing than a conventional screw. Shimbo et al. [10] disclosed a mixture
system by combining Pin and Dulmage type screws and also reported their beneficial effect in kneading, homogenization, and ensuring stability of gas/polymer
solution. Zitzenbacher et al. [11, 12] indicated that the shearing sections like axial
and spiral Maddock elements and Z-elements are often used to improve the melt
homogeneity by enhancing dispersive mixing. Rydzkowski [13] developed an
autothermal screw-disc extruder to induce autothermal effect. Rauwendaal [4]
noted a CRD mixing screw with wedge-shaped barrier region to generate
elongational flow. In this way, the mixing ability improves under the condition of
lower power consumption and viscous dissipation than shear flow. Also, the melt
temperatures and pressure fluctuation reduce in the flow channel. Based on the
elongational flow and volume transportation, Qu et al. [14, 15] proposed a novel
vane plasticization system in place of screw one to create extensional stress. Their
results showed that the plasticizing capacity improved with the decrease of power
consumption in the vane extruder. Diekmann [16] analyzed the direct-drive singlescrew extruders without gearing and results indicated that plasticization capacity
increased in the direct-drive system. Besides, Jiang [17] introduced ultrasonic plasticizing in the extruder to achieve energy saving. And Qu et al. [18] introduced a
vibrational force field in the screw plasticization system. Their results showed that
mixing performance improved and extrusion pressure reduced.
These studies may focus on mixing and rheology. However, heat transfer also
plays a significant role in plasticizing. In the past, researchers paid little attention to
understand heat transfer in viscous fluid. Understanding the mass and heat transfer
processes in a plasticization system as a function of screw configurations is essential
to further develop a more effective screw design to overcome some of the existing
challenges. The properties of composites in the plasticization process also depend on
the control of the velocity, temperature, shear, and pressure fields. Therefore, it is
worth investigating the synergetic relationship, if any, between various physical
fields in order to maximize the efficiency of the plasticization effect.
Mixing a high-viscosity or high-molecular weight polymer melt leads to shearinduced overheating due to the large torque induced, required to unleash the polymer chain entanglements. The challenge in this case is to fabricate a screw configuration that facilitates polymer chain mobility in melt phase without inducing high
shear and by facilitating effective transfer of the excess local heat out of the bulk of
the polymer melt. Otherwise, the local overheating effect essentially results in
unwanted heat loss and poor melt quality, subsequently, the polymer chains break
down and thermosensitive polymers such as biopolymers may even be degraded.
In order to overcome the challenges of an inadequate control of flow-thermal
management for multicomponent melt, we explore the synergistic relationship and
interaction mechanism between various physical fields for non-Newtonian viscous
liquids such as polymer melts, with special emphasis on higher molecular weight
thermoplastic resins, subsequently a torsion screw has been designed.
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2. Multi-field synergy theory
In order to find out relationships among the velocity, velocity gradient, and
temperature gradient fields in the plasticization process of polymer, we presented
the mathematical expressions for quantitative analysis of multi-field synergy based
on momentum conservation equation and energy conservation equation.
2.1 Synergy between velocity and velocity gradient
From the knowledge of polymer rheology, we have obtained the Navier-Stokes
equation derived from momentum conservation equation in the form of Eq. (1).
*

Dv
*
¼ ∇� τ �∇P þ ρg
ρ
Dt

(1)

Eq. (2) is obtained by further expansion.
!
*
∂v * *
*
þ v � ∇v ¼ ∇� τ �∇P þ ρg
ρ
∂t

(2)

where ρ is the fluid density, v is the fluid velocity, t is the time, τ is the stress, P is
the pressure, and g is the gravitational acceleration. The left-hand term of the
equation is the inertia term, reflecting the increment of fluid momentum per unit
volume in unit time. In the parentheses in Eq. (2), there is a dot product of velocity
and velocity gradient, which can be expressed as
�*� � * �
*
� � � �
v � ∇v¼ � v � � �∇v�cosα

*

(3)

where α is the intersection angle between the velocity gradient and the velocity
vector, and can be calculated according to Eq. (4)
0

*

*

1

B v � ∇v C
α ¼ arccos@�*�� * �A
� �� �
� v ��∇v�

(4)

Here defines the synergy angle α to represent the synergy between the velocity
and the velocity gradient. In the range 0°–90°, the dot product Eq. (3) increases
with decreasing α, which leads to the increase in momentum and enhancement of
mass transfer. This means the interaction of velocity and velocity gradient has an
effect on the momentum of the system, that is, the increment of momentum
depends not only on the magnitudes of velocity or velocity gradient, but also on the
overall synergy between velocity and velocity gradient.
When the synergy angle α becomes zero, the flow is a pure elongational one, and
if it becomes 90°, the flow is a pure shear one. Most notably, it is generally known
that the effect of elongational flow on mixing is more strong than that of shear flow
[19–24], which provides evidence for the feasibility of field synergy analysis.
Therefore, the synergy relationship provides a new perspective to understand the
polymer mixing.
From Eqs. (2) and (3), we can also conclude that the pressure gradient is
affected by the synergy angle α when the stress and gravity terms are invariable. In
other words, the synergistic effect of velocity and velocity gradient can reduce
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pressure loss and energy consumption, which is of great significance in Newtonian
fluid flow. However, for most polymers, which are non-Newtonian in nature, the
pressure term has little effect on mechanical power and energy consumption due to
its very high viscosity.
2.2 Synergy between velocity and temperature gradient
Almost all polymer processing unit operations require heat transfer processes
such as energy exchange, heating, and cooling to facilitate phase-to-phase thermal
and molecular mobility. Therefore, the study of energy balance and distribution has
special significance in the process of melt flow. It is well known that the general
energy conservation equation in the flow field can be represented in the form of
Eq. (5).
� � �
� �*
�
DT
∂P
*
*
*
∇� v þ τ ∶∇� v
¼ �∇� q �T
ρCV
Dt
∂T P

(5)

By further expansion, we obtain Eq. (6) as follows.
� � �
�
�
�
�
� �*
�
*
∂T * *
∂P
*
*
þ v � ∇T ¼ �∇ � �K ∇T � T
ρCV
∇� v þ τ ∶∇� v
∂t
∂T P

(6)

where ρ is the fluid density, CV is the constant-volume specific heat, T is the
fluid temperature, v is the fluid velocity, t is the time, τ is the stress, P is the
pressure, and K is the heat transfer coefficient. The left-hand term of the equation is
the changing rate of internal energy, reflecting the change of heat caused by the
temperature variation per unit time at a point in the flow field. Moreover, in the
parentheses, there is also a dot product of velocity and temperature gradient. The
latter term signifies the interaction between velocity and temperature gradient, and
demonstrates that this interaction parameter has an effect on the thermal energy of
the system, that is, the change of internal energy depends not only on the velocity
field and temperature gradient field, but also on the overall synergy between the
velocity field and the temperature gradient field. The dot product in the parentheses
in Eq. (6) can be further expressed as
�*� � * �
*
� � � �
v � ∇T ¼ � v � � �∇T �cosβ

*

(7)

where β is the intersection angle between the temperature gradient and the
velocity vector, and can be calculated according to Eq. (8)
0

*

*

1

B v � ∇T C
β ¼ arccos@� �� * �A
�*�� �
� v ��∇T �

(8)

Here is defined as the synergy angle α β representing the synergy between the
velocity and the temperature gradient. In the range 0°–90°, the dot product
(Eq. (7)) increases with decreasing β. When the viscous dissipation power is constant, a small β contributes to a large heat transfer coefficient K, which leads to
enhanced heat transfer and temperature uniformity.
In the case of the problem of a two-dimensional flat-plate steady-state boundary
layer, Guo et al. [25, 26] have simplified the energy conservation equations into the
dimensionless forms
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Nul ¼ Re l Prl

ð δ，lh
t
0

�
�
U � ∇T d y

(9)

where U is the velocity vector, ∇T is the temperature gradient vector, Rel is the
l-component of the Reynolds number, Prl is the l-component of the Prandtl number,
and Nul is the l-component of the Nusselt number. Rel, Prl, and Nul are expressed as
Re l ¼

Cp μ
ρvδt
Kδt
，Prl ¼
，Nul ¼
μ
λ
λ

(10)

where μ is the fluid viscosity, Cp is the specific heat capacity at constant pressure, λ is the thermal conductivity, and δt is the characteristic dimension, which
refers to the thickness of the thermal boundary layer. From Eqs. (9) and (10), we
can notice that an increase in interaction between the temperature gradient and the
velocity fields increases the Nusselt number and the coefficient of local heat transfer, and consequently enhances the overall heat transfer. These synergy equations
suggest a new approach to enhance heat transfer of the polymers with poor heat
conductivity, namely by increasing the dot product in the integral (Eq. 9).

3. Model design and description
By understanding the multi-field synergy effect in the heat and mass transfer
process of polymer plasticization, we can construct a specific flow field so that the
directions of velocity field and temperature gradient field are no longer perpendicular, and the flow field movement is more random. The schematic diagram is shown
in Figure 1. In this way, it can facilitate phase-to-phase thermal and molecular
mobility, so as to significantly improve heat transfer and molecular mixing, particularly for highly viscous multicomponent polymer melts with Bio or Nano filler.
Based on this method, we can design a special screw configuration to divert the
fluid particles and obtain the desired flow field. Here, we propose a new type of
screw element, namely, torsion element, to stimulate the spiral or torsional flow,
which is the most common way of disturbing or changing flow direction in nature.

Figure 1.
The synergy between velocity field and heat flow field: Parallel movement (a) and spiral movement (b).

4. Numerical analysis examples
In the following sections, we develop a novel torsion element-induced torsional
flow into the flow field by adapting the field synergy principle. Then, we establish a
three-dimensional physical and mathematical model with finite element method
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Figure 2.
The geometrical configuration and flow line of particles for a torsion element.

(FEM), and present results of computational fluid dynamics (CFD) simulations of
the flow and heat transfer of a viscous polypropylene (PP) melt in the screw with
torsion elements to confirm this field synergy method and compared them with the
conventional screw in common use today.
The geometrical configuration of the proposed torsion element is shown in
Figure 2. The torsion channels are divided into N parts along the circumferential
direction by torsion flights. Between every two adjacent torsion flights, there are
two surfaces twisted by 90°along the axial direction. When polymer flows over the
torsion channel, it is expected to undergo a torsional rotation (tumbling) under the
forces generated from viscous friction with barrel wall and with the steering
between two 90° twisted surfaces. As a result, spiral-shaped or torsional-shaped
flow may occur in the torsion channel. In consequence, the intersection angle
between the velocity and the heat flux will decrease to less than 90° compared with
that in the standard screw channel, and then the synergic effect between the
velocity vector and the temperature gradient will be improved.
4.1 Geometrical configuration
Six screws with same length and diameter (designated by alphabetical A to F as
shown in Figure 3) were employed in this work to verify the synergic effect of

Figure 3.
The geometrical configuration of various screws (with screw elements and torsion elements).
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Parameters

Dimensions (mm)

Length of screw

180

Diameter of screw

30

Diameter of barrel

30.4

Length of single torsion element

10

Lead of screw element

30

Inner diameter of screw

25.8

Table 1.
Geometric parameters of simulation models.

torsion element. Screws were constructed of two kinds of polymer plasticization
elements: the torsion element and the screw element. Screws A to D had six torsion
elements with regular arrangement in different orders. As control subjects, screw E
is a conventional screw without torsion element and screw F is a torsional screw
without screw elements. Table 1 presents a summary of the geometric parameters
of simulation models.
4.2 Governing equations and boundary conditions
In this case, we assumed that the polymer fluid had non-isothermal transient
laminar flow and was incompressible. No-slip conditions were adopted at the
boundary. Polypropylene (PP) was chosen to be the model polymer due to its
common use in polymer processing. Compared with viscous force, the inertial force
can be neglected due to the high viscosity of PP. Therefore, the governing equations
representing the flow field in this situation are shown in the form of Eqs. (11)–(13).
Continuity equation:
∂ui
¼0
∂xi

(11)

Momentum equation:
ρ



∂ui ∂P
∂
∂ui
þ
¼
η
∂t ∂xi ∂x j
∂x j

(12)

Energy equation:


∂T
∂T
∂2 T
ρcp
¼λ 2 þφ
þ ui
∂t
∂xi
∂xi

(13)

The apparent viscosity of PP was described by the Carreau-approximate Arrhenius model (Eq. 14), which match most polymers, to consider the factors of both
temperature and shear.

ðn�1Þ=2
exp ½�BðT � T 0 Þ�
η ¼ η0 1 þ t2 γ_2

(14)

The physical characteristics of the PP and screw material are listed in
Tables 2 and 3, respectively. The choice of the polymer affects only the constants in
the constitutive equation (Eq. (14)). Moreover, the Carreau-approximate Arrhenius
model has been already validated for most polymer melts (e.g., polystyrene,
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polyethylene, and polyurethane.). Therefore, we assume modeling and simulated
results based on the above conditions, which are generally applicable for most of the
materials used in polymer processing.
In our work, ANSYS Polyflow 17.0 packaged software (ANSYS, Inc.) was
adopted in the simulations. The 3D mesh systems for the screw and the fluid were
created using the mesh superposition technique (MST). Figure 4 shows the 3D
model for screw E. The fluid model and screw model were implemented through
mesh refinement by hexahedral and tetrahedral elements, respectively. In addition,
735 kg/m3

Density ρ
Thermal conductivity λ

0.15 W/(mK)

Specific heat capacity Cp

2100 J/(kgK)
26,470 Pas

Zero shear viscosity η0
Non-Newtonian index n

0.38

Natural time t

2.15 s
0.02 K1

Coefficient of temperature sensibility B
Reference temperature T0

513 K

Table 2.
Physical parameters of the PP.

8030 kg/m3

Density ρ
Thermal conductivity λ

16.27 W/(mK)

Specific heat capacity Cp

502.4 J/(kgK)

Table 3.
Physical parameters of the screw.

Figure 4.
Three-dimensional physical model of screw E.

Location

Flow boundary conditions

Thermal boundary conditions

Inlet

Setting zero pressure

513 K

Outlet

Setting zero pressure

Heat outlet

Barrel wall

No-slip wall

513 K

Screw wall

Screw speeds: 40,60,80,100,120 r/min

Free boundary

Table 4.
Boundary conditions.
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progressively refined meshes for the screw and fluid models were constructed to
ensure that the simulation results were mesh-independent. Different screws had the
same mesh refinement setting and, with the same fluid model, simulation results
were displayed in the grid of fluid domain. Table 4 gives the flow and thermal
boundary conditions used in this case.

5. Results and discussion
5.1 Temperature uniformity
Firstly, we investigated the axial melt temperature distribution by selecting
different radial reference lines for these six screws as shown in Figure 5. From all
the six screws, we can find that the temperature fluctuations decrease by the effect
of torsion elements and the temperature difference between melt and barrel wall in
the position of torsion elements is smaller than that of the position of screw elements. The reason for this phenomenon is heat transfer enhancement caused by the
synergy effect between velocity and temperature gradient. We will prove this in the
next section. Figure 6 shows the radial melt temperature distribution for screw B in
the position of torsion and screw elements. For the position of torsion element,
almost all the fluid is in a high-temperature region, more than 500°C, while the
radial temperature for most fluid in the screw channels is below 500°C. Results
indicated that the radial temperature difference in the position of torsion element is
much lower compared with that of the position of screw elements, no matter before

Figure 5.
Radial and axial temperature distribution for the different screws at 40 r/min. (1) r = 14.5 mm;
(2) r = 14.0 mm; (3) r = 13.5 mm; (4) r = 13.0 mm.

Figure 6.
Temperature contours (left) and melt temperature profiles (right) across the melt flow with the magnitude of
fluctuations for screw B at different x-positions at 40 r/min.
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or after the torsion element. It can be concluded that the torsion element can
achieve more uniform temperature distribution than the screw element.
5.2 Field synergy analysis
In order to verify the field synergy effect, we calculated the mean field synergy
angle between temperature gradient and velocity fields and the Nusselt number at
different screw speeds for these six screws as shown in Figure 7. It can be seen that
the Nusselt number increases with screw speed, which is a well-known fact. Results
also indicated that conventional screw E without torsion elements has the largest
mean field synergy angle and smallest Nusselt number, while screw F without screw
elements has the smallest mean field synergy angle and largest Nusselt number,
which means the smaller the field synergy angle, the larger the Nusselt number.
However, there are little difference of values in field synergy angle and Nusselt
number for the screws A, B, C and D. This is because all these four screws have the
same six torsion elements, which bring about almost the same influence on the
variations of field synergy angle, that is, the arrangement of torsion elements in the
screw has little effect on the field synergy angle. Therefore, it can be inferred that
the screws equipped with torsion elements show better convective heat transfer
capacity compared with the conventional screw, which then bring about a good
melt temperature uniformity.
In addition, Figure 8 shows the local field synergy angle and the local heat
transfer coefficient at different cross sections for screw A. Results also indicated
that the local regions with torsion elements have larger heat transfer coefficients
and smaller field synergy angles than the local regions with screw elements. Besides,
the local convective heat transfer was found to be inversely proportional to the local
field synergy angle between velocity and temperature gradient.
The contours of the local field synergy angle at different positions further show
that most of the local synergy angle distributions at the cross sections of torsion
elements alternate between larger and smaller synergy angles, while those at the
cross sections of screw elements are close to 90.0°.
Figure 9 shows the dependence of the Nusselt number on the field synergy
angle for various screw speeds and shows that the Nusselt number increases with

Figure 7.
A plot of the mean field synergy angle (left) and Nusselt number (right) versus screw speed for various screws.
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Figure 8.
A plot of the local field synergy angle versus the local heat transfer coefficient (left) and the local field synergy
angle contours at different cross sections (right) for screw A at a screw speed of 80 r/min.

