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ARTICLE INFO ABSTRACT

Keywords: Natural fibers have been widely used for reinforcing polymers attributed to their sustainable nature, excellent
Reproc‘essing stiffness to weight ratio, biodegradability, and low cost compared with synthetic fibers like carbon or glass fibers.
Recycling Thermoplastic composites offer an advantage of recyclability after their service life, but challenges and oppor-
Natural fiber i in in th li £ 1 fib inf I : hi icl

Polymer tunities remain in the recycling of natura er reinforced polymer composites (NFRPCs). This article summa-

rized the effects of reprocessing/recycling on the material properties of NFRPCs. The material properties
considered include mechanical performance, thermal properties, hygroscopic behavior, viscoelasticity, degra-
dation, and durability. NFRPCs can generally be recycled approximately 4-6 times until their thermomechanical
properties change. After recycling 7 times, the tensile strength of NFRPCs can decrease by 17%, and the tensile
modulus can decrease by 28%. The mitigation approaches to overcome degradation of material properties of
NFRPCs such as adding functional additives and virgin plastics are also discussed. The main challenges in these
approaches such as degradation and incompatibility are discussed, and an effort is made to provide a rationale
for reprocessing/recyclability assessment. Future applications of NFRPCs such as additive manufacturing and
automotive part use are discussed.

Natural fiber reinforced polymer composite
Material property

PHBV  Poly (3-hydroxybutyrate-co-2-hydroxyvalerate)

Abbreviations and nomenclature PLA Polylactic acid

CTE Coefficient of thermal expansion PLLA Poly (L-Lactic acid)

HDPE  High density polyethylene PP Polypropylene

HDT Heat deflection temperature PVC Polyvinyl chloride

LDPE Low density polyethylene Te Crystallization temperature
MAPE  Maleated polyethylene Ta Degradation temperature
MAPP  Maleic anhydride-grafted polypropylene Tg Glass transition temperature
MDFB  Medium density fiber board T Melting temperature

NFRPC Natural fiber reinforced polymer composite WPC Wood-fiber thermoplastic composite
PBS Poly (butylene succinate)

PE Polyethylene
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1. Introduction

Natural fiber reinforced polymer composites (NFRPCs) are a subset
of fiber reinforced polymer composites. This subset includes various
polymer matrices, both thermosetting and thermoplastic, reinforced by
a variety of natural fiber sources arising from wood, plant stalks (bast
and core fibers), grasses, seed hairs, and so on (Bongarde and Shinde,
2014). NFRPCs are typically processed using common polymer pro-
cessing techniques, such as compression and injection molding, as well
as extrusion and pultrusion. Common benefits of utilizing natural fibers
for reinforcing polymers include their “green” and sustainable nature,
biodegradability, excellent stiffness to weight ratio, low abrasion, and
low cost compared with synthetic fibers such as glass or carbon fibers
(Liu et al., 2020; Zhao et al., 2020Db).

NFRPCs have been used for at least 100 years, with most commercial
activity occurring during the past 30 to 40 years, especially in thermo-
plastic composite technology (Gardner et al., 2015). Common applica-
tions of NFRPCs include automotive parts, such as interior panels, and
building materials, such as architectural moldings, decking, and railing
components (Holbery and Houston, 2006; Klyosov, 2007). Recently,
NFRPCs have been applied in additive manufacturing (Zhao et al.,
2019). The most common thermoplastics utilized for NFRPCs are poly-
olefins (e.g., polypropylene [PP] and polyethylene [PE]), polyvinyl
chloride (PVC), polyamides (e.g., nylon), and, recently, biobased poly-
lactic acid (PLA). Thermoplastic polymer matrices are promising in
NFRPCs because of their low cost, wide availability, and low processing
temperatures (typically < 225 °C), which are suitable for processing
natural fibers without experiencing thermal degradation (Wang et al.,
2020; Yao et al., 2008; Zhao et al., 2020b).

Natural fiber feedstocks for fiber reinforced composites can often be
obtained from residues from primary processing of wood or agricultural
materials. These feedstocks are obtained as both powders (e.g., wood
flours) and chopped bast fibers. Wood flour is typically manufactured
from sawdust, planer shavings, and molding residues and obtained from
secondary processing of wood lumber. However, bast fibers are obtained
from the processing of plant stalks such as jute, kenaf, and hemp. Once
collected, natural fibers are appropriately comminuted to a particular
size, dried to remove moisture, and then compounded with plastics and/
or other additives (e.g., processing aids, colorants, UV protectants) that
will comprise the final composite. Feedstock suppliers and composite
producers utilize virgin polymers and recycled polymers (post-consumer
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or post-industrial), depending on the availability and end use applica-
tion of the material.

NFRPCs are often regarded as green, sustainable, and recyclable
materials. Mechanical and thermal (e.g., gasification) (Parparita et al.,
2015) recycling methods have been used to recycle NFRPCs. Unfortu-
nately, commercial recycling and reuse activity for these materials is
limited in North America, although recycling activity is becoming more
common in the European Union, per legislative policies. Recycling is
becoming more important for materials relative to the circular economy
(Moazzem et al., 2021) in which future manufacturing processes will be
designed to minimize and eventually remove waste out of the system
(Zhao et al., 2022). Fig. 1 shows a flow diagram of recycling of natural
fiber composites. In the future, composite materials will be expected to
be reused and/or repurposed rather than relegated to landfills. There are
challenges as well as opportunities in the recycling of NFRPCs. For
example, obtaining NFRPCs at the end of life is currently neither feasible
nor cost-effective. In the automobile industry, cars at the end of their
useful lifetime are often sent through a shredder. During this process,
polymeric materials have to be separated from metal and glass. This is
certainly possible, but the resulting polymeric mixtures often cannot be
recycled without additional separation steps. In the building materials
area, there are currently no commercial recycling programs for decking,
railings, and architectural moldings at the end of life, so these materials
end up in the landfill or are combusted for energy.

When manufacturers utilizing NFRPCs in the production of materials
are in control of the feedstock supply chain, there are some excellent
examples of recycling and reprocessing of materials for NFRPCs
commercially. For example, when Trex began manufacturing decking in
the 1990s, their primary feedstocks were recycled low density PE (LDPE)
plastic grocery bags and wood flour (Trex, 2020). Anderson Windows
took advantage of their residue streams for wood and vinyl window
production, and they created PVC-wood composites (Fibrex®) for new
window applications (Andersen, 2020). Producers of wood plastic
composite decking reprocess their off-spec material in home construc-
tion to use as feedstocks for new decking, usually in the core of
co-extruded profiles. These are just a few examples of recycling and
reprocessing practices currently applied in the NFRPC industry.

The terms “recycling” and “reprocessing” are often used inter-
changeably to refer to reuse of processed material. The terms “external
recycling” and “internal recycling” are also sometimes used to indicate if
the material is being used after its service life (external) or reprocessed
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Fig. 1. A flow diagram of recycling natural fiber composites toward a circular economy in which future manufacturing processes will be designed to minimize and
remove waste from the system. Natural fibers derived from biomass are used as reinforcement to produce composites, which will be expected to be reused and/or

repurposed after completing their service life.
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internally in the same production line as is done for waste of defective
products. Finally, the terms “chemical recycling” and “mechanical
recycling” are used to differentiate processes in which the main com-
ponents of the composite material are broken down to their chemical
constituents or are retained in their original form but reprocessed into a
similar product, respectively. Recycling provides different benefits
attributable to the good performance of the composites after certain
processing cycles and the cost savings of an additional production phase
(Bourmaud et al., 2016). Depending on the final application for recycled
material, composites may have different recycling potential (Faraca and
Astrup, 2019). A primary recycling method for post-consumer plastic
waste is mechanical recycling, in which the plastic waste is ground,
washed, and reprocessed to form new secondary plastic materials that
maintain their original chemical structure. However, for composite
recycling, the composite type and application play a critical role in the
recycling efficiency (Faraca and Astrup, 2019). Some composites such as
wood/PP and flax/PP maintain good stability regarding mechanical
properties after recycling (Bourmaud et al., 2016).

As manufacturers transition toward circular economy practices
(Huysman et al., 2017), it will be important to have a complete under-
standing of the impact of recycling and reprocessing on material prop-
erties of NFRPCs as they are reused in subsequent product applications.
Research on recycling and reprocessing of NFRPCs has been reported
over the past several decades and is the focus of this review. The scope of
the paper focuses on thermoplastic matrices, and the effects of reproc-
essing/recycling on the material properties (e.g., mechanical, thermal,
hygroscopic, viscoelasticity) of NFRPCs. The mechanisms behind these
property changes are discussed. Mitigation approaches to overcome
degradation of material properties during recycling are discussed in
detail, and the main challenges in these approaches are discussed. An
effort is made to provide a rationale for reprocessing/recyclability
assessment from practical considerations to obtain materials, as well as
from a use perspective for subsequent product applications and outlook.