Figure 9.
The dependence of the Nusselt number on the field synergy angle for various screw speeds. The inset is the
Pearson correlation coefficient.

decreasing field synergy angle. It can be inferred that the Nusselt number is
inversely interrelated with the synergy angle β. When the confidence level is 95%,
its value is limited to a relatively narrow confidence band. Furthermore, the Pearson correlation coefficient is about 0.7, which indicates a strong negative correlation. These results demonstrate that the coupling relationship between temperature
gradient and velocity fields has a significant effect on the convective heat transfer of
the polymer itself in a polymer plasticization process.
Accordingly, the field synergy principle is able to explain the enhancement of
heat transfer brought about by the torsion elements.
27

Thermosoftening Plastics

Figure 10.
The streamline contours in screws A, B, and E at a screw speed of 40 r/min in the axial direction (a) and the
cross section of the torsion element (b).

5.3 Fluid flow behavior
As stated previously, the synergy effect between velocity and temperature gradient in the torsion element is realized by constructing a spiral or torsional flow in
the flow field. In order to verify the existence of torsional-spiral shaped flow, we
investigated the fluid flow characteristics in the region of both torsion and screw
elements as shown in Figure 10.
Figure 10(a) shows the streamline contours along the axial direction for screws
A, B, and E. We can see that spiral-shaped flow occurs in the position of torsion
elements for both screws A and B, which cannot be achieved in screw E. In this
spiral-shaped flow, the velocity directions are changing along the flow direction and
mass transfer is enhanced in the radial direction, that is, the synergy angles between
velocity and thermal flow fields are no longer perpendicular to each other, which
confirms the assumption shown in Figures 1 and 2. Figure 10(b) shows the cross
sections in the torsion and screw elements. And results indicated that there are
vortexes in the torsion channel, while there are just plug flows without radial
convection in the screw channel.
Therefore, it can be inferred that the torsion element improves the synergy
between velocity and temperature gradient by inducing torsional flow, and then
enhances heat transfer in the screw plasticization process.

6. Experimental validation
The performance of screw with torsion elements in the polymer plasticization
process has been verified though numerical analysis. Furthermore, the mixing and
heat transfer performances of the newly designed screw configuration based on
field synergy principle were evaluated through extrusion runs and experimental
data. Materials used were polypropylene (PP) and polystyrene (PS) bi-phase polymer composite mix.
Figure 11 shows the particle size distribution of PS (PP: PS = 100:10, % wt/wt) at
the screw outlet; more specifically, Figure 11(a) is that of torsional screw with six
torsion elements and Figure 11(b) is that of conventional screw without torsion
element. The particle size distribution of PS fits Gaussian distribution. On the other
hand, the relative frequencies of particle size in torsion screw are more concentrated in a narrow range [0–50 μm] than those in conventional screw. This can be
further validated from the scanning electron microscope (SEM) pictures shown in
Figure 11(a) and Figure 11(b). SEM pictures clearly show that the particles of PS in
torsional screw are finer and the particle sizes are smaller than those in conventional
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Figure 11.
Particle size distribution in a PP/PS bi-phase composite in the outlet of the screws.

Figure 12.
Heat transfer coefficient (left) and outlet radial temperature distribution (right) of the plasticization system for
screws.

screw. Average particle size (Dn), the maximum value, minimum value, and
standard deviation of particle size of PS are also calculated and summarized in
Figure 11. Results indicate that the Dn, the standard deviation, and maximum value
of particle size in torsional screw are much smaller than those in conventional
screw. Therefore, the torsional screw with six torsion elements shows good mixing
performance.
Figure 12 shows the variation of heat transfer coefficient K with screw speed
and the outlet radial temperature distribution at 60 r/min for torsional screw and
conventional screw. From the heat transfer coefficient K, we can see that the K
value improves with screw speed, which is in agreement with Figure 7. More
interestingly, the K value for torsional screw is higher than that for conventional
screw, indicating that the torsional screw with six torsion elements shows better
heat transfer capability than that of the conventional screw. Therefore, we can
confirm that the configuration of torsion element designed based on field synergy
principle can in fact enhance heat transfer, which is in agreement with the simulation results.
From the outlet radial temperature distribution, it can be found that the melt
temperature in the center of die is higher than the temperature near the barrel walls,
which is due to the viscous dissipation of polymers. Therefore, an effective heat
transfer is needed in order to evenly distribute the thermal energy among the
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polymer melt. In addition, the radial temperature difference of torsional screw is 15°
C, whereas the radial temperature difference of conventional screw is 20°C, which
is 25% higher than that of torsional screw. As the experiment data indicate that the
radial temperature difference of melt decreases in the torsional configured screw, it
can be concluded that the torsional configuration has a superior heat and mass
transfer performance to achieve better temperature distribution than traditional
screw, which is also in agreement with the simulation results.

7. Conclusions
One of the fundamental questions of non-uniform heat and mass transfer in
viscous fluid was addressed by proposing a radial torsional flow pattern, by designing a torsion element and validating the same in a melt-phase polymer extrusion
process. The synergistic interaction mechanisms between velocity and velocity
gradient and velocity and temperature gradient have been investigated by considering theoretical and numerical aspects, which provides a new perspective to
understand the polymer processing. Considering the multi-field synergy, a new
design concept of torsion screw configuration has been proposed to facilitate phaseto-phase thermal and molecular mobility.
The spiral-shaped torsional flow induced by torsion configurations in a
polymer channel changes the radial velocity direction, which in turn improves the
interaction between velocity and temperature fields and helps to achieve good heat
transfer and temperature homogeneity. The new torsion elements and their
arrangement provide a novel pathway to achieve good thermal management of
polymer melt by enhancing multi-field coupling. These results can be achieved to
guide the screw design used for preparing high-performance composites, especially
heat-sensible and biodegradable nanocomposites or microcellular foam controlled
by temperature.
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Appendices and Nomenclature
ρ
v
τ
P
CV
Cp
λ
T
x, y, z
δ
30

fluid density, kg/m3
fluid velocity, m/s
stress, Pa
pressure, Pa
constant-volume specific heat capacity, J/
(kgK)
constant-pressure specific heat capacity, J/
(kgK)
thermal conductivity, W/(mK)
fluid temperature, K
Cartesian coordinates, m
velocity boundary layer thickness, m
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δt
U
∇U
∇T
vm
μ
K
Re
Eu
Pr
Nu
α
β
P
η
η0
γ_
t
B
n
T0

thermal boundary layer thickness, m
velocity vector, m/s
velocity gradient vector, s1
temperature gradient vector, K/m
mean velocity of fluid, m/s
fluid viscosity, Pas
heat transfer coefficient, W/(m2K)
Reynolds number
Euler number
Prandtl number
Nusselt number
synergy angle between the velocity gradient
and the velocity, °
synergy angle between the temperature gradient and the velocity, °
pressure, Pa
apparent viscosity, Pas
zero shear viscosity, Pas
shear rate, s1
natural time, s
temperature sensibility coefficient, K1
non-Newtonian index
reference temperature, K
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Chapter 3

Cellulose-Based Thermoplastics
and Elastomers via Controlled
Radical Polymerization
Feng Jiang, Fenfen Wang, Chenqian Pan and Yanxiong Fang

Abstract
This chapter is concerned with the recent progress in cellulose-based thermoplastic plastics and elastomers via homogeneous controlled radical polymerizations
(CRPs), including atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer (RAFT) polymerization, and nitroxidemediated polymerization (NMP). The first section is a brief introduction of cellulose and cellulose graft copolymers. The second section is recent developments in
cellulose graft copolymers synthesized by CRPs. The third part is a perspective on
design and applications of novel cellulose-based materials. The combination of
cellulose and CRPs can provide new opportunities for sustainable materials ranging
from thermoplastics to elastomers, and these fascinating materials can find
a pyramid of applications in our daily life in the near future.
Keywords: cellulose, graft copolymers, controlled radical polymerization,
thermoplastics, elastomers

1. Introduction
As the most abundant biomaterial on earth, cellulose has received enormous
attention due to its wide applications in different fields, such as packaging [1], drug
delivery [2], cosmetics [3], textiles [4], membranes [5], bioengineering [6], and
electronics [7]. Cellulose has some outstanding advantages, including low cost, nontoxicity, good mechanical properties, and excellent biodegradability and biocompatibility [8]. However, cellulose is lack of thermoplasticity and shows poor dimensional stability and crease resistance. Due to the high crystallinity and presence of a
large amount of intra- and inter-molecular hydrogen bonding, cellulose is difficult
to be dissolved in common solvents [9]. Different solvent systems have been proposed to dissolve cellulose, including N,N-dimethylacetamide (DMAc)/lithium
chloride (LiCl) [10], dimethyl sulfoxide (DMSO)/tetrabutylammonium fluoride
(TBAF) [11], N,N-dimethylformamide (DMF)/dinitrogen tetroxide (N2O4) [12],
N-methyl morpholine-N-oxide (NMMO) [13], alkali/urea aqueous [14], and ionic
liquids [15]. The existence of three hydroxyl groups in each anhydroglucose repeating unit makes cellulose an active material to develop various derivatives via
etherification [16], esterification [17], amination [18], carboxylation [19],
carbanilation [20], acetylation [21], grafting [22], sulfation [23], and silylation [24].
It is worth noting that the hydroxyl group in the 6 position of cellulose is most
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reactive, followed by the hydroxyl groups at 2 and 3 positions. The degree of
substitution (DS) indicated the substituted number of hydroxyl group in
anhydroglucose unit (AGU).
Cellulose graft copolymers, which combine cellulose and grafted side chains in
one macromolecule can open new opportunities toward developing novel bio-based
materials with tunable properties. Cellulose graft copolymers can be achieved with
grafting-to, grafting-through, and grafting-from strategies [25]. Among these
methods, the grafting-from strategy is the most effective route for designing cellulose graft copolymers from thermoplastics to thermoplastic elastomers. Atom
transfer radical polymerization (ATRP) [26, 27], reversible addition-fragmentation
chain transfer (RAFT) [28, 29] polymerization, and nitroxide-mediated polymerization (NMP) [30, 31] are well-established controlled radical polymerizations
(CRPs) that can be performed to prepare cellulose-based copolymers with welldefined structures and narrow molecular weight distributions in both heterogeneous and homogeneous conditions. This chapter summarizes recent advances
that have been made in cellulose-based thermoplastics and elastomers from native
cellulose via homogeneous CRPs.

2. Cellulose graft copolymers via homogeneous CRPs
2.1 Atom transfer radical polymerization (ATRP)
ATRP is the most used grafting method to prepare graft copolymers with
cellulose-based macroinitiators and transition-metal catalysts. In general, the
macroinitiators can be prepared by substituting the hydroxyl groups on cellulose
backbone with chlorine or bromine-contained compounds. As shown in Figure 1,
the macroinitiators, cellulose 2-bromopropionate (Cell-Bp), cellulose 2-bromoisobutyrylate (Cell-BiB), and cellulose chloroacetyl (Cell-ClAc) can be synthesized by
reacting cellulose with 2-bromopropiomyl bromide, 2-bromoisobutyryl bromide,
and chloroacetyl chloride in 1-allyl-3-methylimidazolium chloride (AMIMCl),

Figure 1.
Illustration for the synthesis of cellulose-based macroinitiators.
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1-allyl-3-methylimidazolium chloride (BMIMCl) or DMAc/LiCl solution [32–37]
under homogeneous conditions. The solubility of cellulose-based macroinitiator is
strongly related to the DS of acylation, which can be adjusted by the molar ratio of
acylating agent/AGU and reaction time [35, 38–40]. Therefore, it is flexible and
convenient to prepare cellulose graft copolymers with controlled grafting density.
Different solvents have been utilized as the media to synthesize cellulose graft
copolymers via ATRP, including DMF, DMSO, 1,4-dioxane, AMIMCl, and
BMIMCl. Moreover, varied catalyst systems, such as copper(I) chloride/2,20 bipyridine (CuCl/bpy), CuCl/tris(2-(dimethylamino)ethyl)amine) (CuCl/
Me6TREN), copper(I) bromide/bpy (CuBr/bpy), CuCl/N,N,N0 ,N″,N″pentamethyldiethylenetriamine (CuCl/PMDETA), CuBr/PMDETA, CuBr/
ethylenediamine, and CuBr/diethylenetriamine (CuBr/DETA), have been
reported to control the grafting polymerization initiated by cellulose macroinitiator.
During polymerization, the attached bromine or chlorine groups on cellulose
macroinitiators can undergo a reversible redox process with metal catalysts and
thus form active radicals to react and propagate with monomers. The active radicals
can capture the halide ions from the oxidized metal complex to form activators and
dormant halide species which can be reactivated. When polymerization is finished,
the resultant cellulose graft copolymer can be obtained by removing the metal
catalyst and precipitating into a poor solvent.
ATRP can be performed to synthesize different kinds of thermoplastics and
elastomeric polymers due to its high tolerance. As displayed in Figure 2, a variety of
vinyl and acrylate monomers, including methyl methacrylate (MMA) [33, 35,
37, 41–44], N-isopropylacrylamide (NIPAM) [45–48], 2-methacryloyloxyethyl
phosphorylcholine (MPC) [32], styrene (St) [35, 42], n-butyl acrylate (BA) [44],
tert-butyl acrylate (tBA) [49, 50], 4-vinylpyridine (4-VP) [49, 51], acrylamide
(AM) [40], 3-ethyl-3-methacryloyloxy-methyloxetane (EMO) [12], N,

Figure 2.
Monomers have been used to prepare cellulose graft copolymers via ATRP strategy in homogeneous conditions.
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N-dimethylamino-2-ethyl methacrylate (DMAEMA) [34, 52], N,N-dimethylacrylamide (DMA) [40, 53–55], 2-(diethylamino)ethyl methacrylate (DEAEMA)
[56], poly(ethylene glycol) methyl ether acrylate (PEGA) [57], isoprene [36, 58,
59], ethylene glycol dimethacrylate (EGDMA) [60], soybean oil-based methacrylates (SOM1 and SOM2) [61], lauryl methacrylate (LMA), and dehydroabietic ethyl
methacrylate (DAEMA) [62], have been grafted from cellulose via homogeneous
ATRP to develop novel cellulose graft copolymers.
Thermoplastics and elastomers are essential polymeric materials in our daily life,
and they are commercially available and can be used in diverse areas, such as
household goods, clothing, packaging, auto parts, electronics, sensors, drug delivery, seals, foods, and tissue engineering [63–73]. Cellulose is an interesting natural
polymeric material with high strength and durability. The marriage of cellulose
and synthetic polymers can promote the development of novel thermoplastics and
elastomers with excellent thermal and mechanical properties. Cellulose chains can
be used as rigid backbones to design high-performance elastomers. As shown in
Figure 3, Cell-g-P(BA-co-MMA) copolymer thermoplastic elastomers (TPEs) or
cross-linked Cell-g-PI brush polymer elastomers (CBPs) were fabricated in our
group via activators regenerated by electron transfer for atom transfer radical
polymerization (ARGET ATRP) or combination of ARGET ATRP and activators
regenerated by electron transfer for atom transfer radical coupling (ARGET ATRC)

Figure 3.
(a) Illustration for synthesis of Cell-g-P(BA-co-MMA) as TPEs via ARGET ATRP (adapted with permission
from Ref. [44]). (b) Design concept of CBPs via ARGET ATRP and subsequent ARGET ATRC (adapted with
permission from Ref. [58]).
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[44, 58]. The design concept of cellulose graft elastomers is to graft soft rubbery
random polymer matrixes from cellulose backbones, and these rigid backbones can
act as minority physical cross-linking points to significantly enhance the macroscopic mechanical properties of resultant elastomer materials. The tensile strength,
extensibility, and elasticity can be systematically tuned by adjusting the composition and molecular weight of the grafted side chains during polymerization. ARGET
ATRP was selected because of the relatively low catalyst concentration and simple
purification process. Such kind of multigraft architectures can bring up huge
impacts on developing new-generation sustainable thermoplastics and elastomers
by elaborate molecular design with renewable resource derived monomers [74, 75].
Novel renewable polymers derived from resources have opened the door for
sustainable science and engineering. Plant oils, which can be produced from different plants, such as palm, coconut, sunflower, olive, soy, and peanut, are typical
natural resources for the chemical industry [76]. By reacting with (meth)acryloyl
chloride or methacrylate anhydride, plant oils can be transformed into
polymerizable monomers for free radical polymerization. Recently, two soybean
oil-based sustainable monomers, SOM1 and SOM2, were designed and used by
Wang and coworkers to produce Cell-g-P(SOM1-co-SOM2) copolymers via ATRP
[61]. By changing the molar ratios of SOM1/SOM2 during grafting polymerization,
the glass transition temperatures (Tgs) of resultant cellulose graft copolymers varied from 40.7 to 0.7°C. For comparison purpose, they also synthesized linear P
(SOM1-co-SOM2) copolymers as counterparts via free radical polymerization.
However, the Tg values are located in the range from 6.9 to 30.6°C, which were
much lower than the values of corresponding graft counterparts. In cellulose graft
copolymers, the chain mobility of P(SOM1-co-SOM2) side chains was significantly
reduced due to the presence of rigid cellulose backbones and hydrogen bonding
formed by hydroxyl groups on cellulose and amide groups on side chains. These
transparent Cell-g-P(SOM1-co-SOM2) films show different mechanical behaviors
from thermoplastics to elastomers, depending on the composition of grafted chains
and cellulose content. The incorporation of cellulose as the backbone in graft
copolymers could significantly enhance the tensile strength and Young’s modulus,
since the corresponding linear counterparts showed much poorer mechanical properties. The combination of two kinds of distinct natural resources, cellulose and soy
oils, is a promising area for developing fantastic biomaterials. Moreover, cellulose
graft copolymers can also be used as templates for the synthesis of diverse onedimensional (1D) nanocrystals with precisely controlled dimensions and compositions, including plain nanorods, core-shell nanorods, and nanotubes. In this work,
cellulose-based bottlebrush-like block copolymers synthesized by sequential ATRP
were applied as amphiphilic unimolecular nanoreactors to develop well-defined
nanorod materials, which can find various applications in electronics, optics, sensors, optoeletronics, catalysis, and magnetic technologies [49].
It is convenient to graft polymers with apparently opposite physical properties
by grafting from strategy via ATRP and thus to form self-induced nanostructures in
bulk or in solutions. As shown in Figure 4, cellulose-g-polyisoprene (Cell-g-PI)
composed of flexible and hydrophobic polyisoprene (PI) grafts and rigid and
hydrophobic cellulose backbone synthesized via ATRP can be self-organized into
core-shell nanostructures by a simple solvent-evaporation process [36]. In the past
two decades, stimuli-responsive molecular brushes composed of a backbone and
densely grafted side chains, which are sensitive to small external changes, such as
pH, temperature, and ionic strength, have received increased attention due to their
unique stimuli-responsive properties [77]. Cellulose-based polymeric micelles can
be applied in drug deliveries by introducing functional polymers with good environmental sensitivities, hydrophilicity, and biocompatibility, such as poly
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Figure 4.
(a) Schematic illustration of the synthesis of Cell-g-PI by ATRP and (b) fabrication of Cell-g-PI core-shell
nanoparticles with a PI core and cellulose shell (adapted with permission from Ref. [36]).

(N-isopropylacrylamide) (PNIPAM) [45–48], poly(4-vinylpyridine) (P4VP) [51],
poly(N,N-dimethylamino-2-ethyl methacrylate) (PMDAEMA) [34], and poly(2(diethylamino)ethyl methacrylate) (PDEAEMA) [56].
2.2 Reversible addition-fragmentation chain transfer (RAFT) polymerization
RAFT polymerization is an alternative method to synthesize well-defined and
narrow distributed polymers with complex topological architectures by choosing a
proper chain transfer agent (CTA). RAFT polymerization can be conducted without
using any metal catalyst, and thus it is convenient and easy to purify the resultant
polymers, which is the biggest advantage over ATRP. To date, only limited attention has been paid to cellulose graft copolymers through homogeneous RAFT polymerization in the literature [78–81]. The combination of cellulose and RAFT
polymerization can provide new opportunities for graft copolymers, especially
those that could not be synthesized directly via ATRP strategy. Recently, our group
designed a novel cellulose-based macromolecular chain transfer agent by introducing a trithiocarbonate derivative with dodecyl as stabilizing group on cellulose
backbone from Cell-BiB for the synthesis of Cell-g-P(BA-co-AM) copolymers as
strong materials from thermoplastics to elastomers via RAFT polymerization [82].
As shown in Figure 5, the bromine groups on Cell-BiB can be substituted by
reacting with 1-dodecanethiol, carbon disulfide (CS2), and triethylamine (TEA) in
DMSO. This Cell-CTA is versatile and suitable for a lot of monomers, and the DS of
Cell-CTA can be manipulated by changing the molar ratios of above chemical
reagents. AM and BA were chosen as the rigid and soft segments in the grafted side
chains. PAM can provide reversible physical network structure in the cellulose graft
copolymers. The N▬H and C=O groups in AM units can form strong selfcomplementary hydrogen bonds, and they are distributed homogeneously in the
polymer matrix, leading to the strong and tough elastomer materials. Inspired by
this work, we propose that high-performance cellulose graft copolymer can be
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Figure 5.
Illustrations for the synthesis of Cell-CTA, Cell-g-P(BA-co-AM) copolymer, and the self-complementary
hydrogen bonding in the cellulose graft copolymer (adapted from Ref. [82]).

accessed by introducing other supramolecular interactions into the matrix as
reversible physical networks, such as metal-ligand coordination, π-π stacking, and
host-guest complexation.
2.3 Nitroxide-mediated polymerization (NMP)
NMP is the first and easiest CRP technology controlled by a reversible termination mechanism between the nitroxide moieties and growing propagating
macroradicals. A wide range of monomers, including acrylates, styrene derivatives,
vinylpyridines, acrylonitrile, acryl acid, acrylamide derivatives, cyclic ketene acetals, and miscellaneous, can be polymerized via NMP to develop well-defined polymers [31]. The primary advantage of NMP is the absence of post-treatment since no
catalyst or bimolecular exchange is needed during the polymerization. However,
the higher polymerization temperatures and lower polymerization rates limit the
wide applications of NMP. To the best of our knowledge, only one study reported
the synthesis of cellulose graft copolymers through homogeneous NMP strategy
started from microcrystalline cellulose [83]. In this work, pretreated cellulose was
dispersed in anhydrous tetrahydrofuran and reacted with 2-bromoisobutyryl bromide and pyridine to prepare Cell-BiB. As shown in Figure 6, Cell-BiB could react
with 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) in DMF in the
presence of sodium hydride (NaH) to obtain functionalized cellulose (CellTEMPOL). At first, PS was grafted from cellulose backbone with Cell-TEMPOL as
macroinitiator in the absence of any catalyst to produce Cell-g-PS. Cell-g-(PMMAb-PS) copolymer was synthesized by chain extension of above Cell-g-PS via the
second NMP. Such kind of cellulose graft block copolymers may be applied as
reinforcing agents, packing materials, and membrane materials. More efforts can be
41

Thermosoftening Plastics

Figure 6.
Schematic illustration for the synthesis of Cell-g-PS and Cell-g-(PMMA-b-PS) copolymers through NMP
technique.

made in the future by grafting functional block polymers from cellulose via NMP to
design novel stimuli-responsive hybrid materials with excellent macroscopic
mechanical properties.

3. Perspective
CRPs are versatile and robust techniques to develop well-defined cellulose graft
copolymers as novel thermoplastic and elastomers with desired properties for particular application demands. As the most adopted technique for cellulose graft
copolymers, conventional ATRP suffers from the limitation of removing metal
catalysts from the resultant products, which may cause undesired toxicity and
coloration. Recently, new advances in ARTP have been reported, and metal-free
ATRP has been developed to synthesize narrowly distributed polymers with welldefined structures by using photoredox organic catalysts under light irradiation
instead of metal catalysts [84–86]. This new strategy can greatly promote the design
and preparation of cellulose graft copolymers for different application fields. Cellulose graft copolymers show improved properties compared to the linear counterparts due to their unique molecular architectures, and the macroscopic performance
of cellulose graft copolymers is affected by the degree of polymerization of cellulose
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backbone, the grafting density (the average number of grafts per anhydroglucose
unit), the degree of polymerization, and distribution of grafts. Various block and
random copolymers have been grafted from cellulose via CRPs as described above.
However, as exhibited in Figure 7a, heterograft and graft-on-graft architectures
with cellulose as backbone remain unreported, and these interesting graft copolymers can be synthesized by the combination of RAFT polymerization and ATRP,
ring-opening polymerization (ROP) and ATRP or ROP and RAFT polymerization.
Due to the increased attention paid on biomass-derived thermoplastics and
elastomers, it becomes necessary and desirable to explore new monomers, which
can be synthesized from bioresources, including lignins, terpenes, plant oils, rosin
acids, and coumarins. For instance, bioresources, 7-hydroxyl-4-methylcoumarin,
vanillin, guaiacol, and oleyl alcohol, can be used to synthesize sustainable monomers by reacting with acryloyl chloride, methacryloyl chloride or methacrylate
anhydride as shown in Figure 7b. Among these monomers, 7-acryloyloxy-4methylcoumarin (AMC), 7-methacryloyloxy-4-methylcoumarin (MMC), acrylated
vanillin (AV), methacrylated vanillin (MV), acrylated guaiacol (AG), and
methacylated guaiacol (MG) can be utilized as rigid segments, while oleyl acrylate
(OA) and oleyl methacrylate (OM) can be utilized as soft segments in the graft
copolymers. Though there has been considerable progress, it is still challenging to

Figure 7.
(a) Heterograft and graft-on-graft architectures of cellulose graft copolymers. (b) Sustainable monomers
derived from different bioresources.
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achieve breakthroughs for the development of cellulose graft copolymers with
ultra-strong mechanical properties comparable to commercial petroleum-based
products. The marriage of cellulose and novel bio-based monomers via CRPs can
provide a variety of opportunities for sustainable materials ranging from thermoplastics to elastomers, and these fascinating materials can find a pyramid of applications in our daily life in the near future.
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Chapter 4

Thermoplastic Recycling:
Properties, Modifications, and
Applications
Taofik Oladimeji Azeez

Abstract
The increasing rate of plastic waste generation coupled with undesirable disposal, especially in the urban areas, has resulted to environmental threat in the
globe which has been attributed to legislation, poor biodegradability, economic
growth, rural to urban migration, increase in consumption, and standard or cost of
living. This chapter will focus on overview, properties of virgin and recycled thermoplastics, recycling techniques, and applications of different types of thermoplastic articles such as HDPE, LDPE, PVC, PET, and polypropylene (PP) with improved
properties based on modifications using eco-friendly materials for sustainable
applications in order to save human existence from the menace of environmental
and economic issues.
Keywords: thermoplastics, recycling, modifications, properties, applications

1. Introduction
Globally, poor solid waste management remains an issue of concern in an
environment due to inadequate policies, legislation, and public enlightenment on
waste disposal [1]. The policies of the government on the environment are merely
by mouth with poor implementation. The enlightenment programs remain poor
with lack of needed coverage, intensity, and continuity so as to change the attitude
toward the management of the waste disposal to the environment. However, the
poor activities of government agencies for a safe environment may be attributed to
improper funds, inadequate facilities and human resources, low technology know
how, and taxation system [2]. Integrated solid waste management, 3R (i.e., reduce,
reuse, and recycle) principles have contributed to minimization of waste in the
environment. Successful means of solid waste management required an integration
of technical, economic, and sociocultural involvement. The generation and disposal
of plastic waste in environment have been undesirable activities that posed serious
threat to humans’ existence due to large quantities, low biodegradability, and its
significant effect on economic growth [3]. In Japan, the waste quantities increased
from 46 million tons in 2001 to 65 million tons in 2010 and are expected to have
0.7 kg/capita/day production in 2050 [4] and range from 0.44 to 0.66 kg/capita/day
production in Nigeria [5]. The increase in solid waste generation in which plastics
are included, in the urban area, is dependent on the increase in migration from rural
to urban area, rate of consumption and standard of living, lifestyle, population
density, and climatic changes [5, 6] (see Table 1).
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S/N

Waste material

Percentage (%)
Japan (%)

Nigeria (%)

1

Paper and cardboard

34

4

2

Organics

32

78

3

Plastics

17

9

4

Metals

6

4

5

Glass

5

3

6

Inorganic

4

1

7

Special waste

2

1

100

100

Total

Table 1.
Solid waste generated [4, 5].

Plastics

Japan (%)

1

Polyethylene

24.1

2

Polypropylene

23.1

3

Polyvinyl chloride

15.2

4

Polystyrene

7.0

5

PET

4.0

6

ABS

3.5

7

Others

13.3

Table 2.
Recycling and generation of thermoplastics [11].

In the USA, about 30 million tons of plastic wastes were produced in 2009 and
only about 7% was recycled. Plastic wastes end up in landfills, beaches, rivers, and
oceans, thereby causing environmental problems [7]. In the UK, about 5 billion
of plastic wastes are generated every year [8]. In some developed countries like
Japan, plastic waste is found to be the third major municipal and industrial waste
[4] but second in developing countries like Nigeria [9, 10]. Based on production
and utilization of plastics in Japan, about 90% of the plastics are thermoplastics
(a type of plastic that undergoes a reversible chemical reaction for its curing and
melting at high temperature) used for containers and packaging materials (films,
sheets, bottles), daily necessities, household appliances, and automobiles as
presented in Table 2 and Figure 1 [10, 11]. About 60–70% of thermoplastics are
polyolefins, while PET, PS, and PVC make other compositions [12]. In Europe and
developing countries, the incineration and landfill techniques used for management of plastics waste covered about 74%, despite advanced effect. Plastics are
less expensive, weight saving, durable articles which can readily be molded into a
variety of products and found useful in a wide range of applications [13], but its
production and usage caused several environmental problems through disposal
[14, 15]. Moreover, durability of thermoplastics is a consequence for disposal and
accumulation in landfills.
Plastic recycling refers to a process of achieving useful products from waste
plastics after its reprocessing or re-melting. Recycling is one of the most important
actions currently available that provides a solution on environmental and ecological
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Figure 1.
Existing, recycled, and new entrants of plastic wastes [10].

Figure 2.
Thermoplastic recycling process chart.

threats posed by reduce oil usage, carbon dioxide emissions, and the quantities
of waste requiring disposal [14, 16]. Despite plastic recycling remaining to be
the best means of minimizing plastic waste, its quality is influenced by polymer
cross-contamination, additives, non-polymer impurities, and degradation [17].
Recycling of thermoplastics posed many benefits such as provision of raw materials for manufacturing industry, reduced environmental threat to humans since
it is non-biodegradable, minimized incineration and landfill issues, less energy
consumption for sustenance, and it serving as a source of income and providing
job opportunity [18]. However, economic factors that influenced the viability of
thermoplastic recycling include the price, cost of recycling compared with forms of
required disposal, suitability for specific applications, lack of information about the
availability of recycled plastics, and quantity and quality of supply recycled thermoplastics compared with virgin thermoplastics [17, 18]. Thermoplastic recycling
follows the pattern of Figure 2.
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Waste polymer recycling can be carried out by four approaches in accordance
with ISO 15270, namely:
1. Primary recycling refers to the recycling of the scrap material of controlled
history. This process remaining to be the most popular as it ensures simplicity, low cost, and applicability to clean uncontaminated single-type waste. It
involves melting with use of solvents and remolding of clean materials [19].
2. Mechanical recycling: waste plastic is recycled or reprocessed by mechanical process using melt extrusion, injection, blowing, vacuum, and inflation
molding method after sorting [2, 20, 21]. This method utilizes a 100% utilization and conversion of waste plastic to produce the same or other valuable
products but with reduced qualities which can be enhanced by the application
of additives. It may or may not be necessarily separated depending on desired
products and quality. It is applicable to reprocessing plastics that require
pretreatment or decontamination.
3. Chemical or feedstock recycling: waste plastics serve as raw materials and
convert into monomer or other products such as fuel oils and cooking gas
through decomposition and depolymerization of feedstock with the use of
thermal energy or catalyst [22, 23]. This method seems to be economical but
reduced the yield of new products [24] and less than the yield of the mechanical recycling of thermoplastics due to no loss of materials and accumulation
caused by pipeline blockage as a result of shutdown of the machine, thereby
lowering melting points during solidification stages. Pipeline blockages or
clogs may be difficult to remove. This method involves decomposition of
waste polymers to lower-molecular-weight species for reuse with applications of solvents like benzene, chlorobenzene, trichloroethylene, toluene,
and xylene called dissolution/reprecipitation (DR) or solubilization before
pyrolysis (applied high temperature and pressure in the absence of oxygen)
[25]. This provides an insight to the solution of clogged pipeline issues but at
increased processing cost and time with high-energy consumption compared
to mechanical recycling.
4. Energy recovery: This is an effective means to reduce the quantity of organic
materials by incineration, with difficult environment pollution control from
the waste plastics [24, 26]. It involves cement kiln and waste power generation.
This chapter focuses on modifications of thermoplastic materials (HDPE, LDPE,
PVC, PET, and PP) and mechanical recycling for enhanced properties, performance, and quality of the products for sustainable applications.