2. Effects of recycling/reprocessing on material properties
2.1. Mechanical properties

The mechanical performance of polymer composites is one of the
most important factors examined in determining their recyclability. The
effect of reprocessing on the properties of neat polymers depends on
many factors, including the method of processing (e.g., thermo-
mechanical, chemical, aging), processing parameters (e.g., tempera-
ture, time, speed and shear rate, humidity, UV exposure), and, of course,
the molecular makeup of the polymer itself. Fig. 2 shows the chemical
structures of some representative polymer resins, such as poly(3-
hydroxybutyrate-co-2-hydroxyvalerate) (PHBV) and poly(butylene
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succinate) (PBS). When reinforcing agents, such as particles, fibers, or
other fillers, are added to the polymer, the relationships between recy-
cling processes and resulting material performance become even more
complex. Fig. 3 shows the digital photos of representative natural fibers.

A summary of the mechanical properties of a variety of NFRPCs is
given in Table 1. The following sections discuss the effects of recycling
on the tensile, flexural, and impact performance of a wide variety of
polymer composites investigated in recent years. Researchers commonly
simulate recycling by repetitive thermo-mechanical reprocessing using
combinations of extrusion, melt compounding, compression molding,
injection molding, and grinding or shredding (Bakkal et al., 2012; Sor-
oudi and Jakubowicz, 2013). Some researchers have also investigated
solvent-assisted recycling in which a polymer and fiber filler are dis-
solved in a suitable solvent, cast to films, and re-extruded, or processed
in some other method. Finally, aging and the effects of long-term use on
the recyclability of composites are occasionally considered by re-
searchers. Aging can be simulated by exposing the material to prolonged
elevated temperature, humidity, UV exposure, or biological agents such
as bacteria or fungi (Bakkal et al., 2012; Soroudi and Jakubowicz, 2013).

2.1.1. Tensile properties

The tensile properties of a composite, including tensile strength,
modulus, failure stress, and failure strain before and after recycling, are
highly dependent on the aforementioned competing factors, including
fiber aspect ratio and dispersion, compatibility between the fibers and
polymer matrix, and the molecular weight of the polymer. Therefore,
these properties have been shown to both improve and worsen with
increased reprocessing cycles. For example, Bodur et al. (Bakkal et al.,
2012; Bodur et al., 2011) recycled LDPE samples reinforced with waste
cotton textile pieces. The tensile strength and modulus of the composites
first increased and then decreased with subsequent recycling steps.
Meanwhile, the tensile strength of neat LDPE decreased with recycling,
which indicated polymer degradation and chain scission. The initial
increase in the tensile performance of the composites could be attributed
to an increased aspect ratio of the cotton textiles and a better-quality
dispersion upon recycling. The fiber orientation also affected the ten-
sile performance of the composites: the samples parallel to the extrusion
direction had a 51% higher tensile strength than the samples perpen-
dicular to the extrusion direction. The reduction in tensile performance
attributable to polymer degradation after six recycling steps eventually
outweighed the positive contributions given by the fiber reinforcements
upon reprocessing. Similarly, Beg and Pickering (Beg and Pickering,
2008b) and Uitterhaegen et al. (Uitterhaegen et al., 2018) observed a
similar increase (after recycling two times) and subsequent decrease
during repeated reprocessing of wood fiber/PP (Beg and Pickering,
2008b) and LDPE composites filled with coriander straw fiber and wood
fiber (Uitterhaegen et al., 2018). These trends were attributed to an
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Fig. 2. Chemical structures of representative polymer resins (Fernandez-Bravo et al., 2013; Ke et al., 2017; Li et al., 2020; Mohanan et al., 2020; Xu et al., 2019).
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.

enhanced dispersion and fibrillation of the fibers in their thermoplastic
matrices, which was overcome by degradation of the fibers and poly-
mers after repeated thermomechanical cycling.

Conversely, Nadali et al. (2018) observed a decrease and subsequent
increase in the tensile modulus upon repeated cycles of extrusion and
compression molding of wood fiber/HDPE composites. The wood fiber
decreased in size, and the molecular weight of the polymer was reduced
with reprocessing, which initially reduced the composite’s modulus.
However, the subsequent rise in modulus with continued recycling was
likely because of combined polymer crosslinking and increased crys-
tallinity as a result of the respective chain scission and smaller,
better-dispersed particles. Similarly, Lila et al. (2018) observed a
decrease and successive increase in tensile strength and modulus of
bagasse fiber/PP composites upon recycling. Although both decreased
after reprocessing, the reduction in diameter was larger than the
reduction in the length. Therefore, the aspect ratio of the fibers
increased during recycling, which corresponded to the observed in-
crease in the composite’s tensile properties.

Reprocessing has also been shown to recover or “regenerate” me-
chanical performance diminished after aging. Soccalingame et al.
(Soccalingame et al., 2016, 2015b) produced wood fiber/PP composites
that were artificially or naturally aged. Artificial aging was achieved by
exposing the samples to prolonged UV irradiation and intermittently
spraying them with water, whereas other samples were naturally aged
by leaving them outdoors for one year before recycling. In both cases,
the UV exposure led to degradation of both the polymer matrix and the
wood fiber filler. The artificially aged samples displayed a higher tensile
modulus and lower yield strain. This was attributed to a higher degree of
crystallization in the polymer, facilitated by its shortened molecular
chains due to chain scission. Similarly, the tensile strength of the natu-
rally aged samples drastically decreased. Both types of aged samples
were ground and injection molded five times after aging, and the tensile
properties of each returned to nearly 100% of their original values. This
restoration of mechanical performance was attributed to an improve-
ment in the dispersion of the wood fiber upon reprocessing, as well as
increased crystallization and possible crosslinking after chain scission.

Resources, Conservation & Recycling 177 (2022) 105962

Fig. 3. Digital photos of representa-
tive natural fibers: jute (reproduced
with permission from Sai Shravan
Kumar and Viswanath Allamraju,
2019), sisal (reproduced with permis-
sion from Sai Shravan Kumar and
Viswanath Allamraju, 2019), kenaf
(reproduced with permission from Sai
Shravan Kumar and Viswanath
Allamraju, 2019), copyright © 2019
Elsevier Ltd., flax (reproduced with
permission from Mohanty et al,
2018), wood pulp (reproduced with
permission from Mohanty et al,
2018), bagasse (reproduced with
permission from Mohanty et al.,
2018), copyright © 2018 American
Association for the Advancement of
Science, pine (reproduced with
permission from Zhao et al., 2020a),
copyright © 2020 American Chemical
Society, cellulose (reproduced with
permission from Li et al, 2021),
copyright © 2021 Elsevier Ltd., and
bamboo (reproduced with permission
from Maier et al., 2020).

Although the recycling studies discussed previously showed that the
tensile properties of NFRPCs can fluctuate substantially upon reproc-
essing, a simple decrease in mechanical performance after recycling is
also very common. Researchers have conducted studies on PLA or PLA
blends filled/reinforced with sisal, bamboo, cellulose, flax or wood fi-
bers (Akesson et al., 2016b; Bajwa and Bhattacharjee, 2017; Bourmaud
et al., 2016; Chaitanya et al., 2019; Fazita et al., 2015; Graupner et al.,
20165 Lagazzo et al., 2019; Ngaowthong et al., 2019). In each study, the
tensile strength of the composite samples was drastically reduced upon
repeated recycling. This reduction in performance was attributed to
fiber fracture as well as degradation of the PLA matrix. PLA is known to
be particularly susceptible to hydrolytic degradation at high tempera-
tures (e.g., >50 °C). Natural fibers, such as sisal and cellulose, are hy-
groscopic and can retain a high degree of moisture even after rigorous
drying, which exacerbates the degradation of PLA during reprocessing.
Graupner (Graupner et al., 2016) showed this theory by comparing a
cellulose/PLA composite recycled three times with a composite of cel-
lulose fiber/virgin PLA, chopped such that their length distribution
matched. The mechanical performance of the cellulose/virgin PLA
composite far exceeded that of the recycled composite, proving that
fiber breakage is not the sole factor contributing to degradation in the
composite’s tensile properties after reprocessing. Furthermore, an
increased amount of wood fiber or cellulose filler was found to degrade
PLA more rapidly because a greater percentage of fibers contain more
moisture (;\kesson et al., 2016b; Bajwa and Bhattacharjee, 2017).