2. Recycling of modified virgin and waste thermoplastics
The choice of recycling of waste thermoplastics depends on processing equipment such as injection, single-screw extruder and film blowing machine, and
processing conditions (temperature, time, content of materials, and rheological
behavior) and product uses [27–32]. The application of additives or modifiers like
compatibilizer (nonreactive and reactive), fillers or fibers (inorganic and organic)
have been attributed to ease processing and improvement in compatibility [28, 31].
More so, the recycling of waste thermoplastics is cheaper than virgin types, but its
inferior properties [20, 21], contaminations, and poor suitability [33] remain an
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issue of concern for effective applications. Blending technology remains a proffer
solution due to low cost to produce, lower technical risk, and eco-friendly materials when compared to developing new polymers [28]. Sorting or separation before
recycling through manual [34] application of principle of density and solubilization
with the use of solvents (hexane, benzene, xylene, and toluene) provides solution
to contamination [2] but not cost effect and risk. Techniques for modifications of
thermoplastics may be due to the use of different waste or virgin thermoplastics
and natural materials, thereby producing composites with enhanced properties and
durability [35]. This can be influenced by processing, crystallization, and phase
morphology as reported by Lin et al. [32]. The use of different waste or virgin thermoplastics seems to be uneconomical due to cost of blended and non-compatibility
of the thermoplastics which may require a new compatibilizer. The use of natural
materials for modification of virgin and waste thermoplastics remains a potential
technique for thermoplastic recyclates. Therefore, the major reasons for modification of plastic resins in the industries include to meet specific processing and
performance specification of a plastic product that is not satisfied by a single
component, to upgrade the properties of postconsumer plastic wastes, for scientific
research, for interest and development, and for financial optimization [31, 32].
However, degradation of thermoplastic materials by chemical processes is a function of reaction between the components and the environment. The reduction in
photodegradation of thermoplastics by ultraviolet absorber as an antioxidant shows
a retardation effect of oxidation [36]. Therefore, the aging process of thermoplastics can be influenced by the synergistic action of factors like electromagnetic radiation and thermal energy on the oxidation, favoring the initiation of degradation by
excision of chain and radicals of thermoplastics [36].
2.1 Modifications and properties of recycling of virgin and waste HDPE
The incorporation of the carbon nanotube, zeolite, LDPE, PP, natural fillers,
and fibers with treatment into the waste polymer for reuse has resulted to an
improvement of the composite strength and enhancement of compatibility of
blended components of composites as presented in Table 3. The improvement has
been reported to be a function of compatibilizer types, size and particle shape,
branching, and dimensions of polymeric chains as reported by [37]. In the case of
natural fibers or fillers, it seems fibers or fillers containing compatibilizer which
may or may not have been identified. Moreover, the melting flow rate of recycling of postconsumer or waste HDPE remains inconsistent with stabilization,
and the consistency can be achieved with a mixture of phosphite and phenolic.
This might be uneconomical. The enhancement in mechanical properties and
performance of the HDPE matrix and composite product by additives (sodium
hydroxide (NaOH), sodium lauryl sulfate (SLS), and acetic anhydride) have
also been attributed to increased interfacial adhesion coupled with its improved
water absorption [21], biodegradability, biocompatibility, antimicrobial activity, and non-toxicity with the use of chitosan compounds [38]. The density of
recycled virgin and waste HDPE is within the range of 0.02–0.96 g/cm3 [36, 39].
Increase in density can be ascribed to chemocrystallization, annealing effects and
changes in lamellar orientation, fiber loading, moisture absorption, and aging
of HDPE products [35]. Annealing effect involves changes in spherulite size of
HDPE material after heat effect, and aged surface shows loss of gloss observed
as a result of environmental effect through oxidative stress and disappearance
of crystalline molecule of the HDPE materials produced by a surface contraction. The surface contractions initiate micro-cracks and lead to embrittlement of
ductile HDPE polymers [35].
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58
32.427
38.5153
34.9041

Natural zeolite, clinoptilolite (K2,Na2,Ca)
Al6Si3O72. 23H2O of 1–2% with particle size
<40 μm

—

Combretum dolichopetalum fiber

Acetic anhydride-treated Combretum
dolichopetalum fiber

NaOH-treated Combretum dolichopetalum
fiber

Waste
HDPE

Waste
HDPE

27.628
30.4827
29.6903
31.8013

—

Cissus populnea fiber treated with NaOH

Cissus populnea fiber treated with SLS

21.8

36

Cissus populnea fiber

Table 3.
Mechanical properties of modified virgin and waste HDPE materials.

Waste
HDPE

24.619

3% Carbon nanotube and 2 cycles

Virgin
HDPE

22.5

Using LDPE

Virgin
HDPE

21

Tensile
strength
(MPa)

—

Modification

Virgin
HDPE

Materials

823.245

793.05

839.022

792.59

984.99

1220

939.6

836.25

218

1700

860

189

Tensile
modulus
(MPa)

39.568

39.3962

36.1904

34.519

32.067

8.5111

18.2

27.114

—

—

—

Flexural
strength
(MPa)

1455.68

1568.44

1425.89

1390.7

2277.15

19944.24

1568.1

1390.7

—

—

—

Flexural
modulus
(MPa)

38

35

30

24

39

33

28

21

—

—

—

Hardness

394.683

398.62

155.795

962.8

469.5912

787.3806

496.0462

859.3

25

5

135

6.8

Impact
strength
(J/m2)

[21]

[20]

[37]

[40]

[28]

[33]
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2.2 Modifications and properties of recycling of virgin and waste LDPE
The high quantity of waste LDPE and its average mechanical properties coupled
with influence of aging of the product have not motivated utilization in many
packaging applications such as bags, film, and pallet covers, but modifications
may improve the mechanical properties. Also, the qualities of LDPE composites
have been linked with poor interfacial adhesion between both phases of individual
constituents which explain weak mechanical properties. This interfacial adhesion
has a direct relation to compatibility. The processing conditions of machine also
influenced the compatibility of the polymers. Some modifications of LDPE are
presented in Table 4. The use of virgin and waste or recycled PP to modify LDPE
using twin and single-screw extruder has been reported by Sylvie and Jean-jacques
[12]. In the report, PP increases some mechanical properties such as tensile strength
and modulus with reduced impact strength of the LDPE for single extruding
machine, although the twin extruding machine gave better mechanical properties due to improvement in homogeneity of the polymer. The use of compatibilizer such as EPDM, graft copolymer (PE-g-poly (2-methyl-1,3-butadiene), and

Modification

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Hardness

Impact
strength
(J/m2)

References

Virgin LDPE

Starch grafted with
maleic anhydride

16.34

520.16

—

—

[45]

Virgin LDPE

Virgin PP

25.1

5.5–6.5

[36]

Waste LDPE

Natural zeolite,
clinoptilolite
(K2,Na2,Ca)Al6Si3O72.
23H2O of 1–2% with
particle size <40 μm

19.5–22.9

195.73–
232.14

18–26

[37]

Waste LDPE

Waste 10% PP

8.7–12.1

241–336.1

23–37.2

[41]

Waste LDPE

Waste 10% PP + EPDM

7.6–8.5

211.1–
236.1

46.4–53

[36]

Waste LDPE

—

30.33

240.7

2.3

583

[47]

Thermoplastics

Waste LDPE

Husk filler

31.58

565.7

13.15

600

[48]

Okpa filler

35.14

861.2

17.53

583

[47]

Virgin LDPE

10% PP using singlescrew extruder

9.4

205

15.2

[12]

Waste LDPE

10% PP

10.0

248

12.3

[12]

Virgin LDPE

10% PP using twin
screw extruder

9.6

226

8.5

Waste LDPE

10% PP using twin
screw extruder

10.3

256

12.6

Waste LDPE

10% PP + 5% graft
copolymer using twin
screw extruder

11.8

280

12.5

Waste LDPE

10% PP + 5% EPDM
using twin screw
extruder

10.1

245

16.5

Table 4.
Mechanical properties of unmodified and modified virgin and waste LDPE.
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ethylene-propylene copolymer enhanced the interaction between the polymers and
resilience, thereby improving the mechanical properties of the LDPE/PP composites. The use of compatibilizer in virgin and recycled polyolefins influenced the
quality of the composites based on technology and recycled waste of LDPE by the
addition of EPDM compatibilizer [41]. The presence of ethylene-propylene diene
monomer (EPDM) revealed the variation in properties such as wide-angle x-ray
diffraction (WAXD), differential scanning calorimetry (DSC), and mechanical
properties of virgin and recycled LDPE/PP [36]. The destruction of thermal and
mechanical properties of virgin LDPE and PP as well as blended LDPE/PP was
found to be greater than those from recycled polyolefins because of the absence of
antiaging in the virgin products. The impact EPDM modifier have been reported on
stability of LDPE/PP products based on natural and influenced ageing conditions
with improved mechanical (tensile and impact strength) properties of the LDPE/
PP with increase in modifier content. The impact EPDM modifier significantly
improved the compatibility of recycled LDPE and PP and reduces the recrystallization of PP in the blends during aging and decreases the formation of the imperfect
β polymorph crystal which depends on the presence of additives resulting in chain
mobility retardation, presence of shear stress changing the chain structures, and
fast cooling conditions at foil production as reported by Borovanska et al. [36].
Moreover, the significant improvement in rheological property such as viscosity,
crystallinity index, and tensile properties of the recycled LDPE can be achieved by
linear low-density polyethylene (LLDPE) blend with a ratio of 4:1 and applicably
good for film products at 60% blended LLDPE [15]. The modification of recycled
LDPE by PP using injection molding machine was also reported that the tensile
properties increases with reduction in impact strength as increase in PP content as
well as reduced processing temperature [42].
The effect of wood flour of Pinus radiata as fillers at a constant loading of
45 wt.% of recycled post-consumed plastic waste reported to be influenced by
virgin PP [43]. In the report, the addition of virgin PP improved tensile and flexural
moduli and flexural strength of wood plastic/LDPE composites (WPC). The highest
mechanical properties of recycled LDPE composites have been reported for wood
polymer composites with virgin PP (5%) and lower mechanical properties with
higher virgin PP content of 55 and 71.5% compared to PE. The moisture absorption
of WPC with virgin PP blend reported to be higher than without PP with adverse
effect on the mechanical properties when immersed in water. More so, the use of
virgin PP delay degradation and lower the thermal stability of WPC. This is also stay
in agreement with report of Zhao et al. [44]. The decrease in tensile strength with
increasing starch content in starch/LDPE composites attributed to incompatibility of
the hydrophobic LDPE and hydrophilic starch and the increase in stiffness attributed
to better dispersion of starch in LDPE matrix [45]. This incompatibility demands the
use of compatibilizers such as styrene/ethylene-co-butylene/styrene grafted with
maleic anhydride (SEBS-g-MA) and anhydride grafted polypropylene (PP-g-MA),
Mixture Irganox 1098/Irganox 1078-Irgafos 168/Chimassorb 944 [44, 46].
The novel application of natural materials (filler or fibers) is to enhance undesirable properties and poor biodegradation of LDPE matrix. The use of rice husk,
bambara, and mahogany fillers with improved tensile strength and modulus, flexural
strength and modulus, and hardness with reduction in impact strength has been
reported [47–49]. The increase in mechanical, thermal, and biodegradation behaviors
of the composites was attributed to improved interfacial adhesion and compatibility.
The reduction in impact strength is a result of fiber dispersion, uneven distribution,
and micropore formation in the composites. It can be deduced that natural fillers or
fibers contain a compatibilizer which has not been identified. There is also limited
report on the modifications of fillers and fibers for enhancement of mechanical,
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physical (water absorption, density, etc.), thermal, and electrical properties (conductivity, dielectric properties, etc.) of LDPE matrix. Chemical recycling (pyrolysis) had
been a major technology for waste or postconsumer LDPE to save the environment,
but not cost-effective; emissions of some constituents and required additives or modifiers (catalysts) for considerable yields of the products in many applications [24, 30].
Incorporation of natural zeolite, clinoptilolite ((K2,Na2,Ca)Al6Si3072), improved the
strength of the filled composites, rheological behavior, thermal, compatibility of the
individual polymeric components, morphology, and texture of the moldings from
recycled polyolefins which strongly depends on the type of zeolite, size and shape,
branching, dimensions, and types of polymeric chains [37].
Chemical materials have been used as catalysts in the pyrolysis of plastics to
obtain liquid products with higher yield and selectivity. Hence, numerous experiments were performed to find out the best catalyst to produce the most desirable
products, taking the economic factor into consideration. Pyrolysis of plastic waste
to fuel involves many limitations that prohibit the industrial plastic recycling
process including the difficulty in modifying it from batch process to continuous
process. In industrial process, plastic waste is fed into the reactor directly through
hopper for melting in pyrolysis reactor with high melting point (300°C and above,
depending on the types of plastic). Therefore, any temperature lower than its meting point may result to solidification of the plastics in the process pipelines, hence
causing blockage of the pipelines.
2.3 Modifications and properties of recycling of virgin and waste PVC
The increase in commercial vehicles and road usage with construction resulted
to increase in demand of bitumen for pavement and road construction. Yet, the
durability of the bitumen depends on appropriate binder for enhancement of performance of bitumen. The use of little quantity of virgin thermoplastics provides
a reasonable performance with bitumen but is uneconomical compared with only
bitumen. The utilization of waste PVC for effective performance as bitumen binder
in pavement and road construction products seems to be interesting because of its
low cost and because it is one of the abundant thermoplastics that causes environmental threat [50]. The applications of PVC have been reported to hinder and be
not suitable for many applications because of incompatibility as a result of many
factors [51]. PVC possesses high melting points which hindered the mixing, and it is
impractical to make any further attempts to incorporate it in some applications like
bitumen road construction. Recycled LDPE/PVC blends have been modified using
EPDM as effective toughening, compatibilizer, and dispersant agent in applications.
Recyclability of PVC waste can be achieved mechanically without modifications
or use of new plasticizer since the separation of other mixed plastics is possible
through triboelectrostatic technology [50, 52]. The technology of triboelectrostatics
depends on the ability of polymer to the electron loses or gains because electrons
gains and charges negatively may be as a result of higher affinity of polymers,
whereas loss of electrons and positively charge may be attributed to polymer with
the lower affinity. Because of high electronegativity of chloride ions, it can mix
with many polymers such as PET, PP, PS, and PE with enhanced properties as
reported by Hamad et al. [50]. The use of wood fillers or fibers as natural modifiers
have been reported to improve mechanical properties of recycled PCV rather the
recyclability [53], and slightly reduction in mechanical (tensile, flexural, hardness
and impact) and structural properties (i.e., decrease in molecular weight due to
molecular chain scission caused by shear stress involved in reprocessing) [54]. The
reduction in properties exists because of incompatibility or poor intermolecular
interaction which can be modified by surface techniques.
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2.4 Modifications and properties of recycling of virgin and waste PET
Polyethylene terephthalate (PET) is a transparent semicrystalline, long-chain
thermoplastic polyester which can be produced by a polymerization of terephthalic
acid with ethylene glycol and remains the most used thermoplastics in many applications [55, 56]. It is characterized as easy to handle, durable, strong, thermally with
low glass transition temperature, and chemically stable with low gas permeability
[57]. It exhibits brittle behavior, good mechanical properties, and dimensional stability as well as good gas and chemical resistance which resulted to its wide applications [58]. Waste PET may be in bottles, foils, and cords from tire [57, 58]. Globally,
the rate of generation of waste PET is about 20 million tonnes that amounted to
about 15% which is alarming due to population growth, urbanization, standard
of living, and cost of production, but the recycling rate of waste PET found to be
29.3% lower [56]. The issue with the reuse of waste PET may be associated with
size, content, mixing process, type of mixer, temperature, time profile during
mixing process, and contaminations or additives like stabilizers and pigments [58,
59]. In bitumen asphalt modification for the road construction, the mixing process
may be wet or dry process. The wet process involves blending of thermoplastics and
bitumen in a mixer and then mixing of thermoplastic modified bitumen to aggregates, while the latter involves incorporation of thermoplastics to very hot aggregates prior to mixing with bitumen [56]. Waste PET recycling employs dry process,
and it can be modified to achieve better feasibility in terms of adhesion between the
aggregates and binder, stability, and even mixing and minimizes the pore formation
and moisture absorption. Appropriate recycling process conditions of waste PET
make significant environmental and economy impacts through conservation of
natural resources, environmental pollution, energy, and enhancement of engineering and physical properties of construction materials [58]. An increase in recycled
PET content caused a decrease in melt flow index or rheological properties of the
aggregate [29]. Recycled PET exhibits pseudo-plastic behavior, and it has been used
to improve the rheological properties of asphalt as well as increased the viscosity
and stiffness and enhanced the softening of stone mastic asphalt (SMA) [58].
Incorporation of recycled PET with appropriate content and size increased
the compressive, tensile, and flexural strength/s and ductility of concrete, creates
lightweight aggregate of development of building materials, or decreases the bulk
density of the composites, thereby helping polymer concrete in saving energy and
minimizing the problem of solid waste posed by PET as well as other thermoplastics
provided the impurities were removed prior to reprocessing [58].
Synthetic thermoplastics such as HDPE and acrylonitrile butadiene styrene
(ABS) blend nano silicon (IV) oxide (SiO2), and polylactic acid (PLA) can modify
PET waste to improve its performance using the extrusion process based on a
different mixing ratio. The use of virgin HDPE has been reported to improve
rheological and mechanical properties when compared to waste PET using a less
than 5% virgin HDPE [60]. The mechanical properties of composites of recycled
PET improved with increase in incorporated nano silicate (SiO2) content blended
with ABS [61]. Modification of PET waste by the addition of small amounts of
virgin PLA using melt mixing technology also shows reduction in viscosity of the
composites with higher thermal sensitivity and mechanical properties compared
to recycled PET [50, 62]. It should be noted that the performance of recycling of
waste PET was hindered due to the presence of impurities, decomposition, and
degradation of polymer chains as reported by Imamura et al. [57]. The modifications by compatibilizer like ethylene glycidyl methacrylate (EGMA) modified PE
copolymer significantly improved the miscibility of recycled PET with PP, PE,
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and PS molecules, respectively, unlike linear low density polyethylene copolymer
(LDPE) [57]. The use of natural materials to modify the properties of recycled PET
such as fibers or fillers is not available in literature. The efficacy and performance
of recycled PET applications required optimum conditions of modified process,
PET size and content, and additive or modifier content.
2.5 Modifications and properties of recycling of virgin and waste polypropylene
Due to favorable qualities of PP like density, versatility, photodegradation, and
cheapness in cost of production, it is replacing many materials used for artifacts
such as packaging products and automobile bumpers. The increasing rate of use
of polypropylene coupled with inherent incompatibility of polyester and polyolefins seeks for improvement in the performance of PP in many applications [63].
The improvement in PP performance has been achieved through modification
techniques by incorporation of grafted maleic anhydride (PP-g-MAH), clay-based
nano-fillers, inorganic nanoscale particles, and poly(trimethylene terephthalate)
(PTT) blends using organically modified montmorillonite (Cloisite nanoclays) as
compatibilizers for the purpose of improving compatibility, mechanical, crystallization, and melting behavior of PP composites [64–66]. PTT is an aromatic polyester with combined properties of PET and poly(butylene terephthalate) (PBT).
The factors that influence the properties of the PP composites are mix or blend
ratio, crystallization temperature, compatibility process time, and size [63]. There
is loss of mechanical properties for composites of LDPE and HDPE modified with
PP which is due to incompatibility of recycled PP/LDPE and PP/HDPE composites
[39]. The modification of recycled PP with HDPE reveals a partial compatibility
which caused an improvement in tensile strength and elongation with the use
of EPDM compatibilizer [67]. The modification of recycled LDPE/PP with 1%
montmorillonite nanoclay exhibits appreciable improvement in strength, physical
properties, and stability of bitumen [68].

3. Microstructural behavior of recycled thermoplastic matrix
and its modifications
The microstructural behavior in this content is limited to Fouriertransform infrared spectroscopy and scanning electron microscopy as discussed in
subSection 3.1.
3.1 Fourier-transform infrared spectroscopy
FTIR analysis of recycled thermoplastics exhibits no extra peaks for the blends,
neither any shifts nor changes in the absorption bands of the carbonyl, hydroxyl,
and carboxylic groups of HDPE, LDPE, PET, PVC, and PP resins which indicates
the absence of any specific interaction, entanglement, or chemical reaction between
the polymers and modifiers as reported by Mamoor et al. (Figure 3) [29]. In the
case of modification of recycled thermoplastics using untreated natural fiber, there
exists a shift or change in the absorption peaks of the carbonyl, hydroxyl, and
carboxylic groups of the fiber-reinforced recycled thermoplastics, thereby influencing the physical and mechanical properties of the matrix and interfacial between
the fiber and HDPE as reported by researchers [21, 69]. This resulted in improved
quality of the thermoplastic products. The shift, change, appearance, and disappearance of absorption peaks correspond to reaction of the functional groups. This
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Figure 3.
FTIR of recycled thermoplastics (a) HDPE [29], (b) LDPE [30], (c) PCV [29], (d) PET [29], and (e) PP [29].

functional group dictates chemical reaction between the polymers and modifier,
resulted to change in absorption peak correlate change in strength and modulus of
the thermoplastics.
3.2 Scanning electron microscopy
The scanning electron microscopy depicts the morphology of virgin and
recycled thermoplastics at fracture surfaces when stressed and characterized the
ductile, toughness, stiffness, and brittle nature of HDPE, LDPE, PCV, PET, and
PP without modification [32], but improvement in compatibility using EPDM
compatibilizer has been reported [2, 70]. The improvement in rheological morphology does not indicate an improvement in compatibility as well as mechanical
properties [71]. Modification of recycled HDPE with treated natural fiber using
NaOH, SLS, acetic anhydride, CaCO3 filler, and zeolites as well as synthetic fibers
is characterized with improvement in polymer dispersion, even distribution
of fibers, interfacial adhesion, fiber tearing, micro-crack formation, modifier
content and size, nature of the modifier, and reduction in void formation [20,
43, 72–75]. This indicated the enhanced compatibility which corroborates the
improvement in physical, mechanical, and thermal properties of the modified
recycled thermoplastics and dictates its applications.
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4. Application of recycled thermoplastics
4.1 Applications of recycled HDPE
The application of the HDPE composites is a function of the favorable properties coupled with cost implication of the production, and it may be affected by
additional modified agents such as fiber or filler, NaOH, acetic anhydride, zeolite,
and sodium lauryl sulfate. The use of recycled HDPE composites has been reported
for many applications such as packaging (food storage containers and bottles for
milk jugs) [13, 28, 38], banners, swimming pool installation, corrosion protection
for steel pipelines, folding chairs and tables, electrical and plumbing boxes, plastic
surgery (skeletal and facial reconstruction) [27], modified asphalt for pavement
and road construction [29, 59, 75], housewares, industrial wrapping and gas pipes
[30], and storage sheds, enhancing the economic, health, and social values as well
as minimizing environmental issues that might be posed by HDPE disposal [38].
Applications of recycled HDPE in the encapsulation of radioactive, hazardous, and
mixed wastes have been reported by Lageraaen and Kalb [76].
4.2 Applications of recycled LDPE
Incorporation of recycled LDPE at concentrations ranging from 2 to 5% by mass
of bitumen possesses consistent desirable properties for bitumen asphalt applications [51, 69]. Utilization of LDPE for production of liquid milk packaging [16],
bread packaging and sandwich bags, housewares, toys, buckets, wire and cable
jacketing, and carpet [13, 38, 68] and use of recycled thermoplastics for encapsulation of hazardous, radioactive, and mixed waste disposal save the environment
from economic, environmental, and health issues [76].
4.3 Applications of recycled PVC
Polyvinyl chloride waste has been used in plumbing pipes and fittings, but its
utilization as a binder in bitumen applications has been found unsuccessful due to
high melting points which hindered the mixing as a result of poor compatibility
[51]. PVC sheets have been reported to be employed for making food trays, cling
film and blister packages [13], household appliances, packaging, construction,
medicine such as human rehabilitation, electronics, automotive and aerospace
components [29], and building floor applications [52].
4.4 Applications of recycled PET
Recycled PET could be used for making waterproof [13] water and soft drink
bottles, thermally stabilized films (e.g., capacitors, graphics, film base and recording tapes, etc.), electrical components, and textile products [58] if properly modified. The use of recycled waste PET as a modifier in bitumen road and pavement
construction is hindered by mixing ratio and processing conditions due to high
melting point [51]. It is widely used in making automobile part, electronics, food
packaging, house ware, lighting product, power tools, sports tools, x-ray sheets, and
photographic applications [55, 59].
4.5 Applications of recycled PP
Recycled polypropylene can be used for packaging articles, automobile bumper,
foams, bottle tops, carpets, and household components [13] and in making straws
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and sweet wrappings, PP powder, and PP mulch at concentrations ranging from 2
to 5% by mass of bitumen consistently desirable for bitumen asphalt applications
[51]. The recycled PP is also applicable in 3D printing filament [77]. An application
of recycled PP is dependent on good compatibility with modified materials with
synergistic effects.

5. Conclusion
Globally, disposal of postconsumer or waste thermoplastics into the environment is alarming and posed a serious economic, environmental, health, and social
burden. Employing appropriate technology, especially mechanical recycling
with modifications of thermoplastics, can save the world from threat that might
be posed by thermoplastic wastes. Appropriate additives such as natural fibers
and fillers with eco-friendly, less expensive, available, and degradable potentials
should encourage saving the world from this serious menace. The use of recycling
technique with appropriate modification will not only exhibit conservation of the
waste thermoplastics but altered the physical, rheological, mechanical, electrical,
and thermal properties of the recycled thermoplastics for effective applications. An
effective and sustainable application of recycled thermoplastics depends on optimization of process conditions, parameter, modifying agents and techniques, equipment, and time. Hence, the quality and performance of the recycled aggregates or
composites are enhanced.
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Chapter 5

Thermal Resistance Properties of
Polyurethanes and Its Composites
Javier Carlos Quagliano Amado

Abstract
The nature of starting materials and the condition of polyurethane (PU)
preparation are regarded as the main general parameters that determine PU thermal
resistance. The effect of structure and presence of additives were identified as
the major general factors on this regard. Structural factors include phase microstructure, i.e., chemical structure, proportion, and segregation of soft and hard
segments, polyol type (petrochemical or natural oil-based), isocyanate and chain
extender type, and thermoplasticity of PU. In respect to the effect of additives, the
incorporation of fillers is the most direct strategy to increase PU heat resistance.
With respect to fiber additives, in general a positive effect is found on improving
thermal resistance, although this generalization could not apply, considering the
large number of different PU and environmental conditions of usage.
Keywords: polyurethane, thermal resistance, structure, additives, stability

1. Introduction
Polyurethanes (PUs) are characterized by excellent properties such as good
resistance to abrasion and good oil and atmospheric resistance. Their main applications are very wide, as flexible foam in upholstered furniture and rigid foam in wall
insulations, roofs, and appliances; thermoplastic PU resins in medical devices, automotive parts, and footwear industries; and last but not least their uses as coatings,
adhesives, sealants, and elastomers (CASE) which are very important, for example,
on floors and pipe protection and again in automotive parts.
It is not unusual that PU have to sustain very high temperatures in several
uses, specially in applications such as defense [1]. For example, high-temperature
resistant adhesives are required in advanced aircraft, space vehicles, missiles, and
ground vehicles [2].
Thermal stability describes thermal durability as well as heat resistance.
Polymers with higher thermal stability are characterized by higher melting points,
softening and thermal decomposition, smaller mass loss during heating at high
temperatures, and higher heat deflection temperature under load, without losing
their basic properties which determine its functionality. In respect to analytical
techniques, differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) were traditionally used to evaluate the thermal properties of several types of
polyurethane and are still standard analytical techniques that are utilized. Thermal
stability requirements can be summarized in the following statements: retention
of mechanical properties (melting/softening point), high resistance to chemical
attack, and high resistance to breakdown, specially under oxidative conditions.
73

Thermosoftening Plastics

The following figure introduces the general reactions involved in PU thermal
decomposition:
The first reaction is fast. Flammable gases then react much faster with oxygen,
producing more heat and small molecule gaseous degradation products (Figure 1).
Finally, char reacts with oxygen but in a much slower rate, releasing heat but with
a lesser rate. The first step of the degradation includes the scission of the urethane
bonds to obtain the polyol and the isocyanate groups apart. In the second set reactions, dimerization gives off gaseous carbon dioxide and carbodiimide, and trimerization gives isocyanurates, while reactions with water render aromatic amines and
carbon dioxide again. Heat is released in every reaction step, sustaining degradation
until eventually a compact char is left.
PUs have unique properties derived from their two-phase microstructure
composed of hard and soft segments. Soft segments (SS) are formed by polyols
and have low glass transition temperatures, while hard segments (HS) are derived
from diisocyanates and chain extenders and possess high glass transition temperature. PU can be considered as a block copolymer with alternating soft and hard
segments along the macromolecule chain. The SS originates from the polyol and
imparts extensibility to PU. The HS which is composed of urethane and aromatic
rings aggregates into microdomains resulting from the hydrogen bonding, and the
domains provide physical cross-linking points for materials [3].
Ingredients for manufacturing PU are polyisocyanate, polyester or polyether
polyol, and a chain extender like a diol or diamine. The most reactive component is
isocyanate due to its -NCO groups. The quality of PU obtained depends on the ratio
of -NCO to -OH groups to obtain a good end product with the required properties.
Insufficiency as well as an excess of -NCO groups will result in the formation of
allophanate or biuret compounds, with different properties. On the other side, urea
and isocyanurate linkages displayed higher thermal stability than polyurethanes [4].
Thermal stability of PU has been extensively studied for many decades. As introduced above, three general reactions can occur during the thermal degradation of
polyurethane: (i) dissociation to the original polyol and isocyanate; (ii) formation
of a primary mine, alkene, and carbon dioxide; and (iii) formation of a secondary
amine and carbon dioxide [5]. The tendency for a particular mechanism depends
on the chemical nature of the groups, adjacent to the urethane linkage, and the
environmental conditions. Polyurethane degradation usually starts with dissociation of the urethane bonds and carbon dioxide and isocyanate evaporation [6]. The
general consensus, however, is that decomposition occurs in three steps at the level

Figure 1.
General mechanism of thermal decomposition of PUs.
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of the urethane group between 200 and 300°C [7]. The most important factors
that determine thermal stability of PU are the nature of starting materials and the
condition of polymer preparation [4].
When polyurethanes undergo thermal degradation, some potentially hazardous
chemicals are released. These chemicals could not lead to visible warning. When
PU is submitted to high temperatures, special health and safety precautions should
be put in practice. It was early noticed that at temperatures above 600°C, cyanide
is produced from PU decomposition and polyureas, giving off the so-called yellow
smokes [8, 9] and emission of other toxic products [10]. The conditions of synthesis
(polycondensation) and the nature of the reagents (initial prepolymers and monomers) influence the composition of the volatile compounds and residues arising
from decomposition [7]. Health and safety, apart from material performance, is
one of the reasons why it is important to establish heat stability ranges for materials
with such a wide spectrum of utilization as PUs.
This review is intended to convey a brief compilation of research in the field
of thermal resistance of non-foamed PUs and to identify strategies to augment
stability to high temperatures of PUs and its composites. It is not focused in other
aspects of PU which has been thoroughly covered by many other experts in reviews
and books [6, 10–16]. We will concentrate on the effect of structural changes and on
the effect of additives on PU thermal resistance. This contribution has in mind that
the vast information about thermal properties of PU cannot be summarized in one
single review but tries to present main factors that determine thermal resistance of
these important polymeric materials.

2. Effect of structure on PU thermal resistance
The first structural factor that greatly influences thermal resistance is phase
microstructure; this is the nature, proportion, and segregation of soft and hard
segments (SS and HS, respectively). At the same time, microphase is determined by
the chemical structure of PU (polyol, isocyanate, and chain extender type), so the
effect of phase microstructure on thermal resistance often overlaps with chemical
structure. Therefore, individual effects are rather complex to analyze. Thermal degradation is mainly initiated within the HS, which has normally the faster degradation stage. When it comes to SS, as this is composed by macrodiol, which is typically
the weakest link in the oxidation of PU elastomers, using macrodiols that have high
oxidative stability could give PUs with better thermo-oxidative stability. A lower
flexibility in chains of SS domains produced a lower thermal resistance threshold
(temperature where 5% sample weight is lost) as a result of lower crystallinity [17].
The structure of the HS has more influence on thermal stability rather than SS
structure. Interurethane hydrogen bonding plays a significant role in the thermal
stability of segmented PUs, which can be enhanced by a higher degree of phase
separation between SS and HS [18]. The higher the concentration of the urethane
group, the lower are both the activation energy for thermal decomposition and the
thermal stability of the PU [19].
The polyester polyol-based PUs are more stable than the materials obtained
with polyether macrodiols [4, 18]. For example, onset decomposition of polyetherpolyurethane in air is about 245°C. This is anticipated to be about 13°C as compared
with that in nitrogen atmosphere. Such anticipation suggested that polyesterpolyurethane is more stable thermally than polyether-polyurethane. It also suggested that the different soft segments will influence the thermal stability of PU
[20]. Polycarbonate diols, cured with MDI and chain extended with 1,4-butanediol,
showed a drop-off in the weight of samples at around 290°C [21]. Krol and Pilch
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Pitera [22] studied the effect of increasing polyol chain length on TDI-cured polyoxyethyleneglycols; the heat effect of endothermic processes within 260–420°C
becomes lower and lower, while the effect at 360–440°C becomes more important.
They correlated this effect with the increasing share of ether-type bonds or estertype bonds with simultaneous reduction in the number of urethane groups; polyether PUs from polypropylenglycol (PPG), HDI, and BDO had melting temperatures
of 223°C [23]. These few examples are representative of the general trend that polyester polyol-based PUs are more thermally stable than polyether macrodiol-based
PUs. Hydroxy-terminated polybutadiene (HTPB) are a particular telechelic polyol
in which PUs are utilized as liners for composite propellants in the manufacture of
rockets. When reacted with TDI and cross-linked with small molecular weight diols
as chain extenders, the final stage of decomposition was at 375°C [24].
The effect of isocyanates on thermal stability was seen early. The higher the
symmetry of the isocyanate, the higher the thermal stability [25]. Aliphatic isocyanates give urethanes a higher thermal stability [4]. The decomposition of polymers
made with 4,4′-diphenylmethane diisocyanate (MDI) occurred above 400°C and
was at least a two-step process, while the decomposition of polymers containing
toluene diisocyanate (TDI) occurred below 400°C and appeared to be a one-step
reaction [26]. For PUs cured with 4,4′-dibenzyl diisocyanate (DBDI), based on
polytetramethylene ether glycol (PTMEG) and chain extended with butylenglycol,
three main degradation processes were seen: at approximately 340°C the decomposition of urethane groups occurred, at 420°C the destruction of ether groups took
place, and at 560°C the destruction of carbon chains and rings began. In general,
the DBDI material had a higher thermal oxidation stability than the similar polymer
achieved with MDI [14]. Polyurethanes made from polyester-based PUs cured with
MDI had a better thermal stability than those based on TDI, according to their
higher degree of hard segment crystallinity [26].
Natural oil-based polyurethanes generally had better initial thermal stability
(below 10% weight loss) in air than the polypropylene oxide-based PU, while the
latter was more stable in nitrogen at the initial stage of degradation. If a higher
weight loss (50%) is taken as the criterion of thermal stability, then oil-based
polyurethanes appear to be more thermally stable material [27–30]. PU prepared
from formiated soybean oil polyols and TDI with different OH functionalities
showed an initial weight loss process at 210°C, while maximum weight loss was at
400°C [31]. An increase in NCO index of elastomeric PU samples prepared from
soybean oil-derived polyol increased hydrogen bonds and consequently thermal
stability [32]. PU from TDI, polycaprolactone, butanediol, and monoglyceride of
sunflower oil had the first and second maximum peaks both linked to the degradation of urethane bonds in the rigid segment of PU. The third and fourth maximum
peaks were the results of degradation of the ester bonds in the soft segments, which
take place from 380°C, while the composition of the aromatic compounds begins at
480°C [33]. This findings support the fact that research on oil-based PUs is increasing, considering their natural origin and good thermal resistance properties.
PUs synthesized with the use of oligomeric α,ω-dihydroxy(ethylene-butylene
adipate) (dHEBA) polyol, aliphatic 1,6-hexamethylene diisocyanate (HDI), and
1,4-butanediol (BDO) were stable until 428°C. Ten percent of initial mass was
lost at 344°C [32] which is a higher temperature than TDI or other conventional
polyether polyols such as polytetramethylene ether glycol-derived PUs [33]. A TPU
made from polycaprolactone polyol cured with polymeric diphenyl diisocyanate
prepolymer displayed a 5% weight loss at about 260°C [34]. The thermo-oxidative
degradation of phosphorus-containing polyurethane based in polypropylene glycol,
TDI, and 1,4-butanediol incorporating phenylbis(hydroxyethyl) phosphonate was
studied by using TGA. The onset of thermal degradation is lowered to 360°C due
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to the lower thermal stability of phosphorous chain extender [35]. Although being
cured with TDI, thermal resistance is much higher than for other TDI-cured PUs.
Phosphonate PU displayed high thermal resistance: during the thermal degradation, the phosphorous molecules form a protective layer on the polymer surface,
increasing the polyurethane thermal stability [36].
Regarding chemical structure, biuret and allophanate linkages are the thermally
weakest chemical entities in PU networks. Dissociation of both types generally
takes place above about 110°C and is completed by about 170°C [37]. These linkages
appear when unbalanced ratios of NCO and OH groups are present in reactants and
are not normally desired regarding improvement of physical properties. An increase
in cross-link density, type of cross-linking, and introduction of isocyanurate ring
structures in the polymer chain backbone also has a strong beneficial effect on the
thermal stability of polyurethanes [4].
Finally, thermoplastic polyurethanes (TPU) are a relatively novel group of the
family of PUs and have high comparative thermal resistance [38] which allows them
to being easily processed. TPU were introduced by DuPont in 1954 and developed
through the 1950s and 1960 [39]. In general, polyurethanes have no pronounced
melting point endothermic peak on differential thermograms, which is characteristic of noncrystalline polymers. On the other side, TPU have a distinct behavior
compared to conventional PU, exhibiting thermal patterns like thermoplastics.
For example, TPUs synthesized from novel fatty acid-based diisocyanates were
reported to display considerable thermal stability without any significant loss of
weight at temperatures below 235°C [40]. Significant thermal decomposition was
observed only after 300°C [41].