Several studies have seen similar decreases in the tensile properties
of natural fiber/PP composites after recycling. Dickson (Dickson et al.,
2014), Abbassi (Ezzahra El Abbassi et al., 2019), Evens (Evens et al.,
2019), and Voltz (Rosenstock Voltz et al., 2020) attributed losses in the
tensile properties of medium density fiber board (MDFB)/PP, alfa
fiber/PP, flax fiber/PP, and wood fiber/PP composites, respectively, to a
reduction in the length of the fibers and degradation of both the PP
matrix and reinforcing fibers after repeated recycling. Interestingly, the
MDFB/PP samples retained their tensile properties better than glass
fiber/PP composites.

Additionally, a decrease in the tensile properties of natural fiber-
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Table 1
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Mechanical property changes in natural fiber composites after recycling (HDPE: high density polyethylene; PLLA: poly(L-Lactic acid)). The reinforcements are assumed
as randomly oriented fibers before and after recycling. Typically, natural fiber composites can be recycled approximately 4-6 times until their mechanical performance

decreases. PP is a promising polymer that is amenable to multiple reprocessing cycles.

Resin Fiber (loading: Reprocessing methods (number of Tensile strength and Flexural strength and Other property changes Ref.
wt%) recycling steps) modulus changes modulus changes
PP Hemp (30) Grinding and injection molding (6) No change - Failure strain: no change ~ (Bourmaud and Baley,
2007)
Grinding and injection molding (4) Decrease Modulus: —10% (Ezzahra El Abbassi et al.,
2019)
Flax (20) Grinding and injection molding (10) No change Modulus: —10% Impact strength: (Evens et al., 2019)
increase
Sugarcane Extrusion and injection molding (4)  — Strength: —14% - (Correa-Aguirre et al.,
bagasse (20) Modulus: —19% 2020)
Sisal (30) Extrusion and injection molding (4) No change - - (Ngaowthong et al., 2019)
Grinding and injection molding (6) Strength: decrease - - (Bourmaud and Baley,
Modulus: —10% 2007)
Bagasse (20) Extrusion and injection molding (4)  Modulus: no net Strength: no net - (Lila et al., 2018)
change change
PLA Wood (30) Extrusion and compression molding  Strength: no change - Failure strain: no change ~ (Morreale et al., 2015)
4 Modulus: decrease
Sisal (30) Extrusion and injection molding (2) Strength: —58% - - (Ngaowthong et al., 2019)
Modulus: —5%
Extrusion and injection molding (8) Decrease Decrease - (Chaitanya et al., 2019)
Compounding and compression Strength: decrease Modulus: increase Failure strain: decrease (Lagazzo et al., 2019)
molding (3)
Cellulose (30) Shredding and injection molding (3)  Strength: —45% - Impact strength: —36% (Graupner et al., 2016)
Cellulose (~14) Extrusion and injection molding (6)  Strength: —30% - - (Akesson et al., 2016b)
Modulus: no change
Bamboo (35) Granulation, extrusion, Strength: —7%; Strength: +8%; Failure strain or impact (Fazita et al., 2015)
pelletization, and injection molding ~ Modulus: —17% Modulus: +22% strength: decrease
@
PLLA Flax (30) Extrusion and injection molding (5)  Strength: —70%; - Failure strain: —78% (Le Duigou et al., 2008)
Modulus: —8%
PBS/ Flax (30) Grinding and injection molding (6) Modulus: decrease - - (Bourmaud et al., 2016)
PLLA
LDPE Cotton textile Granulation and extrusion (6) No net change - - (Bakkal et al., 2012;
(25) Bodur et al., 2011)
HDPE Wood (10) Grinding and injection molding (6) Strength: decrease Strength: decrease Failure strain or impact (Akesson et al., 2016a)
Modulus: no change Modulus: no change strength: increase
Wood (60) Grinding and injection molding (1) Strength: decrease Strength: —13% - (Shahi et al., 2012)
Modulus: no change Modulus: increase
Cellulose (48) Grinding and injection molding (5) Strength: —50%; — Failure strain: —28% (Fonseca-Valero et al.,
Modulus: —37% 2015)
Poplar (40) Grinding and injection molding (6) Strength: —15% Strength: —12%; Impact strength: —27% (Zhuo et al., 2019)
Modulus: —30%
PHBV Sisal (30) Compounding and compression Strength: decrease Modulus: no change Failure strain: decrease (Lagazzo et al., 2019)
molding (3)
Coffee bean (25) Solvent dissolution and casting (1) Decrease - Failure strain: decrease (T et al., 2019)
PAl11 Flax (21) Grinding and injection molding (7) Strength: —17% - - (Gourier et al., 2017)
Modulus: —28%
PVC Wood (40) Extrusion and injection molding - Strength: +40% Failure strain or impact (Augier et al., 2007)

19)

Modulus: no change strength: no change

reinforced composites has been noted with HDPE as the matrix polymer.
Fonseca-Valero et al. (2015) found a similar diminishing effect of
compatibilizer in cellulose/HDPE composites processed with and
without maleic anhydride. The tensile modulus of the composites
decreased strongly with reprocessing, and the difference in tensile per-
formance between compatibilized and non-compatibilized composites
was almost imperceptible after five recycling steps. Scanning electron
microscopy and Fourier transform infrared spectroscopy analyses
confirmed that the reduction in the tensile modulus was attributed
primarily to breakage and oxidative degradation of the cellulose fibers.
Bhattacharjee (Bhattacharjee and Bajwa, 2018), Bajwa (Bajwa and
Bhattacharjee, 2017), Shahi (Shahi et al., 2012), and Akesson (/Dkkesson
et al., 2016a) all studied the effect of recycling on wood fiber/HDPE
composites. Each found a decrease in the tensile strength of the com-
posites, which was attributed to the damage of both the wood fiber and
HDPE matrix.

Although there are numerous examples of degraded tensile perfor-
mance caused by repeated thermomechanical processing, some re-
searchers have seen an improvement in these properties upon recycling.

For example, Soccalingame et al. (Soccalingame et al., 2015a) noticed a
slight increase (~3-6% increase) in the tensile strength of wood
fiber/PP composites both with and without maleic anhydride compati-
bilizer after repeated reprocessing cycles. This enhancement was posited
to be because of crosslinking of the PP matrix after chain scission.
Morreale et al. (2015) also studied a PLA/copolyester blend reinforced
with wood fiber. The tensile properties of the neat polymer remained
largely unchanged after recycling, and the tensile performance of this
composite far exceeded that of the samples that were recycled with the
fibers included from the start. This composite (neat polymer recycled
four times plus wood fiber) was then recycled once, after which its
elastic modulus increased more than 10%. This further improvement
was thought to be attributable to a higher degree fiber dispersion in the
polymer matrix, which eases stress transfer between the polymer and
high aspect ratio fibers. In both studies, it is unknown whether further
recycling would continue to improve the tensile properties, or if they
would begin to decrease because of polymer or fiber degradation, fiber
breakage, or some other mechanism.

Different types of changes in the tensile properties of NFRPCs have
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been discussed, but some researchers have also found properties to
remain constant throughout multiple reprocessing cycles. In most cases,
this is thought to be attributable to a combination of competing and
ultimately neutralizing influences that would improve or degrade the
tensile properties if unaccompanied. For example, Ngaowthong et al.
(Ngaowthong et al., 2019) found that reprocessing sisal fiber/PP com-
posites had no net effect on their tensile strength or modulus. The aspect
ratio of the sisal fibers in this study remained constant because their
diameter and length reduced at the same rate during recycling. Simi-
larly, Kaci et al. (Kaci et al., 2009) saw no change in the tensile moduli of
wood fiber/PP and flax fiber/PP composites. The authors hypothesized
that lignin in the wood acts as a radical scavenger in the presence of the
degrading PP and stabilizes the composite from further degradation.
Furthermore, the dispersion quality of the wood fiber in the PP matrix
was seen to improve upon reprocessing.

2.1.2. Flexural properties

The flexural properties of NFRPCs can display similar trends in
response to reprocessing as the tensile properties. However, the stress
distribution and failure mode in flexure or bending is different from that
in tension. During a tensile test, the entirety of the sample is under
constant axial stress, and failure will occur by propagating from the
largest defect in the sample. However, during a flexural test, the
maximum stress occurs at the upper and lower surface of the specimen,
where shear stress is at a minimum. If the largest defect in the sample is
not located on these surfaces, its influence on the failure mechanism and
flexural properties of the material may be minimal (Correa-Aguirre
et al., 2020).