3. Effect of additives on PU thermal resistance
In studying the complex structure and morphology of polymers modified by
mineral fillers, some problems may arise concerning the character and extent of
interaction at the polymer-filler interface, the homogeneity of filler distribution,
the filler orientation in the case of filler anisometric particles, and the polymerfiller adhesion [42]. Polyurethanes do not get aside from this general rules. Thermal
stability of PU has been reported to be improved via hybrid formation such as the
incorporation of fillers, e.g., nanosilica, Fe2O3, and TiO2, silica grafting, nanocomposite formation using organically modified layered silicates (nanoclays), incorporation of Si-O-Si cross-linked structures via sol-gel processes, and the incorporation
of polyhedral oligomeric silsesquioxane (POSS) structures into the PU backbone or
side chain [43].
Nanoclays confer high barrier performance and improved thermal stability in
composites with plastics, which make these compounds suitable for many applications [44, 45]. In a PU made from HTPB, PTMEG, and TDI, TGA results revealed
that the thermal stability of PU was improved by nanoclay sepiolite, and the onset
decomposition temperature for PU nanocomposites with a sepiolite content of
3 wt% was about 20°C higher than that for pure PU. Initial degradation temperature
for nanocomposites was around 300°C [46] and when Cloisite was utilized with
PTMEG-TDI-BDO PU, an exotherm at 370–375°C in differential scanning calorimetry studies [47].
Small amounts of nanoclays as modifier to polyurethane matrix led to an increase
in degradation temperature. The clay plates acted as barrier to oxygen transfer causing the degradation temperature to move to higher temperatures [48]. Stefanovic and
coworkers [49] have shown that that polyurethane nanocomposite (PUNC) began
to degrade at a temperature 20–40°C higher than pure PU copolymers. PUNC were
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prepared from α,ω-dihydroxy-poly(propyleneoxide)-b-poly(dimethylsiloxane)-bpoly(propylene oxide) (PPO-PDMS-PPO) and organo-montmorillonite nanoclay
(Cloisite 30B®) and cured with diphenylmethane diisocyanate.
Rubbery modulus for PU based on PTMEG as soft segment, isophorone diisocyanate as diisocyanate, and 1,4-butanediol as chain extender reinforced with
nanosilica increased to higher temperatures, enhancing mechanical and thermal
properties [50].
For thermoplastic PU composites filled with huntite and hydromagnesite mineral
fillers, thermal decomposition occurred through double step with maximum rates at
347 and 411°C, and two shoulders are seen at 300 and 466°C, leaving 1.3 wt% carbonaceous char [51]. The TGA analysis of synthetic silico-metallic mineral particles
(SSMMP) based on talc added to PU made from polycaprolactone and hexamethylene
diisocyanate showed a significant increase in the onset temperature of the nanocomposites evidencing that the thermal resistance increased with the increase in the
amount of filler added. The degradation temperature of the pure PU was the lowest,
with a value of 301°C, and the degradation temperature for nanocomposites with
3 wt% of SSMMP was the highest, with values of 337–340°C [52]. Polyester-type PU
filled with talc produced a 7°C increase in temperature for 5% weight loss [53].
Silsesquioxane cage structure-like hybrid molecules produce nanostructured
organic-inorganic hybrid polymers called polyhedral oligomeric silsesquioxane. The
POSS chains act like nanoscale reinforcing fibers, producing extraordinary gains in
heat resistance. Octaaminophenyl POSS was used as a cross-linking agent together
with 4,4′-methylenebis-(2-chloroaniline) to prepare PU networks containing
POSS. TGA results showed the thermal stability was improved with incorporation
of POSS into the system. The results can be ascribed to the significant nanoscale
reinforcement effect of POSS cages on the polyurethane matrix [54].
Together with fillers, fibers generally impart heat resistance to PU, or at least
do not produce a deterioration effect. Thermoplastic PU elastomer nanocomposites (TPUC) filled with 15% carbon nanofiber submitted to the torch of the
oxyacetylene test resisted up to 210°C for 5 seconds, while non-filled TPU resisted
only up to 175°C [55]. Composites of PU made from HTPB and TDI with coir and
sisal fiber showed a principal degradation peak at around 400°C. PU from HTPB
and TDI displayed the same general behavior [56]. However, there are reports that
stated that fiber loading decreased thermal stability of composites with TPU: main
temperature peak of complicated decomposition of a TPU was around 363°C. At the
TPU/Kenaf 20% fiber loading, the first peak occurred between 246 and 369°C, with
a threshold at 346°C [57]. TPUs have been reinforced with synthetic fibers such as
glass [58], aramid [59], and carbon fiber [60].
Flame retardants delay decomposition temperature of PU. A study of the effect
of ammonium polyphosphate (APP) on the thermal stability of some N-H and
N-substituted polyurethanes showed that degradation mechanism could differ
markedly [61]. Phosphorus flame retardants augment thermal resistance of PU. In
pure PU, the specimen surface gradually degrades to volatile oligomers, monomer,
and some molecules, whereas the presence of phosphorous flame retardant additive
causes delay in degradation of polymer matrix. Phosphorus flame retardant additive
compounds have low thermal stability, are decomposed earlier, and protect underlying PU matrix [20, 62]. Also, a range of stabilizers, including both organic and
inorganic additives for better stability against different types of degradation, are
available, with a focus on their efficacy and mechanisms of action [18].
Blending with other polymers is another strategy to augment thermal resistance
of PU. Thermal decomposition of blends of a polyester urethane and polyether sulfone with or without poly(urethane sulfone), taken as a compatibilizing agent, was
studied by TGA under dynamic conditions. Polyester-urethane has a temperature for
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5% mass loss of 328°C and poly(ethersulfone) was 500°C, while among blends the
one with 80/20 poly(ether sulfone)/polyester urethane had the higher value of
360°C [63]. Thermal resistance of styrene-butadiene-styrene rubber (SBS) was
improved before and after thermal aging as the amount of added TPU was increased
in rubber blends obtained via melt blending [64]. Thermal stability of a polyetherbased TPU was found to be improved as a result of the incorporation of 5% polypropylene-graft-maleic anhydride (PP-g-MA) and 40% wollastonite: temperature for
50% weight loss increased from 380 to 416°C for composite compared to TPU [65].
From thermal degradation of polypropylene/TPU and ammonium polyphosphate
blends, carbodiimide was generated, which, because of its unstability, also reacted
with water to give urea. These several cross-linking reactions stabilize the urethane
bonds until 400°C [66]. PP/TPU blends with fire retardants formed an intumescent
char residue protecting the matrix which prevented first peak of thermal degradation up to 200°C [67]. Thermoplastic elastomers can be prepared by creating blends
of an elastic polymer with a dimensional stabilizing polymer [68] and enhance
thermal/mechanical properties. Also stabilization of PU elastomers against thermal
degradation by polymer modification could be achieved by introducing natural
derived polymeric materials such as lignin in HTPB macrodiol [18].
Finally, the following figure is designed to summarize the main factors that
affect thermal resistance of PU (Figure 2):

Figure 2.
Main factors that determine polyurethane thermal resistance.

4. Conclusion
As a result of this review compilation, it was concluded that the two main general factors that determine thermal resistance of PUs are its structure from one side
and the presence of additives on the other side. The structural factors that influence
thermal stability of PUs are the chemical nature and composition of hard (isocyanate plus chain extender) and soft (macrodiol) segments, its segregation, and PU
thermoplasticity (derived from characteristic of TPU’s stable linear structure). The
additives that have a marked effect on augmenting thermal stability of PUs are mineral fillers (e.g., nano-oxides, nanoclays, talcs) and specific modifiers like POSS,
flame retardants (both as additive and as polyol modifier), and fibers (natural or
synthetic). Also, blending and grafting with other polymers are strategies that are
utilized for increasing thermal resistance of PU, both for improving processing in
manufacture and for high demanding applications. However, it is necessary to state
that this review did not attempt to cover all particular factors that need to be taken
into account when studying thermal stability of PU. Complex PU structures will
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potentially have several weak chemical links, variable intermolecular forces, different relevant properties such as thermal conductivities, and even environmental
factors that may cause decomposition (i.e., hydrolysis by moisture, acidity, oxidative or non-oxidative atmosphere) will contribute to only predict thermal stability
in more or less broad temperature ranges.
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Abstract
In this work, biocomposites based on recycled polypropylene (r-PP) and two
different natural fibers (coffee husk-CHF and coconut coir-CCF fibers) were prepared using extrusion and injection molding processes. Also, the addition of
maleated polypropylene (MAPP) as a coupling agent on the biocomposites was
explored. Recycled polypropylene and its biocomposites were tested following
ASTM standards in order to evaluate tensile and flexural mechanical properties.
Also, thermal behavior and the morphology of these materials have been studied by
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
scanning electronic microscopy (SEM). The experimental results showed that the
addition of CHF and CCF to the r-PP resulted in an increase in the flexural modulus
and thermal properties of the composites but resulted in poor impact properties.
Thermal characterization showed that CHF possesses a better thermal stability
compared to CCF. However, both fibers act as nucleating agents and generate an
increase in the thermal stability of the r-PP phase. Finally, it was observed that
addition of 4% of MAPP significantly improved the mechanical strength and impact
behavior of the biocomposites. Regarding environmental issues, a cradle to gate life
cycle assessment was made in order to define the carbon footprint of the materials.
Keywords: coconut coir, coffee husk, recycled polypropylene, biocomposites,
MAPP

1. Introduction
Residual biomass is defined as a compound that contains mainly nonedible
vegetal material called lignocellulose. Lignocellulose is the most important component found in plant tissues and is composed of three different polymers: cellulose,
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hemicellulose, and lignin. Each of these components can be found on different parts
of the biological structure of the plant, being the hemicellulose is the matrix that
covers the cellulose skeleton and the lignin is the encrusting material or protective
layer [1].
On the other hand, a plastic waste is defined as the material recovered by the
final users after having complied with the use for which it was produced [2, 3]. This
type of waste is classified in two categories: postconsumer plastic and postindustrial.
The first one refers to residual plastics that have been previously used by people. In
contrast, postindustrial or preconsumer plastics are defined as the industrial reject
material (cuts of materials and damaged pieces, among others) that is not returned
to the production line. These are recycled to a great extent, due to the high availability that exists and its relative degree of purity.
Around 140 billion tons/year of biomass wastes are generated in the world as a
result of agricultural activities [4] and 230 million tons/year of plastic wastes [5]
related to the production of these materials. In the case of Colombia, an estimated
production of 72 million tons/year of residual biomass is reported [6]. Crops such as
coffee, bananas, coconut, corn, and sugar cane contribute a large proportion to this
production. Waste generated by the coconut processing industry includes its shell,
water, and coir. Shell and coir represent 35% in weight of the entire fruit. In
Colombia, about 4100 tons/year of this type of waste are produced that is the reason
why some studies are being carried out in the biotechnology and construction fields
to give them an adequate use [7]. There are two types of coir, the brown coir which
is obtained from mature coconuts and the white coir which is extracted from green
coconuts. Generally, this type of fiber has a length of 350 mm, a diameter between
0.12 and 0.25 mm, and a density of 1250 kg/m3. It is a material resistant to microbial
degradation and salt water. It has a high content of lignin and is defined as a strong
material with a high tensile strength [8]. On the other hand, one of the wastes
generated in large quantities during the process of the coffee bean transformation is
the coffee husk. This material represents 4.5% of the grain composition, and about
33.000 tons/year is produced in Colombia [9]. The proposed uses for this waste are
fermentation in order to obtain enzymes, organic acids, or bioethanol. Also, it is
used as a substrate for the growth of fungi and other microorganisms [10]. This
type of vegetable fiber has an average diameter of 1.2 mm, a high content of
holocellulose, as well as a significant proportion of lignin [11].
On the other hand, the national demand for plastic resins is close to 1.2 million ton/
year [12], of which about 27.5% are recovered [13]. The rest of the material is disposed
in landfills or inadequately in open dumps. Tables 1 and 2 show the waste generation
of the main agricultural crops and plastic resins in Colombia, respectively.
There are different studies from different areas related to the use of biomass
waste. A great number of treatments have been proposed to add value to this type of
material or simply to change its characteristics and make its final disposition simpler [15]. The main areas for the use of biomass waste are animal and human
nutrition, energy generation, biotechnology industry, and the production of
biocomposites (natural fiber reinforced polymers or NFRP).
Since several decades, biocomposites have emerged as an option aimed to solve
several issues within the composite materials science. In most of published cases in
literature, the use of natural fibers combined with polymers is carried out to achieve
some degree of reinforcement from the fibers to the polymer. Many studies report
the use of natural fibers such as flax, hemp, jute, sisal, coconut fiber, banana, and
fique, among many others [16], using an extensive variety of polymer matrices like
polyethylene [17, 18], polypropylene (PP) [19] polystyrene (PS) [20], epoxy resin
(EP) [21], natural rubber [22], and recycled polypropylene (r-PP) [2]. Clear effects
have been seen in the improvement of mechanical and thermal performance.
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Crop
Oil Palm

Sugarcane

Coffee

Corn

Rice

Banana

Coconut

Production (Ton/
year) [6]

Waste

Waste factor (Tonwaste/
Tonproduct) [6]

Waste mass
(Ton/year)

3.039.637

Coarse
Leaves

0.22

401.232

Fiber

0.63

1.148.982

Palm Coir

1.06

1.933.209

Leaves

3.26

10.110.760

Bagasse

2.68

8.311.913

Pulp

2.13

1.811.565

24.811.681

850.500

1.293.975

Husk

0.21

178.605

Stem

3.02

2.568.510

Leaves and
stems

0.93

1.203.396

Cob

0.27

349.373

Fibers

0.21

271.734

Straw

2.35

5.273.355

Husk

0.2

448.796

2.243.981

2.026.828

Coir

1

2.026.828

Stem

5

10.134.140

Discard fruit

0.15

304.024

Skin

0.3

608.048

Coir

0.35 [14]

45484.6

129.956

Table 1.
Generation of lignocellulosic waste in Colombia.
Polymer

National demand (Ton/year) [12]

Waste mass (Ton/year)

220.000

159.500

PS

78.000

56.550

LDPE

119.000

86.275

HDPE

160.000

116.000

PP

240.000

174.000

PET

163.000

118.175

PVC

Table 2.
Generation of plastic waste in Colombia.