For example, Uitterhaegen et al. (2018) found that the impact of
multiple reprocessing cycles on the flexural properties of PP and PE
composites reinforced with coriander straw fiber was consistently lower
than that on the tensile properties. Furthermore, aging the samples
through exposure to UV irradiation and temperature cycles at a high
humidity increased the flexural strength of the PP composites by 30%,
whereas little effect was seen on the tensile properties. This effect is
likely due to photo- and/or thermo-oxidation of the polymer, resulting
in chain scission that leads to a lower molecular weight and the for-
mation of carbonyl groups. Reduction in the molecular weight of a
polymer is typically detrimental to its mechanical properties, but it was
thought that the adhesion between the polymer matrix and fiber filler
was greatly improved after aging because crosslinking likely occurred
between the newly formed carbonyl groups and the lignin fraction of the
fiber fillers. As UV irradiation and oxidation largely affect the surface of
exposed samples, the core of the polymer, which largely dominates the
tensile properties, may remain unchanged. Upon reprocessing of these
aged samples, the flexural properties of the composites showed an
increasing and subsequent decreasing trend, as was seen in many studies
on the tensile properties of recycling composites. Again, this fluctuating
performance is attributable to competing consequences of recycling.
Bundles of fibers initially present in the polymer were broken up and
dispersed more evenly upon recycling, but the fiber length was also
reduced, and the polymer matrix and fibers themselves began to degrade
with successive reprocessing cycles.

Correa-Aguirre (Correa-Aguirre et al., 2020) and Fazita (Fazita et al.,
2015) observed fluctuations in the flexural properties of bagasse
fiber/PP and bamboo fiber/PLA composites, respectively, upon recy-
cling. An increase and subsequent decrease in the flexural modulus of
both composites after repeated reprocessing was attributed to better
dispersion of fibers in the polymer matrices and increased crystallinity
because of this dispersion and decreased molecular weight. The detri-
mental effect of the decreased molecular weight likely outweighed the
positive effects of recycling on the flexural performance after multiple
cycles in both cases. Similarly, Zhuo et al. (Zhuo et al., 2019) found that
the flexural strength and modulus of 40 wt% poplar fiber/HDPE com-
posites first increased and then decreased with successive grinding and
injection molding cycles. The flexural strength increased by ~13% and
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then decreased by ~11%. The initial improvement in the flexural
properties was attributed to an enhanced distribution of the poplar fi-
bers in the HDPE matrix, but this effect was eventually diminished by
degradation and fracture of the poplar fibers and polymer chains.
Finally, Augier et al. (Augier et al., 2007) documented a 40% increase in
the flexural strength of pine fiber/PVC composites after 20 extrusion and
injection molding cycles. Thermal degradation in the PVC was thought
to dechlorinate its backbone, leading to crosslinking between the chains
and a perceived increase in molecular weight. Additionally, the aspect
ratio of the fibers remained constant throughout reprocessing, whereas
their dispersion in the polymer matrix improved.

Although the flexural and tensile property changes in response to
reprocessing can differ, numerous authors have found both sets of
properties to decline with repeated reprocessing. Beg (Beg and Picker-
ing, 2008b), Wang (Wang et al., 2019), Evens (Evens et al., 2019),
Abbassi (Fzzahra El Abbassi et al., 2019), Srebrenkoska (Srebrenkoska
et al., 2008), and Lila (Lila et al., 2018) all saw the tensile and flexural
performance of PP composites reinforced with fibers (e.g., wood, flax,
alfa, rice hull, kenaf, bagasse) decline with successive mixing and
molding cycles. These losses were attributed to numerous factors,
including a reduction in the molecular weight of PP, as well as degra-
dation and shortening of the reinforcing fibers.

Chaitanya (Chaitanya et al., 2019) and Bhattacharjee (Bhattacharjee
and Bajwa, 2017) investigated PLA composites reinforced with wood
fibers and sisal fibers, respectively. The flexural strength and modulus of
the composites declined with repeated extrusion and injection molding
attributable to fiber length reduction and degradation of the PLA
matrices. Similarly, Shahi (Shahi et al., 2012) and Bhattacharjee
(Bhattacharjee and Bajwa, 2018) found the flexural performance of
wood fiber/HDPE composites to decline upon recycling. Interestingly,
Shahi reported that the wetting of HDPE on the wood fiber particles
increased upon recycling (grinding and injection molding), whereas
Bhattacharjee found the adhesion between polymer and filler to degrade
after recycling (extrusion and injection molding). The samples in Bhat-
tacharjee’s study were recycled six times, whereas Shahi performed only
one reprocessing cycle; and Bhattacharjee’s samples contained 30 wt%
wood fibers, while Shahi’s contained 60 wt%. These factors, as well as
processing temperatures, speeds, and the sources and initial properties
of the PP and wood fiber used in either study, can affect the mechanical
properties before and after recycling and could be responsible for this
discrepancy.

2.1.3. Impact strength

Impact strength can also be affected during recycling of NFRPCs. For
example, Uitterhaegen (Uitterhaegen et al., 2018), Gourier (Gourier
et al., 2017), Evens (Evens et al., 2019), Soccalingame (Soccalingame
etal., 2015b), and Correa-Aguirre (Correa-Aguirre et al., 2020) all noted
a significant increase in the impact strength of PP composites filled with
coriander straw fibers, flax fibers, wood fibers, and bagasse fibers after
recycling. Increases in the impact strength of an NFRPC after recycling
can be attributed to a reduction in the fiber length, which renders the
composite more ductile. In this manner, a decrease in the modulus and
strength in tension and flexure can often accompany an increase in
impact strength, as well as strain at break. Additionally, a degradation of
the interface between the fiber and polymer matrix after reprocessing
likely improves its impact properties. Fibers that are able to debond from
their polymer matrices upon impact are thought to allow the composite
to absorb more energy before failing.

Antithetical to these findings, some researchers have documented a
decrease in the impact strength of natural fiber-reinforced composites
after reprocessing. Graupner (Graupner et al., 2016) and Fazita (Fazita
et al., 2015) noted deterioration of the impact strengths of PLA com-
posites reinforced with cellulose and bamboo fibers, respectively, after
reprocessing. Interestingly, Wang et al. (Wang et al., 2019) noted a
decrease in impact strength of wood fiber/PP composites with recycling,
whereas Soccalingame et al. (Soccalingame et al., 2015b) reported an
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increase in the impact strength of the recycling of these composites.
Soccalingame et al. used PP with either 10 or 30 wt% of wood fibers,
whereas Wang prepared PP composites with 60 wt% wood fibers. Both
studies used maleic anhydride-grafted PP (MAPP) as a compatibilizer,
and the composites were subjected to a similar number of recycling steps
(five in Soccalingame’s study versus seven in Wang’s). Wang noted
significant damage to the wood fiber in the composites after recycling,
which was not reported by Soccalingame et al. The significantly higher
filler content in the composites studied by Wang may have accelerated
their degradation during reprocessing because of higher shear forces
during mixing.

2.2. Thermal properties

As discussed in previous sections, thermomechanical or chemical
reprocessing of composites can damage both the polymer matrix and the
reinforcing agent or filler. This typically results in a decrease of the
polymer’s molecular weight and shorter, but more well-dispersed, fibers
throughout the matrix. Changes in the size, distribution, and
morphology of reinforcing fibers, as well as the length of polymeric
chains, have a strong effect on a material’s thermal properties, including
crystallinity, thermal stability, and thermal transition temperatures such
as glass transition (Tg), crystallization (T.), and melting (Ty,) tempera-
tures. These thermal properties are most often measured using differ-
ential scanning calorimetry and thermogravimetric analysis and can
directly affect the material’s mechanical performance, as well as its
overall recyclability (the degree to which a material might maintain its
performance with respect to a given application over the course of
multiple reprocessing cycles) (Beg and Pickering, 2008b; Bhattacharjee
and Bajwa, 2017; Lagazzo et al., 2019; Lila et al., 2018; Soroudi and
Jakubowicz, 2013; T et al., 2019). A summary of the changes in thermal
properties for a variety of NFRPCs discussed in this section is provided in
Table 2.

Table 2
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2.2.1. Crystallization upon cooling and heating

In addition to the degree of crystallinity in a sample, changes in the
structure of the polymer matrix and reinforcing fibers of a composite
after reprocessing can also alter the crystallization behavior and kinetics
upon heating and cooling. Crystallization in thermoplastics is most
commonly thought of as a phenomenon occurring while cooling from a
melt, when molecular chains can diffuse into lower energy, ordered
regions as they lose thermal energy and mobility. The temperature at
which this crystallization occurs depends on the energy required for
polymer chains to diffuse through the melt. A reduction in the molecular
weight of a polymer because of degradation during recycling typically
increases the polymer chains’ mobility and, accordingly, their ability to
crystallize. Numerous researchers have found that the crystallization
temperature of natural fiber-reinforced thermoplastic composites shifts
to lower values as the material is reprocessed because the degraded,
shorter polymer chains are more mobile at lower temperatures. For
example, Akesson et al. (/okkesson et al., 2016b) saw a drop of almost
20 °C in the crystallization of PLA reinforced with ~14 wt% cellulose
fibers after six cycles of extrusion and injection molding. The drop in
crystallization temperature was attributed to the significant reduction in
the molecular weight of the PLA, which was reduced from 29 to 13 kDa
after recycling, as determined by nuclear magnetic resonance mea-
surements. Similarly, Dhar (Dhar et al., 2018) and Chaitanya (Chaita-
nya et al., 2019) noted reductions in the molecular weight of PLA in their
studies on the recycling of composites reinforced with cellulose nano-
crystals and sisal fibers. Reductions in the crystallization temperatures
upon recycling have also been reported in cotton/LPDE (Bakkal et al.,
2012; Bodur et al., 2011), sisal fiber/PP (Ngaowthong et al., 2019), and
wood fiber/HDPE (Bhattacharjee and Bajwa, 2018) composites.