These materials have the potential to be used in different industrial areas, mostly
on automotive, industrial, construction, and decoration applications [23]. Due to its
renewable nature, research and development of biocomposites have been constantly increasing, and its applications are spreading to multiple areas, being its
main attractive is the combination between low price, biodegradability, availability,
and their capability to substitute other compounds that use regular reinforcements
as glass or carbon fibers [24, 25]. Characteristics as the ones mentioned before
contribute to lower the environmental burden of these kinds of materials throughout their life cycle. When compared to traditional plastic products, the substitution
of the polymeric material with a natural fiber fraction on the composite can reduce
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environmental impacts derived from raw material acquisition, operation life of the
product, and end of life processes. Since natural fibers are in most cases residues
from agricultural practices, their incorporation on an industrial processes serves as a
waste management alternative where the fibers are recycled as reinforcement for
plastic materials, helping to minimize environmental burdens from their primary
process in agriculture where they are treated as conventional waste. Also, the
reincorporation of these residues contributes to assess environmental impacts of
raw material transportation at a local scale. Furthermore, this material fraction
substitution reduces the amount of plastic material needed to fabricate one product,
and as a consequence, less quantity of polymers are demanded for production, and
less extraction of fossil resources has to be made in order to supply this productive
sector. Regarding processing, biocomposites offer a wide amount of advantages
related to processing techniques. These materials not only can reduce the melting
temperatures on the process, contributing to lower the embodied energy of the
product and consequently the carbon emissions of the product, but also can be
processed with existing tools and procedures, which means that the producer does
not have to make major adjustments on his production line to work with them.
Nevertheless, not every composite is easy to process, and so traditional material
may have a favored position related to biocomposites due to its advanced and wellstudied processing techniques, and as direct result, fewer residues can be achieved
during the fabrication process. Still some experiences with biocomposites have led
to significant reduction of Greenhouse Gasses during processing and transformation stages [26]. In the case of thermoformed trays, it was found that by replacing
talc fillers with starch fibers, the carbon footprint for this product was reduced
around a 20% regarding gas emissions from processing [27].
Other outstanding characteristic of biocomposites compared to their traditional
counterparts is the reduction of weight for the final product. For automotive applications, this characteristic could allow savings of carbon emissions by reducing the
total weight of the vehicle and thus consuming less fuel without compromising the
integrity of the material properties and the security guidelines of the automotive
industry. Materials that possess high specific stiffness and specific strength are
often very valuable in applications in which weight will be a critical factor [25],
which makes biocomposites ideal candidates for automobile design and spare parts
production. Different automakers believe that all advanced composite car bodywork could be around 50–67% lighter than current similarly sized steel auto-body,
40–55% lighter than an aluminum auto-body, and 25–30% lighter than a steel autobody. Nevertheless, there are not bio-based materials on commercial use or development that can be fully considered sustainable [28]. It is a fact that products
derived from renewable resources tend to be competitive in the market if they
prove to be similar or better than other products regarding performance and price.
In fact, Reinders et al. [29] said that full bio-based brands usually have stronger
purchase intentions than other brands, including those that are partially composed
by bio-based products. However, the fact that a product has a renewable origin does
not mean that its environmental performance is better when comparing it to traditional products in the market. A case-based evaluation is necessary to define the
environmental aspects of a product and thus the sustainable nature of the product
[30]. Virtually, biocomposites can be considered sustainable materials compared to
traditional composites or fossil-based polymeric materials. The renewable provenance of these materials and the availability of the resource can suggest better
environmental performance among its life cycle, easing pressures over the natural
systems. However, critical aspects of the elaboration process during the materials
life cycle can lead to different types of environmental impacts, which in turn, may
be worse than the ones derived from traditional composite elaboration.
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Manufacturing techniques should be strongly studied and refined in order to make
them mainstream and reduce concerns and impacts regarding their development
degree. Therefore, as mentioned before, this is the main reason why every case of
composite material has to be reported on a case-based scenario in order to objectively define the sustainable nature of products developed with these kinds of
materials. In this book chapter, biocomposites based on recycled polypropylene
(r-PP) and two different natural fibers (coffee husk and coconut coir fibers) with
maleated polypropylene (MAPP) as a coupling agent were prepared through extrusion and injection molding processes. Morphological, mechanical, and thermal
properties of the biocomposites were investigated with the aim to understand the
effect of fiber type and MAPP addition on the r-PP matrix properties. Also, the
environmental performance of the materials was studied through a carbon footprint
evaluation on a cradle to gate life cycle assessment.

2. Materials and methods
2.1 Materials
Coconut coir (CCF) was obtained from “Kiero Coco” S.A (ManizalesColombia), and coffee husk fiber (CHF) was obtained from a local coffee mill
located in Tuluá-Colombia. Recycled polypropylene (rPP) was a postindustrial
waste collected from extrusion and injection processes carried out in the materials
laboratory of the Autónoma de Occidente University (Cali, Colombia). Maleic
anhydride grafted polypropylene (Licocene MAPP 6452 by Clariant) was used as
coupling agent.
2.2 Natural fibers characterization
The time between the generation of the different fiber waste and its storage
(at 20°C) was less than 8 hours, in order to minimize biochemical changes in the
fibers. After separation, the fibers were dried in an oven at 45°C until reaching
constant weight. Drying process was carried out at this temperature in order to
avoid the elimination of volatile compounds and degradation of the lignocellulosic
composition. After drying, the samples were milled (particle size <1 mm) in an
impact mill (Retsch SR200). The milling time was 15 minutes for CHF and
30 minutes for CCF. Finally, fibers samples were stored in polyethylene bags with a
hermetic seal at room temperature. After the characterization, the fibers were
sieved in ASTM sieves, with the purpose of reaching a 60 mesh particle size,
established by the ASTM standards for the analysis of solid samples.
The fibers (CHF and CCF) were characterized by proximate and elemental
analysis, calorific power, and structural composition. These analyzes were
performed in triplicate. Through the proximate analysis, the percentage of moisture
content (M), volatile matter (VM), ash (A), and fixed carbon (FC) was determined
according to ASTM D7582-12 [31]. These analyzes were performed using approximately 1.0 g of sample in a Leco brand thermogravimetric analyzer, TGA-601.
Table 3 shows the equations used in the determination of the proximate analysis of
CHF and CCF. The calorific value was calculated using 1.0 g of sample in a Leco
AC-350 calorimeter pump, following the ASTM 5865-13 standard. The calorific
value establishes the amount of energy per unit mass that the waste can deliver
when it is completely oxidized. This property was calculated using the equation also
presented in Table 3.
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Parameter

Equation

Moisture content at 105°C

� 100 (1)
%M105 ¼ SW�DSW
SW

Ash

%A ¼ ACW�CW
� 100 (2)
DSW

Volatile matter

� 100 (3)
%VM ¼ DSW�VSW
DSW

Fixed carbon

%FC ¼ 100 � %M105 � %A � %VM (4)

Superior calorific power



VM
VM 2
þ 0:0051
FC
FC




A
A 2
A 3 (5)
�11:2277
� 0:7223
þ 4:4953
VM
VM
VM
 A 4
FC
þ0:0383 VM
þ 0:0076
A
SCP ¼ 20:7999 � 0:3214

SW: sample weight (gr), DSW: dry sample weight (gr), ACW: crucible weight + ashes (gr), CW: crucible weight,
VSW: devolatilized sample weight (gr).

Table 3.
Equations used in the proximate analysis of lignocellulosic residues.

The elemental analysis was carried out in a Leco CHN-628 analyzer to determine
the content of carbon (C), hydrogen (H), and nitrogen (N) according to ASTM D
5373-14 and in a Leco S-632 to quantify the sulfur content (S) according to ASTM D
4239-14. A weight sample of 0.1 g was used on both equipments.
The structural composition of the fibers was determined by the quantification of
extractive compounds (EXT), lignin (LGN), cellulose (CEL), hemicellulose (HMC),
and inorganic compounds (ashes). The preparation of the fibers was carried out
following the standard NREL/TP-510-42620. In order to obtain the percentages of
CEL, HMC, and LGN, it is necessary to perform two Soxhlet extractions to the fibers
using water and ethanol as solvent, as indicated in the NREL/TP-510-42619 standard.
The insoluble acid lignin percentage (LGN) or Klason lignin was calculated according
to the standard NREL/TP-510-42618. The holocellulose percentage (HLC) was determinate by following the ASTM D1104 standard, while the cellulose percentage was
determinate following the Han and Rowell methods [32]. Table 4 shows the equations used for structural composition calculation of CHF and CCF.
Equation
%EXT water ¼

Reference
PEXT water
PR�%MS

� 100 (6)

[33]

ethanol
%EXT ethanol ¼ PEXT
PR�%MS � 100 (7)

%EXT ¼ %EXT water þ %EXT ethanol (8)
PLGN
%LGN ¼ PRlEXT
�%MS � ð100 � %EXT Þ (9)
PHCL
%HCL ¼ PRlEXT
�%MS � ð100 � %EXT Þ (10)
PCEL
%CEL ¼ PHCL
� %HCL (11)

[32, 33]
[32]

%HMC ¼ %HCL � %CEL (12)
Where, % EXT: proportion of total extractives, % EXTwater: proportion of extractives in water, % EXTethanol:
proportion of extractives in ethanol, PEXTwater: weight of extractives in water (gr), PEXTethanol: weight of
extractives in ethanol (gr), PR: dry sample weight (gr), % MS: percentage of dry matter, % LGN: proportion of lignin,
PLGN: weight of lignin (gr), PRlEXT: weight of the sample free of extractives (gr), % HCL: proportion of
holocellulose, PHCL: weight of holocellulose (gr), % CEL: percentage of cellulose, PCEL: weight of cellulose (gr), %
HMC: proportion of hemicellulose.

Table 4.
Equations used in the determination of the structural composition of lignocellulosic residues.
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2.3 Preparation of the biocomposites
r-PP and its biocomposites were compounded in a co-rotating twin screw
extruder (Harden Industries Ltd., China). For each case, MAPP, CCF, and CHF
fibers were physically premixed with r-PP pellets in a plastic bag using 30% of
fibers and 4% of MAPP in weight. A temperature gradient from 140 to 170°C from
the feeder zone to the die was used. The rotation speed of the twin-screw was
50 rpm. The outcoming cord of r-PP and its biocomposites from the extruder were
pelletized using a mill which produced pellets of about 5 mm long. After the
pelletization process, the r-PP and its biocomposites samples were dried in an oven
at 85°C followed by an injection molding process. A BOY XS (BOY Machines, Inc.,
USA) microinjection molding machine was used to prepare samples for flexural and
impact tests. Table 5 summarizes the injection-molding processing parameters
used. Figure 1 shows the injected specimens of neat PP, r-PP, r-PP-CHF, and
r-PP-CCF biocomposites.
2.4 Characterization of the biocomposites
2.4.1 Flexural properties
Three point bending flexural tests were performed with an INSTRON universal
testing machine model 3366 according to the ASTM D 790-17 as shown in Figure 2.
Parameter

185

Nozzle temperature (°C)

180

Injection time (s)

3.8

Cycle time (s)

37.5

Screw travel (mm)

18.7

Back pressure (bar)

60

Injection pressure (bar)

80

Table 5.
Injection molding parameters used.

Figure 1.
Injected specimens of: (a) neat PP, (b) r-PP, (c)-PP-CHF and (d) r-PP-CCF biocomposites.
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Figure 2.
Assembly used for flexural test (according to ASTM D790).

Figure 3.
Pendulum type impact test machine used for the notched IZOD impact measurements.

The tests were carried out on bars of rectangular cross section at 23°C and at a rate
of crosshead motion between 1.34 and 1.44 mm/min. This rate was determined
based on the dimensions of the specimens. Also, the distance between the supports
was 50 mm and the tests were conducted up to 5% strain. All the results were taken
as the average value of five samples.
2.4.2 Impact properties
The impact strength of PP and biocomposites was determined with an Izod
Tinius Olsen impact pendulum equipped with a 4.53 N pendulum. Prior to the test,
the materials were subjected to conditioning for 48 hours at 50% relative humidity
and a temperature of 25°C. The specimens were made following the standard ASTM
D256, and the starting angle of the test was 150° as shown in Figure 3. All the results
were taken as the average value of five samples.
2.4.3 Thermal characterization
DSC test was carried out using a TA Q2000 differential scanning calorimeter
under nitrogen atmosphere at a scanning rate of 10°C/min, with a sample of 10 mg
in aluminum pans. The thermal history of the samples was erased by a preliminary
heating cycle at 10°C/min from 20 to 200°C and maintaining it at that temperature
for 10 min to melting residual crystals, cooling at 10°C/min to 0°C, and finally, they
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were heated at °C/min from 0 to 200°C. The crystallization temperatures (Tc) and
melting temperatures (Tm) were determined from cooling and second heating scans.
The melting enthalpies values were normalized according to the proportion of the
components in the samples. The crystallinity (χc) was determined from the Eq. (13):
χ 
c¼



ΔHm
½ΔH0m ∗ ð1�wFiber Þ�

(13)

∗ 100

where wFiber is the CHF or CCF fiber mass fraction, ΔH is the melting enthalpy
of the sample, and ΔH0m is the specific enthalpy of melting for 100% crystalline PP.
This value was reported in literature as 293 J/g [34].
2.4.4 Morphology
Scanning electronic microscopy (SEM) of the biocomposites was carried out on
the cryogenic fracture surfaces of the specimens using a Quanta FEG 250 microscope operating at a voltage of 10 kV. The samples were previously sputter coated
with gold to increase their electric conductivity. Determinations were performed in
different areas of the SEM micrograph.
2.4.5 Statistical analysis
Flexural and impact properties of the materials were subjected to analysis of
variance (ANOVA), and the Tukey’s test was applied at the 0.05 level of significance. All statistical analyses were performed using Minitab Statistical Software
Release 12 (Pennsylvania, United States).
2.5 Environmental characterization of the materials
The environmental characterization of the materials was made through a cradle
to gate Life Cycle Assessment based on the ISO 14041 parameters. The only indicator used for this evaluation was the carbon footprint, and the information for the
emission factors was taken from secondary information found in literature.

3. Results and discussion
3.1 Natural fibers characterization
The proximate analysis of CCF and CHF is presented in Table 6. Comparing the
obtained values, it is observed that the fiber with the highest moisture content is the
Natural
fiber
CHF

%M105

1.71 � 2.5
3.2 � 5.56

Table 6.
Proximate analysis of the natural fibers.

%FC

SCP
(MJ/Kg)

References

3.66

15.93

Obtained values

68.2 � 81.87 16.42 � 18.5 19.8 � 21.41

12.15 � 0.11 3.57 � 0.08 73.07 � 0.04
9.65 � 10.1

95

%VM

11.61 � 0.08 1.65 � 0.05 83.08 � 0.08
9.22 � 25.3

CCF

%A

69.35 � 75.5

11.21

18.41

11.2 � 15.44 14.67 -18.74

[35–37]
Obtained values
[38]
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CCF. This parameter is directly related to the dispersion of the fibers in a polymer
matrix during the melting processing [39]. Higher moisture content causes lower
dispersion of a lignocellulosic material in a polymer matrix. This effect can be
related with the final properties of the obtained biocomposites. Also, CHF
presented the highest volatile matter value. Volatile matter is related to the cellulose
and hemicellulose percentage in the fibers. It is reported that hemicellulose influences the distance of interfibrillary cellulose, impacting fiber stiffness [40]. For that
reason, a higher content of volatile matter represents a significant proportion of
holocellulose in the fiber and represents higher toughness and a better fatigue
behavior in the fiber [40]. Therefore, better results can be expected in the mechanical properties of a biocomposite obtained from CHF compared to a CCF-based
biocomposite. The results show that the moisture content value in CCF is higher
than the data presented by several authors [38, 41–43]. Also, CHF volatile matter
content is higher in comparison with the values reported in literature [35–37]. On
the other hand, ash, fixed carbon percentages, and calorific value lower of CHF are
lower than the values reported in literature [35–37, 41, 43–45].
The elemental analysis values of the fibers are presented in Table 7. The results
show that the carbon content in the CCF (53.88%) was higher in comparison with
the reported values in literature, while the oxygen content was lower. On the other
hand, CHF elemental analysis values are within the ranges established by other
authors. Atomic ratios O/C and H/C obtained for CHF and CCF were 0.61, 0.54,
1.63, and 1.45, respectively. These results are in accordance with the values of
biomass established in the Van Krevelen diagram [31]. The values of the O/C ratio
obtained can be attributed to a high content of cellulose and hemicellulose in the
biomass [3, 47]. This O/C relationship can be used as a parameter to evaluate the
polarity of fibers in the production of biocomposites materials, being related to the
content of hydroxyl groups. These groups are reactive centers of high polarity,
which influence the formation of hydrogen bonds and the compatibility between
fibers and a polymer [48]. For this reason, the O/C ratio allows to estimate the
interaction degree between the lignocellulosic reinforcement and the polar polymeric matrix used [3], and its value is higher for CHF compared to CCF.
The structural compositions of the fibers are presented in Table 8. CHF
presented a higher cellulose content (33.38%) compared to CCF (22.24%). Cellulose
is considered as a semicrystalline biopolymer with a fibrous and rigid structure,
which positively affects the stiffness in biocomposites materials [52]. Also, a greater
amount of cellulose is related to better compatibility between the fibers and the
polymeric matrix and a better mechanical performance of the biocomposite [53].
Regarding the lignin content, CCF shows a greater quantity (25.42%) compared to
CHF (17.31%). This type of compound is considered as an amorphous polymer with
chemical heterogeneity and a low physical consistency. Bajwa et al. [48] mentioned
that increase in the lignin content decreases the mechanical resistance of thermoset
biocomposites.

Natural Fiber

C (%)

H (%)

N (%)

O (%)

S (%)

Reference

CHF

50.72

6.88

1.07

41.27

0.06

Obtained values

40.1–52.56

4.9–7.08

0–5.2

39.54–49.1

0–0.35

[35–37, 46]

53.88

6.51

0.68

38.84

0.08

Obtained values

47.25–48.58

5.7–6.74

0–3.04

43.74–45.6

0

[38, 46]

CCF

Table 7.
Elemental analysis of the natural fibers.
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Natural
Fiber

Cellulose
(%)

Hemicellulose
(%)

Lignin (%)

Ashes (%)

Extractives
(%)

References

CHF

33.38  0.89

13.06  0.60

17.31  0.68 1.84  0.06

34.42  0.94

Obtained
values

29.17  35.4

18.2  28.96

22.35  23.2

CCF

22.24  1.46

15.62  1.25

25.42  0.81 3.71  0.08

30.22  47.7

21.9  25.9

17.8  39.66

1.4  4.6

0.8  5.56

17.67  21.8

[49, 50]

33.00  0.28

Obtained
values

6.8  18.66

[8, 38, 51]

Table 8.
Structural analysis of the natural fibers.