Crystallization can also be observed upon heating of a sample and
usually occurs if a material was cooled too rapidly to crystallize; this
phenomenon is commonly referred to as cold crystallization. As a ma-
terial is heated above its glass transition temperature, the chains gain
mobility and can diffuse to a lower energy crystalline state before they
are again melted at a higher temperature. Some researchers have also

Thermal property changes in natural fiber composites after recycling (T4: degradation temperature). Typically, natural fiber composites can be recycled approximately

4-6 times until their thermal property changes.

Resin Fiber (loading: Reprocessing methods (number of Tm Ta T.change  Crystallinity Ref.
wt%) recycling steps) change change change change
PP Hemp (30) Grinding and injection molding (6) - - - No change (Bourmaud and Baley,
2007)
Sugarcane Extrusion and injection molding (4) No No Decrease - No change (Correa-Aguirre et al.,
bagasse (20) change change 2020)
Sisal (30) Extrusion and injection molding (4) No - Decrease +2.5% (Ngaowthong et al., 2019)
change
Grinding and injection molding (6) No - No - (Bourmaud and Baley,
change change 2007)
Bagasse (20) Extrusion and injection molding (4) - No - Increase (Lila et al., 2018)
change
PLA Sisal (30) Extrusion and injection molding (2) Decrease - - Increase +20% (Ngaowthong et al., 2019)
Extrusion and injection molding (8) Decrease Decrease Decrease Decrease - (Chaitanya et al., 2019)
Cellulose (~14) Extrusion and injection molding (6) - Decrease - Decrease - (Akesson et al., 2016b)
Bamboo (35) Granulation, extrusion, pelletization, No - - — Decrease (Fazita et al., 2015)
and injection molding (1) change
PLLA Flax (30) Extrusion and injection molding (5) - Decrease - - - (Le Duigou et al., 2008)
PBS/ Flax (30) Grinding and injection molding (6) - —20% - - +80% (Bourmaud et al., 2016)
PLLA
LDPE Cotton textile Granulation and extrusion (6) Increase - - Decrease Increase (Bakkal et al., 2012; Bodur
(25) et al., 2011)
HDPE Wood (10) Grinding and injection molding (6) Decrease - - - Increase (Akesson et al., 2016a)
Wood (60) Grinding and injection molding (1) - - Decrease - - (Shahi et al., 2012)
Poplar (40) Grinding and injection molding (6) Decrease - - - Increase (Zhuo et al., 2019)
PHBV Sisal (30) Compounding and compression Decrease - - - - (Lagazzo et al., 2019)
molding (3)
Coffee bean (25) Solvent dissolution and casting (1) Decrease - Decrease Decrease - (T et al., 2019)
PAl11 Flax (21) Grinding and injection molding (7) No - - No - (Gourier et al., 2017)
change change
PVC Wood (40) Extrusion and injection molding (19) - Increase Decrease - - (Augier et al., 2007)
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reported shifts in the cold crystallization of recycled composites to lower
temperatures with increased reprocessing. Beltran et al. (Beltran et al.,
2018) noted a 5 °C decrease in the cold crystallization temperature after
re-extruding and compression molding a neat PLA sample, while
Ngaowthong et al. (Ngaowthong et al., 2019) reported a constant
decrease in the cold crystallization temperature of sisal fiber/PLA
composites with increased fiber loading. This indicates that a reduction
in molecular weight facilitates cold crystallization, and the presence of
fibers - which serve as nucleation sites - can aid crystallization upon
heating. With increased fiber loading, the cold crystallization exotherm,
as noted by differential scanning calorimetry scans, broadened and
shifted to lower temperatures until it disappeared altogether, indicating
that with increased fillers, the composite was able to sufficiently crys-
tallize upon cooling because of the nucleating ability of the fibers. The
composites also showed a similar trend upon reprocessing in which the
cold crystallization exotherm shifted to lower temperatures with an
increasing number of recycling steps until it disappeared completely.

2.2.2. Glass transition and melting

Because the glass transition and melting behavior of a polymer are
closely tied to the mobility of its molecular chains, both the glass tran-
sition and melting temperatures of composites are affected by changes in
its structure after reprocessing. Many researchers have reported a
reduction in Tg and Ty, after reprocessing, which can be understood
through the same mechanism by which the crystallization temperatures
were noted to decrease. Bourmaud et al. (Bourmaud et al., 2016) noted a
7% decrease in the glass transition temperature of neat PLA after seven
cycles of extrusion and injection molding. Upon the addition of flax fiber
at 30 wt%, the T, of the composite was observed to decrease 23% when
subjected to the same recycling methods. Similarly, Chaitanya (Chaita-
nya et al., 2019), Akesson (/O%kesson et al., 2016b), and Le Duigou (Le
Duigou et al., 2008) reported drops in the Ty of PLA composites rein-
forced with sisal, cellulose, and flax fibers after multiple cycles of
extrusion and injection molding. Similar results have been noted after
recycling of wood fiber/PP composites (Wang et al., 2019). In each case,
areduction in T after recycling was attributed to a rise in the mobility of
molecular chains attributable to polymer degradation. Polymer degra-
dation can increase the number of chain ends (Gewert et al., 2015).
Another possible reason for Ty reduction is some extractives (e.g., wax)
can detach from natural fibers and act as a plasticizer.

In another study on sisal fiber/PLA composites, Ngaowthong et al.
(Ngaowthong et al., 2019) reported a stable value for Ty after reproc-
essing, but a notable drop in Tp,. A reduction in the melting temperature
of composites after recycling has been reported by others for sisal
fiber/PLA composites (Chaitanya et al., 2019), as well as for sisal
fiber/PHBV (Lagazzo et al., 2019), wood fiber/PP (Rosenstock Voltz
et al., 2020), and poplar fiber/HDPE (Zhuo et al., 2019) composites,
among others. Some researchers, however, have detailed an increase in
T after composite recycling. Bhattacharjee (Bhattacharjee and Bajwa,
2018), Bodur (Bodur et al., 2011), and Bakkal (Bakkal et al., 2012)
studied the effect of recycling on the thermal properties of wood
fiber/HDPE and cotton/LDPE composites, finding that the Ty, of the
composites rose 1-2 °C after six recycling steps. Bhattacharjee attributed
this behavior to a severe degradation and possible charring of the fibers
after repeated thermomechanical cycling. Interestingly, Bhattacharjee’s
study also reported an increase in the crystallinity of the wood fiber/-
HDPE composites after recycling, which was attributed to fiber
degradation.

Finally, researchers have reported the appearance of a double
endothermic melting peak in natural fiber-reinforced composites after
reprocessing. In studies of neat PLA and flax fiber/PLLA/PBS composites
(Beltran et al., 2018; Bourmaud et al., 2016), the appearance of double
endothermic peaks after recycling was attributed to polymer degrada-
tion, which led to the formation of imperfect crystals at lower temper-
atures during cooling. Upon heating, these crystals can melt at lower
temperatures, reorganize into more stable crystals, and then melt again
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2.2.3. Thermal stability

The thermal stability of a composite after reprocessing is often an
important factor in assessing its recyclability. A material is generally
more thermally stable if it can withstand higher temperatures before
degrading, which is typically measured using thermogravimetric anal-
ysis. Reprocessing of natural fiber-reinforced composites can increase or
decrease the thermal stability of the materials depending on the extent
of degradation of the polymer, fibers, and their interface. As discussed
previously, this seemingly adverse degradation may lead to increased
crystallinity, crosslinking, and/or a stronger reinforcing effect because
of enhanced dispersion and wetting of the fibers by the matrix polymer.

Beg and Pickering (Beg and Pickering, 2008b) reported an increase
in the degradation temperature of wood fiber/PP composites after
reprocessing, which was attributed to an increase in crystallinity of the
PP after its molecular weight was reduced because of degradation. A
similar result was noted by Bhattacharjee and Bajwa (Bhattacharjee and
Bajwa, 2018) in a study on the recycling of wood fiber/HDPE composites
in which the composite decomposition continuously shifted to higher
temperatures throughout six cycles of extrusion and injection molding.
Srebrenkoska et al. (Srebrenkoska et al., 2008), however, associated
higher degradation temperatures of kenaf fiber/PP composites after
recycling to an apparent increase in the polymer’s molecular weight
after crosslinking between molecular chains, as well as molecular chains
and fiber surfaces. Crosslinking can occur because of
reprocessing-induced degradation when free radicals are released from
severed chains. Another explanation for an increase in the thermal sta-
bility of natural fiber-reinforced composites after reprocessing was given
by Nadali et al. (Nadali et al., 2018). The shift in degradation temper-
atures of wood fiber/HDPE composites after four cycles of extrusion and
compression molding was likely influenced by the reduction in hemi-
cellulose groups in the wood fiber after reprocessing. Hemicelluloses are
one of the most hydrophilic constituents (Wang et al., 2021) of wood
fiber; they hold a substantial number of hydroxyl groups, which also
makes them highly susceptible to thermal degradation. A reduction in
hemicellulose within wood fiber, therefore, can lead to a less hydro-
philic nature and result in a more thermally stable composite. Zhuo et al.
(Zhuo et al., 2019) analogously attributed an increase in the thermal
degradation temperature of poplar fiber/HDPE composites after recy-
cling to a loss of volatile small molecule substances in the poplar fibers
within the first or second stages of recycling, and saw higher shifts after
reprocessing composites with higher fiber loadings.

Conversely, many researchers have found reprocessing to negatively
affect the thermal stability of natural fiber composites. A shift in the
onset of thermal degradation toward lower temperatures after recycling
was reported in multiple types of composites, including those prepared
with PLA, PP, HDPE, and PVC (Augier et al., 2007; Chaitanya et al.,
2019; Correa-Aguirre et al., 2020; Ngaowthong et al., 2019; Rosenstock
Voltz et al., 2020; Shahi et al., 2012). In most cases, this loss of stability
was attributed to severe degradation of the polymer matrix and/or the
reinforcing fibers, indicating again that recycling-induced degradation
can be beneficial to a certain degree, but can often begin to degrade the
composite’s mechanical and/or thermal performance after continuous
reprocessing.

2.2.4. Thermal expansion and heat deflection behavior

Volumetric or conformational changes in bulk composite materials
after reprocessing are less often studied than more traditional thermal
properties, such as glass transition and crystallization, but they are
nonetheless important in practical applications. The expansion of a
material during heating, defined by its coefficient of thermal expansion
(CTE), is particularly important when composites are used in close
contact or when adhered to other materials subjected to elevated tem-
peratures. Differing thermal expansion behavior between two materials
in contact can lead to debonding and cracking. Bhattacharjee
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(Bhattacharjee and Bajwa, 2018) and Bajwa (Bajwa and Bhattacharjee,
2017) both reported increases in the CTE of wood fiber/HDPE com-
posites with repeated extrusion and injection molding. The increased
CTE was associated with a reduction in the fiber lengths, which reduced
the restriction of the polymer expansion upon heating. Additionally, the
researchers theorized that oxidation of the polymer during reprocessing
could lead to weaker intermolecular bonds and a higher degree of
thermal expansion. Bhattacharjee et al. also reported a decrease in the
heat deflection temperature (HDT) of their composites with increased
recycling, meaning the composites began to deform under load at lower
temperatures after reprocessing. Again, this was likely attributable to
degradation of the polymer, fibers, and their interface, which gave the
composite increased molecular mobility with a lower thermal energy
contribution.

2.3. Degree of crystallinity

Bodur (Bodur et al., 2011), Bakkal (Bakkal et al., 2012), and Zhuo
(Zhuo et al., 2019) each reported an increase in the crystallinity of
cotton/LDPE and poplar fiber/HDPE composites after six reprocessing
cycles. In the study by Zhuo (Zhuo et al., 2019), poplar fiber was added
to composites at a range of 10 to 40 wt% of HDPE. The increase in
crystallinity upon recycling was larger in higher loaded composites,
indicating that an increased number of fibers provides more nucleation
sites for crystal growth within a polymer melt. Furthermore, a higher
filler content is known to increase the shear forces within the composite
during reprocessing, accelerate the degradation of the polymer and
hasten the fracture of the reinforcing fibers. A lower molecular weight
polymer and larger number of fibers due to breakup can increase the
crystallinity in the composite after reprocessing.

Similarly, numerous authors (Beg and Pickering, 2008b; Correa-A-
guirre et al., 2020; Lila et al., 2018; Rodrigues et al., 2013; Socca-
lingame et al., 2015b; Srebrenkoska et al., 2008) have reported increases
in crystallinity after multiple reprocessing cycles of PP composites
reinforced with wood fibers, rice hulls, kenaf fibers, and bagasse fibers.
Every study connected the increased crystallinity to an enhanced
nucleation effect of the fibers after better dispersion in the composite
and/or an increased molecular mobility because of polymer degrada-
tion. Additionally, Rodrigues et al. theorized that oxidation of the
polymer chains during reprocessing could increase the molecules’ po-
larity, which would then increase the rate of crystal nucleation. In the
study conducted by Correa-Aguirre et al. (Correa-Aguirre et al., 2020),
bagasse fibers were treated with NaOH and silanized before being
incorporated into a PP composite and recycled. The crystallinity after
recycling with the silanized fiber composites was greater than that
observed after recycling composites filled with untreated fibers or those
treated only with NaOH, suggesting that the silanization improved the
nucleating effect of the bagasse fibers.

Other authors (Bourmaud and Baley, 2007; Ngaowthong et al., 2019;
Soccalingame et al., 2015a) studying the crystallization after recycling
of PP composites reinforced with sisal, hemp, and wood found that there
was no change in the crystalline content of the composites after recy-
cling. Each study used a relatively low filler content (between 10 and 30
wt%) and noted no significant changes in the tensile or flexural prop-
erties of the composites after reprocessing. It is likely that a combination
of factors including processing methods and parameters, the use of
compatibilizers or fiber pretreatments, and the initial properties of the
polymer and fibers such as molecular weight and aspect ratio, respec-
tively, allowed these composites to be recycled multiple times without
presenting any degradation in their properties. Based on the findings of
other researchers, it is likely that after some number of recycling steps in
each case, the properties of the composites would begin to change.
Eventually the fibers or the polymer matrix start to degrade, which can
raise or lower the crystallinity depending on each polymers’ ability to
crosslink and the degree of fracture and dispersion of the fibers.

In another study, Bourmaud et al. (Bourmaud et al., 2016) found that
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crystallization of a PBA/PLLA blend reinforced with 30 wt% of flax fi-
bers increased more than 20% after five reprocessing cycles. In a similar
study of PLLA reinforced with 20 or 30 wt% of flax fibers conducted by
Le Duigou et al. (Le Duigou et al., 2008), the crystallinity of the 20 wt%
flax fiber composite increased continuously with recycling. However,
the crystallinity of the more highly loaded composite was found to in-
crease and then decrease. At a higher fiber volume fraction, the quantity
of polymer of the composite could reduce, leading to a decrease in
crystallinity (Husnil et al., 2019). The same trend was seen in the
melting enthalpy of this composite measured by differential scanning
calorimetry. The authors were unable to give a complete explanation of
this phenomenon but theorized that either the size or dispersion of fibers
in the more highly loaded composite hindered crystallite growth. It was
also possible that the polymer was too heavily degraded after multiple
recycling steps to fully crystallize.

A decrease in the crystallinity of natural fiber/polymer composites
after reprocessing has been documented by authors, although it seems to
be a rare occurrence. Fazita et al. (Fazita et al., 2015) reported a
decrease in crystallinity from 11% to 4% in bamboo fiber/PLA com-
posites after just one cycle of granulation, extrusion, and injection
molding. Similar to the aforementioned work with flax/PLLA compos-
ites, they attributed the drop in crystallinity to a limitation of crystallite
growth due to the enhanced dispersion of fibers in the polymer matrix,
theorizing that the longer polymer chains were unable to mobilize
adequately to crystallize. A comparison in the molecular weight of the
matrix polymers and the fiber lengths at different stages during recy-
cling may be enlightening as to the apparent chain mobility and possible
impediment to crystallization caused by the fibers. However, such a
comparison is not available. Finally, Bhattacharjee and Bajwa (Bhatta-
charjee and Bajwa, 2018) documented a decrease in the crystallinity of
wood fiber/HDPE composites after seven cycles of extrusion and injec-
tion molding. Extensive degradation of the wood fibers was thought to
be responsible for the drop in crystalline content, suggesting that fibers
in a composite could break down to a degree after which they no longer
favor crystal nucleation and growth.