3.2 Characterization of the biocomposites
3.2.1 Mechanical properties
The influence of CHF, CCF fibers, and MAPP addition on the r-PP flexural and
impact properties was evaluated. The tensile behavior of the materials is shown in
Figure 4. Table 9 presents flexural modulus, flexural strength, and impact strength
values of the materials.
The results show that CHF and CCF fibers incorporation induce a significant
improvement of flexural properties of r-PP. r-PP-CHF and r-PP-CCF biocomposites
flexural modulus (FM) increased 97 and 13%, respectively, in comparison with
r-PP. Although the FM values were improved in both biocomposites, the effect was
sharper for r-PP-CHF. This can be explained with the structural analysis of the
fibers (Section 3.1). The cellulose content is related to the oxygen proportion and is
associated with the resistance degree of the fiber. In this sense, lignocellulosic
materials with a higher oxygen content or a higher value in the O/C ratio will have a
better mechanical performance [54–57]. CHF presented a higher cellulose content

Figure 4.
Average flexural stress vs. deformation of r-PP and r-PP biocomposites.
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Flexural and impact properties*

Sample

Flexural properties

Impact properties

Modulus (MPa)

Strength (MPa)

Impact strength (kJ/m2)

r-PP

1193  50a

37.1  1.7a

11.5  1.8a

r-PP-CHF

2350  71b

37.2  0.3a

7.3  0.4b

2309  114b

43.1  0.9b

15.5  1.3c

c

10.7  1.2a

43.3  0.4b

16.5  0.7c

r-PP-CHF-MAPP

c

r-PP-CCF

1349  10

r-PP-CCF-MAPP

1351  12c

40.1  0.7

a–c Different letters in the same column indicate significant differences (p < 0.05).
*
Mean of five replications  standard deviation.

Table 9.
Flexural and impact properties of r-PP and r-PP-natural fiber biocomposites.

in comparison with CCF (33.38 and 22.24%, respectively), which could explain the
greater improvement in FM values with this fiber. It was also observed that MAPP
addition did not generate significant differences (p ≥ 0.05) on the FM values
compared to r-PP-Fiber biocomposites.
On the other hand, CHF and CCF fibers addition generate slight improvements
(1 and 8%) on the flexural strength (FS) compared to neat r-PP. These results agree with
previous studies found in literature [58–60]. However, for both r-PP-fiber
biocomposites, MAPP addition causes an increase in FS of 16% in comparison with r-PP.
Impact test results shows that CHF and CCF addition cause a decrease on the
impact strength of 37 and 6%, respectively, in comparison with the r-PP. Similar
results were reported by several studies about the morphology and mechanical properties of PP-natural fiber biocomposites [60–63]. However, for r-PP-CHF and r-PPCCF, an increase on the impact strength of 35 and 44% was observed. This result
shows that MAPP addition increases the capacity of r-PP to absorb energy. This
phenomenon can be explained by a possible energy absorption promoted by fracture
mechanisms, which involve detachment, slippage, and fragmentation of the fiber.
Mechanisms are not present on the r-PP and r-PP biocomposites without MAPP.
The improvements in FS and impact strength with MAPP can be explained with
the improved interfacial adhesion that MAPP caused. MAPP addition influences the
chemical interaction between the hydrophobic matrix and the hydrophilic fiber
through the formation of covalent bonds between the maleic anhydride groups and
the hydroxyl groups present on the surface of the cellulosic fiber [57, 60]. In
addition, Migneault et al. [55] mentioned that esterification reactions produced by
the interaction between the natural fiber and the compatibility agent increase with
the oxygen content of the fiber. Oxygen is directly related to the proportion of
carbohydrates present in the surface of the fiber, creating a greater number of polar
sites (hydroxyl groups) to react.
3.2.2 Thermal characterization
3.2.2.1 Differential scanning calorimetry (DSC)
DSC curves for r-PP and their biocomposites with CHF and CCF are shown in
Figure 5. Numerical values of the thermal events are shown in Table 10.
The DSC cooling curve of r-PP (Figure 5a) shows a main exothermic peak
located around 116°C corresponding to the crystallization of PP chains. When CHF,
CCF, and MAPP were added into r-PP, a 3–6°C shift in the crystallization
98

Recycled Polypropylene-Coffee Husk and Coir Coconut Biocomposites: Morphological…
DOI: http://dx.doi.org/10.5772/intechopen.81635

Figure 5.
(a) Cooling and (b)second heating DSC curves for r-PP and r-PP biocomposites.
Sample

Cooling
*

Tc (°C)

Second heating
*

Tm (°C)

ΔHm (J/g)

χ (%)

r-PP

116

165

82

40

r-PP-CHF

121

164

64

44

r-PP-CHF-MAPP

122

162

63

44

r-PP-CCF

118

165

61

42

r-PP-CCF-MAPP

119

164

63

44

*Tc and Tm were taken at the maximum peak of crystallization and melting peaks.

Table 10.
Thermal properties on cooling and second heating DSC scans of the samples.

temperature of r-PP was observed. This decrease indicates that natural fibers in
biocomposites can act as a nucleation agent. The second heating runs of r-PP and rPP biocomposites were shown in Figure 5b. All samples exhibit an endothermic
peak between 162 and 165°C corresponding to the melting of the PP matrix. These
results indicate that the addition of the CHF and CCF fibers does not disturb the
melting processes of the PP matrix. Also, it is observed that PP crystalinity fraction
melted during heating was 40%. For r-PP biocomposites, the crystalline phase
content increases slightly up to 44%. These results show that CHF and CCF fibers
promote the formation of crystalline phases in the r-PP present in the
biocomposites. Some reports that were related to fiber-reinforced composites have
found that the fibers act as nucleation points that increase the crystallinity of the
polymer phase [64].
3.2.2.2 Thermogravimetric analysis (TGA)
TG and DTG curves were used to determine the thermal stability of coffee husk
(CHF) and coir coconut fibers (CCF). The results are shown in Figure 6. Also, main
thermal parameters obtained from these curves are summarized in Table 11.
As shown in TG curve (Figure 6a), fibers present three weight loss regions
which are located around 60–100°C, 240–350°C, and 350–600°C. The first weight
loss region below 100°C can be attributed to the evaporation of superficial water
present in the sample, while the other regions might be associated with the decomposition of the fiber constituents. DTG curves (Figure 6b) show a first decomposition peaks at 299 and 284°C for CHF and CCF, respectively. These peaks correspond
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Figure 6.
(a) TG and (b) DTG curves of CHF and CCF fibers at heating rates of 10°C/min.
Sample
Coffee husk fiber (CHF)

Coir coconut fiber (CCF)

Degradation stage

To (°C)

Tmax (°C)

Residual Char (%)

1

266

299

25

2

336

358

1

245

284

2

314

328

31

Table 11.
Thermal degradation data of the fibers at 10°C/min in nitrogen atmosphere.

Figure 7.
(a) TG and (b) DTG curves of r-PP and r-PP biocomposites at heating rates of 10°C/min.

to the temperature of maximum weight loss rate (Tmax) of hemicellulose, while the
second peaks located at 358°C and 328°C (for CHF and CCF) are related to the
Tmax of α-cellulose. The residual weights of CHF and CCF have also been measured
and are equal to 25 and 31% for CHF and CCF at 600°C. This results show that CHF
possesses a better thermal stability compared to CCF.
TG and DTG curves for r-PP and r-PP biocomposites are shown in Figure 7.
Also, main thermal parameters obtained from these curves are summarized in
Table 12.
Recycled PP degradation occurs in a single step process with an onset temperature (To) located at 368°C and a Tmax of 428°C. The residue after final degradation
was 0.4%. Regarding biocomposites, TG and DTG show that the addition of coffee
husk and coir coconut fibers produces an increase in the thermal stability of the
100

Recycled Polypropylene-Coffee Husk and Coir Coconut Biocomposites: Morphological…
DOI: http://dx.doi.org/10.5772/intechopen.81635
Sample
r-PP
r-PP-CHF

r-PP-CHF-MAPP

r-PP-CCF

r-PP-CCF-MAPP

Degradation stage

Tonset (°C)

Tmax (°C)

Residual Char (%)

1

368

428

0.4
8.4

1

260

354

2

402

445

1

264

355

2

428

460

1

243

327

2

427

460

1

259

360

2

411

453

8.2

11.9

7.4

Table 12.
Thermal degradation data of r-PP and r-PP biocomposites.

r-PP phase. As shown in Table 12, To increases between 34 and 60°C. Also, Tmax
increases between 33 and 28°C in comparison to r-PP (as indicates in the orange
area). This increment in the thermal stability of the biocomposites has been previously observed in different studies, indicating that the incorporation of fibers in the
material induces spherulite nucleation points, increasing the crystallinity of the
polymer and improving its thermal properties [64].
3.2.3 Morphology
Figure 8a and b shows SEM images of the fractured surfaces of r-PP-CHF and rPP-CCF, respectively. In these images, gaps between the fibers and the surrounding
r-PP matrix can be clearly observed, which indicate a poor interfacial adhesion
between the r-PP matrix and the natural fibers [65]. For Figure 9a and b, with the
MAPP addition, gaps between natural fibers and r-PP were significantly reduced,
and as a consequence, an improvement over the interface for the composite can be
appreciated. This result confirms that MAPP addition improved the interfacial
property of the hydrophobic PP matrix and the hydrophilic natural fibers. Also, this
can be related with mechanical properties enhancement observed in the
biocomposites after the MAPP addition.
3.2.4 Environmental characterization of the materials
When assessing the carbon footprint of the material, the stages of the life cycle
were limited to raw material acquisition, transport, and processing. Since the

Figure 8.
SEM pictures for rPP-CHF and rPP-CCF biocomposites.
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Figure 9.
SEM pictures for rPP-CHF-MAPP and rPP-CCF-MAPP biocomposites.

material was not transformed into a product, the functional unit was determined as
the 1 kg of manufactured material and the carbon footprint was determined on a
cradle to gate life cycle. The comparison was made between the biocomposite
materials, recycled polypropylene, and neat polypropylene. Neat polypropylene
was brought from Medellín 412 km away from the final user’s location. Coffee husk
was delivered from Tuluá (104 km) and coconut coir from Manizales (270 km). All
the materials were transported on a diesel-powered truck to the final user location.
Fibers were blended with the rPP matrix through an extrusion process and
subsequentially pelletized with a 1.5 kW mill.
Emissions were determined through emission factors for every activity involved
on the elaboration of the material using the Eq. (14). For each emission factor, there
is one activity related in order to calculate the emissions for the product elaboration.
The results of those emissions are listed for each biocomposite on Table 13.
Emission ¼ Emission factor ∗ activity

(14)

From Figure 10 emission accounting for each category, it could be noted that
transport is the largest contributor to the overall emissions. Emissions on this stage
are directly proportional to the amount of fuel used to transport the materials, and
so, the further away the place, the greater the associated emissions. In order to
achieve a more sustainable product, materials should be taken from regional suppliers to lower the footprint from transporting activities. Since rPP is produced
inside the processing site, there is no emission associated to the transport of this
material as stated on the life cycle boundaries for this particular case. Regarding raw
material acquisition, the incorporation of natural fiber seems to improve the impact
of the material compared to neat PP and recycled PP. For the coffee husk composite
case, the carbon footprint on this stage for the 10 kg of material corresponds to
4.84 kg CO2 eq, and for coconut coir biocomposite, it corresponds to 4.29 kg CO2
eq. When compared to neat PP, a reduction in terms of carbon emissions of 76.93
and 73.78%, respectively, for rPP-CFH and rPP-CCH biocomposites. Also when
compared to recycled polypropylene, it could be noted that emissions of rPP-CHF
composite were slightly lower, reducing emissions on a 1.98%. Nevertheless, for
rPP-CCF composite, the emissions raised on this stage on an 11.26% compared to
rPP. In order to elaborate the composite, the fibers had to be blended with the
recycled material, and so an extra process is needed as mentioned before. This
extrusion and grinding process generates emissions of 4.54 kg CO2 eq for both
biocomposites, adding emissions to the overall score. For this scenario, the carbon
footprint for the finished materials is shown on Table 14. This table shows the
carbon footprint in terms of a functional unit defined as 1 kg of processed material.
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rPP-CHF Biocomposite
Stage

Material

Sub-stage

Raw material

Coffee husk

Production

0.52 kg CO2/kg [66]

3 kg

1,56 kg CO2

Grinding

0.374 kgCO2/kWh [67]

0.55 kWh

0.21 kg CO2

Transport

2.61 kgCO2/L [68]

36.4 L

95.01 kg CO2

Process

0.38 kg CO2/kg [69]

7 kg

2.66 kg CO2

Grinding

0.374 KgCO2/kWh [67]

1125 kWh

0.42 kg CO2

Extrusion

0.374 KgCO2/kWh [67]

10.6 kWh

3.98 kg CO2

Grinding

0.374 KgCO2/kWh [67]

1.5 kWh

0.56 kg CO2

Total

104.4 kg CO2

Activity

Emission

Recycled PP

Processing

Biocomposite

Emission factor

Activity

Emission

rPP-CCF Biocomposite
Stage

Material

Sub-stage

Raw material

Coconut coir

Production

0.27 Kg CO2/kg [70]

3 kg

0.81 kg CO2

Grinding

0.374 kg CO2/kWh [67]

1.1 kWh

0.41 kg CO2

Transport

2.61 kg CO2/L [68]

94.7 L

246.65 kg CO2

Process

0.38 kg CO2/kg [69]

7 kg

2.66 kg CO2

Grinding

0.374 kg CO2/kWh [67]

1125 kWh

0.42 kg CO2

Extrusion

0.374 kg CO2/kWh [67]

10.6 kWh

3.98 kg CO2

Grinding

0.374 kg CO2/kWh [67]

1.5 kWh

0.56 kg CO2

Total

255.49 kg CO2

Activity

Emission

Recycled PP

Processing

Biocomposite

Emission factor

Recycled PP
Stage

Material

Raw material

Recycled PP

Sub-stage

Emission factor

Process

0.38 kg CO2/kg [68]

10 kg

3.80 kg CO2

Grinding

0.374 kg CO2/kWh [67]

1.5 kWh

0.56 kg CO2

Total

4.36 kg CO2

Activity

Emission

Neat PP
Stage

Material

Raw material

Neat PP

Sub-stage

Emission factor

Process

1.86 kg CO2/kg [71]

10 kg

18.60 kg CO2

Transport

2.61 kg CO2/L [68]

146.95 L

382.76 kg CO2

Total

401.36 kg CO2

Table 13.
Results of the emissions for the compared materials.

3.3 Conclusions
Biocomposites based on recycled PP (r-PP) and two different natural fibers
(coffee husk-CHF and coconut coir-CCF fibers) were prepared by a melt extrusion
and injection processes. Proximate, elemental, and structural analysis performed to
the natural fibers show that CHF contains a higher cellulose percentage and a higher
ratio O/C in comparison to CCF. This condition makes CHF more attractive for
biocomposites production. The effects of natural fibers and MAPP addition on the
properties of the biocomposites were explored. Flexural characterization showed
that MAPP incorporation induces a significant improvement of flexural properties
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Figure 10.
Carbon emissions comparison for neat PP, r-PP, and r-PP biocomposites.

Material

Carbon footprint (kg CO2 eq/kg)

Neat Polypropylene

40.14

rPP-CHF

10.44

rPP-CCF

25.55

Recycled polypropylene

0.44

Table 14.
Carbon footprint of the compared materials.

of r-PP biocomposites. Also, the impact tests showed that the addition of MAPP
increases the capacity of r-PP biocomposites to absorb energy. Thermal studies
show that CHF and CCF fibers addition did not disturb the melting process and
improves the thermal stability of the PP matrix. Despite that for this case scenario,
the values of the carbon footprint for both biocomposites is considerably high
compared to the recycled polypropylene, it is important to keep in mind that the
evaluation was made on a cradle to gate analysis, this means that the benefits of the
mechanical and thermal enhancements are not taken into account on this evaluation
among the use and operational phases. Depending on the application, the use of
these biocomposites has the potential to reduce the carbon footprint over the
lifespan of a product made with it, saving emissions derived from usage and disposal. Regarding the performance of both biocomposites, it can be noted that rPPCHF has a better operation regarding environmental issues due to the saved emissions from raw material transportation. This means that in order to elaborate more
sustainable biocomposites, raw material should be delivered on a local extent. Also
in order to lower the environmental impacts of the material, the fiber fraction is an
important issue due to the replacement of polymer fraction over the composite and
thus saving emissions from polymer primary elaboration process.
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Edited by Gülşen Akın Evingür,
Önder Pekcan and Dimitris S. Achilias
Thermosoftening Plastics are polymers that can be manipulated into different shapes
when they are hot, and the shape sets when it cools. If we were to reheat the polymer
again, we could re-shape it once again. Modern thermosoftening plastics soften
at temperatures anywhere between 65 ºC and 200 ºC. In this state, they can be
moulded in a number of ways. They differ from thermoset plastics in that they can
be returned to this plastic state by reheating. They are then fully recyclable because
thermosoftening plastics do not have covalent bonds between neighbouring polymer
molecules. Methods of shaping the softened plastic include: ınjection moulding,
rotational moulding, extrusion, vacuum forming, and compression moulding.The
scope of this book covers three areas of thermosoftening plastics, thermoplastic
materials, and their characterization.The following tests are covered in the book:
• thermal analysis (differential scanning calorimetry, heat deflection temperature test)
• optical properties tests (fluorescence spectroscopy, UV spectroscopy)
• mechanical properties tests (thermogravimetry, rheometry, short term tensile test)
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