2.4. Hygroscopic behavior

A major application of NFRPCs is in outdoor infrastructural building
and construction materials, such as railing, decking, and fencing.
Because of the hydrophilic nature of natural fibers, they can absorb/
desorb moisture/water, which causes either swelling or shrinking.
Hence, NFRPCs experience dimensional instability, which will result in
physical and aesthetical (warping) downgrading. The hygroscopic
behavior also lowers the mechanical properties and durability of the
NFRPCs (Tajvidi and Takemura, 2010). There are mainly three moisture
penetration paths: (1) gaps/flaws at the interface of fibers and polymers,
(2) pores in the fibers, and (3) micro-voids in the polymer matrix (Beg
and Pickering, 2008c). Factors such as natural fiber or polymer type,
fiber morphology and surface characteristics, recycling methods, inter-
facial compatibility, and matrix crystallinity all are important charac-
teristics in determining the hygroscopic behavior of recycled NFRPCs.

One method to characterize the hygroscopic behavior of reprocessed
NFRPCs is the water absorption test (Tajvidi and Takemura, 2010).
During such a test, NFRPCs are submerged in distilled water and
weighed periodically. The water absorption percentage is calculated as
follows:

W, — W
Water absorption percentage = ’TO x 100% (€D)]

0

where, W, is the weight of a specimen at a given time and Wy, is the dry
weight of a specimen.

Another method is to measure the thickness swelling of NFRPCs after
being submerged in water for a certain period (Tajvidi and Takemura,
2010). The thickness swelling percentage is calculated as follows:
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Thickness swelling percentage =

T, — T,
L0 % 100% (2
Ty

where T, is the thickness of a specimen at a given time and T, is the dry
thickness of a specimen at the beginning of the test. Swelling may be
anisotropic if the fibers lie predominantly in plane (Rafsanjani et al.,
2014).

Although thickness swelling is caused by water absorption, the
relationship between the two is not linear. Thickness swelling was re-
ported to be fiber-type dependent. For example, composites containing
rice hulls have been found to swell less than those containing wood fiber
(Tajvidi and Takemura, 2010). Rice hulls contain a high silica content
that contributes to this behavior.

Numerous articles have reported that reprocessing NFRPCs can
inhibit their hygroscopic behavior (Table 3) (Beg and Pickering, 2008b,
2008c¢; Tajvidi and Takemura, 2010, 2011; Viksne and Rence, 2008;
Zhuo et al., 2019). For example, reprocessing using equipment with high
fiber dispersion capacity, such as extrusion, was reported to decrease the
water absorption percentage significantly (Viksne and Rence, 2008).
The researchers attributed the reduced water absorption percentage of
reprocessed NFRPCs to the improved dispersion of wood fiber. Since
more fibers were separated and protected by polymer wrapping on their
surface, moisture cannot access the fibers extensively. In another two
studies, the authors attributed the reduced water absorption percenta-
ge/thickness swelling percentage to factors such as increased density of
the NFRPCs by reducing the defects in the fibers and increasing the
crystallinity of the polymer matrix, and improved interfacial compati-
bility between the fibers and the matrix (Beg and Pickering, 2008b,
2008c). Tajvidi and Takemura also performed experiments on reproc-
essed natural fiber/polyolefin composites and discovered a similar trend
in hygroscopic behavior change (Tajvidi and Takemura, 2010, 2011). A
better fiber dispersion was reported after recycling NFRPCs (Fig. 4A and
B). Additionally, reprocessing can lower the equilibrium moisture con-
tent of NFRPCs and cause them to lose moisture faster during the water

Table 3
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desorption test (Tajvidi and Takemura, 2010, 2011), which is speculated
to be related to the increased hydrophobicity of materials after recy-
cling. Such a change is associated with the reduction of the most hy-
drophilic component of NFRPCs, hemicellulose, during reprocessing
because of thermal degradation (Hammiche et al., 2016). On the con-
trary, Shahi et al. (Sarabi et al., 2014; Shahi et al., 2012) reported a
decrease in water resistance and density after only one reprocessing step
of 60% wood/HDPE composites. Authors noticed significant decompo-
sition of the NFRPCs at the reprocessing stage with thermogravimetric
analysis measurements, which explained the change. The cause of the
decomposition may be the slow extrusion speed (2 rpm).

Few researchers have investigated the hygroscopic behavior of
NFRPCs manufactured from already-recycled plastics without further
reprocessing. Turku et al. (Turku et al., 2017) produced wood-filled
PP/PE composites out of construction and municipal plastic waste.
The ratio of PP to PE was varied to examine its effect on the product’s
performance. They reported water absorption percentage and thickness
swelling percentage of all formulations seemed to be comparable to
NFRPCs processed from virgin plastics.

2.5. Viscoelastic properties

One of the environmental conditions NFRPCs experience during
outdoor applications is temperature fluctuation. Similar to other poly-
mer composites, NFRPCs undergo property changes when the temper-
ature changes. It is important to understand such behavior to help
scientists/engineers design sufficient products to guarantee service life.
Dynamic mechanical analysis is often used to characterize the visco-
elastic properties of NFRPCs. During this test, the elastic modulus and
loss modulus are recorded as a function of temperature. The loss factor,
tan §, is calculated from the ratio of loss modulus to elastic modulus. The
T of the tested material can then be defined as the temperature corre-
sponding to the peak of the loss factor curve, although T, can also be
calculated from the elastic modulus curve.

Summary of hygroscopic behavior of NFRPCs after recycling/reprocessing. In general, the fiber length, -OH density, and thickness swelling decrease after recycling,
while the matrix crystallinity increases. The water absorption (>200 h) decreases after recycling, likely because of the composites’ hydrophilic substances reduction.

Composite Reprocessing methods Fiber -OH Composite Matrix Water Thickness Ref.

composition (Wt%)  (number of recycling length density density (g/cm®) crystallinity (%)  absorption (%)  swelling (%)
steps) (mm)

Wood flour (50) Batch mixing (5) - - - - 3.5-1.0 - (Viksne and
MAPP (5) (400 h) Rence, 2008)

PP (45) Extrusion (5) - — - — 1.4-1.3 — (Viksne and
(400 h) Rence, 2008)

Wood fiber (40) Pelletizing and injection 2.4-0.4 - 1.05-1.1 4445 4.0-2.5 3.0-2.3 (Beg and
MAPP (4) molding (8) (50 days) Pickering, 2008b,
PP (56) c)

Wood flour (50) Pelletizing, mixing and 0.5-0.2 1.4-1.0 0.86—1.04 - 23-9 6.8—5.9 (Tajvidi and
MAPP (2) compression molding (5) (200 h) (200 h) Takemura, 2010)
PP (48)

Wood flour (50) Pelletizing, mixing and 0.5-0.2 0.9-0.8 1.01-1.10 - 17-6 7-5 (Tajvidi and
MAPE* (2) compression molding (5) (200 h) (200 h) Takemura, 2011)
HDPE (48)

Wood flour (60) Pelletizing and profile - - 1.13-1.08 - 3.1-4.5 - (Shahi et al.,
HDPE (40) extrusion (1) (24 h) 2012)

Wood sawdust Pelletizing and profile - - 1.13-1.09 - 3.1-4.6 - (Sarabi et al.,
(60) extrusion (1) (24 h) 2014)

HDPE (40)

Wood fiber (40) Grinding and injection - - - 61-74 1.9-1.2 - (Zhuo et al.,
HDPE (60) molding (6) (10 days) 2019)

Wood flour (65) Batch mixing and 0.5-0.2 1.6-1.3 - - 7.5-5.5 - (Hammiche et al.,
PVC (30) compression molding (4) (~200 h) 2016)

Additive (5)

Wood flour (54) Extrusion and injection - - - - 12 2 (Turku et al.,
MAPE (3) molding (0) (28 days) (28 days) 2017)

Recycled PP/PE
(40)

Lubricant (3)

* MAPE: Maleated PE.
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Fig. 4. The surface morphology and shear viscosity of
materials before and after recycling. Scanning electron
microscopy images of the fracture surface of wood fiber/PE
composites: (A) before recycling and (B) after being recy-
cled five times. The fiber dispersion was found to be
improved after the recycling (reproduced with permission
from Tajvidi and Takemura, 2011). Copyright © 2011 John
Wiley and Sons. (C) Variation of shear viscosity with shear
rate for PP and wood-fiber thermoplastic composite (WPC)
before and after recycling (after the 3rd, 5th, and 9th
recycling steps; graph reproduced via the WebPlotDigitizer
software). The reduction in viscosity with recycling steps
could be attributed to polymer degradation and fiber
shortening (reproduced with permission from Rosenstock
Voltz et al., 2020).

Shear viscosity (Pa.s)
5

WPC-0
WPC-3
WPC-5
WPC-9

10°
Shear rate (s™")

10?

Morreale et al. studied the dynamic mechanical properties of wood
fiber-filled PLA composites after reprocessing (Morreale et al., 2015).
After one reprocessing step, the elastic modulus of wood fiber (15 wt
%)/PLA improved from 286 to 296 MPa, and the loss modulus improved
from 22 to 25 MPa. Such a change mainly came from the improved fiber
dispersion after reprocessing. For reprocessed wood fiber (65 wt%)/PVC
composites after three cycles, Ty (from tan §) moved toward higher
temperatures (from 45 to 50 °C), which indicated a stronger interaction
between fibers and polymers at the segmental chain level (Hammiche
et al., 2016). Bhattacharjee and Bajwa, on the other hand, discovered
that the elastic modulus (at 30 °C) of wood (30 wt%)/PLA composite
decreased from 6.4 to 5.7 GPa after six cycles of reprocessing by
pelletizing, extrusion, and injection molding (Bhattacharjee and Bajwa,
2017). The authors attributed the performance decrease to a few factors,
including fiber/polymer degradation, increased number of micro-voids,
and poor interfacial adhesion. It appears that the effects of reprocessing
on the dynamic mechanical properties are directly related to the number
of reprocessing cycles. Indeed, Chaitanya et al. found that the elastic
modulus of wood (30 wt%)/PLA composites improved after two
reprocessing steps, while a gradual decline of elastic modulus occurred
after the third reprocessing step until up to eight reprocessing cycles
(Chaitanya et al., 2019). The loss modulus of the wood/PLA composite
increased each time during three reprocessing cycles and gradually
decreased after the fourth reprocessing cycles. The tan § of NFRPCs was
reported to increase as reprocessing continued in most cases, indicating
that reprocessing magnified the viscous tendency of the NFRPCs
(Chaitanya et al., 2019; Hammiche et al., 2016; Morreale et al., 2015;
Nadali and Naghdi, 2020). Therefore, reprocessing or recycling will
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likely negatively impact the long-term creep performance of NFRPCs.
Aydemir et al. (Aydemir et al., 2015) addressed the reprocessing of foam
NFRPCs produced by reactive extrusion of wood fiber and styrene ma-
leic anhydride. The elastic modulus and tan § of the composite foam
both decreased significantly after just one reprocessing cycle (Aydemir
et al., 2015).

Other studies have shown that using slightly recycled polymers (e.g.,
recycled < 5 times) to produce NFRPCs does not seem to degrade their
viscoelastic properties. For example, the elastic modulus of the wood
fiber (15 wt%)/recycled PLA composite increased from 286 to 296 MPa,
and the loss modulus increased from 22.1 to 23.4 MPa, compared with
wood fiber (15 wt%)/virgin PLA (Morreale et al., 2015). Similarly, an
array of natural fiber (5-20 wt%)/recycled PP composites, including
waste paper, cardboard, and wood fiber, showed very slight changes in
tan 8 and elastic modulus as compared with the composites made from
virgin PP (Zander et al., 2019).

2.6. Rheological properties

Rheological properties play an important role in determining the
melt processability of fiber reinforced composites. Processing parame-
ters such as temperature, shear rate, and time affect rheological prop-
erties like viscosity, storage and loss modulus, and melt flow index of
these composites. In addition, filler type (bio-based source or species),
morphology, loading, and filler pre-treatment influence the composite’s
flow properties and processability. Reprocessing or recycling fiber
reinforced composites can alter their melt rheological properties by
simultaneously affecting both the polymer matrix and the filler.
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Typically, reprocessing causes thermal and mechanical degradation of
the matrix, thereby leading to reduced average molecular weight and
melt viscosity attributable to chain scission. Additionally, the reduction
in fiber length upon reprocessing NFRPCs typically leads to a drop in
viscosity (da Costa et al., 2005; Ramzy et al., 2015; Rosenstock Voltz
et al., 2020).

Voltz et al. (Rosenstock Voltz et al., 2020) conducted studies on
recycling of PP and WPC, consisting of 40 wt% thermomechanical pulp,
60 wt% PP, and a small amount of MAPP. Here, the recycling process
was simulated by passing the PP and WPC pellets through a twin-screw
extruder up to nine times. The variation of viscosity with shear rate,
measured using a capillary rheometer, was reported for the chosen
materials before recycling, as well as after 1st, 3rd, 5th, 7th, and 9th
recycling steps, as shown in Fig. 4C. Both PP and WPC exhibited
shear-thinning behavior (i.e., a decrease in viscosity with increasing
shear rates), which is typically beneficial for melt processing. For PP, a
comparison of unrecycled material (PP-0) and PP after nine recycling
cycles (PP-9) indicated recycling to cause a slight decrease in viscosity.
This was attributed to the degradation process occurring during
reprocessing, leading to a decrease in molecular weight and shear vis-
cosity. On the other hand, for WPCs, a greater degree of viscosity drop
was observed with an increase in the number of reprocessing cycles.
Although matrix degradation takes place in WPCs similar to the obser-
vations in PP, this steep decrease in viscosity was attributed mainly to
shortening of the fibers. This led to an increase in the number of fibers
with shorter length, which facilitates their alignment in the flow direc-
tion in the capillary rheometer (Rosenstock Voltz et al., 2020). A similar
trend in reduction in viscosity with increasing the number of reproc-
essing cycles was observed for sisal/PP and hemp/PP composites,
attributed to matrix degradation and fiber shortening from multiple
reprocessing cycles (Bourmaud and Baley, 2007). Wood flour compos-
ites from recycled PP also showed a similar behavior owing to chain
shortening after recycling (Ares et al., 2010).

The melt flow index, defined as the mass of material flowing through
a die in ten minutes at a certain temperature, is another rheological
property which is often used as a simple and quick method to measure
the ease of flow of polymer melts. Recycling typically has been shown to
increase the melt flow index of composites. In a study by Bhattacharjee
and Bajwa (Bhattacharjee and Bajwa, 2018) on composites containing
30 and 50 wt% wood fiber in HDPE with 3 wt% MAPE, multiple
reprocessing cycles (up to six cycles via extrusion) led to an increase in
melt flow index for both composites by ~38% and ~250%, respectively.
This observation, indicating a decrease in viscosity, was once again
attributed mainly to fiber shortening with reprocessing (Bhattacharjee
and Bajwa, 2018).

Ramzy et al. (Ramzy et al., 2015) conducted studies on recycling of
sisal and hemp fiber (30 wt%) reinforced PP (with coupling agent and
stabilizer) using injection molding as the reprocessing method. Flow-
ability measurements were performed using a spiral flow length test, a
method used to predict a material’s mold filling behavior in the injection
molding process. Increasing the number of recycling times increased the
flowability of these composites, especially for the first few cycles, in
which the fiber breakage is typically the highest.

2.7. Weathering resistance

When NFRPCs are used in outdoor applications, their durability
becomes an inevitable issue. Outdoor conditions (e.g., microbes, mois-
ture and temperature change, UV exposure) all become detrimental to
the long-term service of NFRPCs. Accelerated aging tests have been
conducted by a number of researchers to evaluate the durability of
NFRPCs, which include freeze-thaw cycling tests, UV weathering tests,
or even long-term natural condition tests (Adhikary et al., 2009, 2010;
Homkhiew et al., 2014; Moreno et al., 2018). The freeze-thaw cycling
test starts by immersing the NFRPCs in water for a certain number of
hours, freezing the wet NFRPCs, and finally thawing them at higher
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temperatures before evaluation (Adhikary et al., 2010). The UV light
weathering test exposes NFRPCs to UV light in a testing chamber at a
controlled humidity, temperature, and UV light irradiance (Moreno
et al., 2018). Compared with neat plastics, NFRPCs were reported to
have lower performance degradation after weathering tests because
natural fibers preferentially absorb incident UV radiation, which pro-
tects the plastic matrix (Moreno et al., 2018).

Adhikary et al. (Adhikary et al., 2009) investigated the effect of
material composition on the aging resistance of NFRPCs made from
wood fiber and recycled PP with or without MAPP. In general, UV
weathering degraded the performance of NFRPCs (increased hygro-
scopic behavior and color change and reduced flexural properties).
Composites with lower wood fiber content experienced lower flexural
strength and modulus decreases, as well as lower water absorption
percentage and thickness swelling percentage increase, after the UV
light weathering test. The addition of MAPP lowered the degradation in
flexural strength and modulus by 50% and 27%, respectively, of
weathered NFRPCs compared with composites without MAPP. MAPP
also lessened the color change of NFRPCs during the UV weathering test.
The effectiveness of MAPP in reducing the weathering effect lies in its
ability to improve the interface between wood fiber and recycled PP.
Similar results have been reported regarding the effect of MAPP on the
hygroscopic, mechanical, and thermal properties of wood fiber/recycled
PP or recycled HDPE composites after freeze-thaw cycling tests
(Adhikary et al., 2010). In these studies, using NFRPCs from recycled
plastics did not seem to result in significantly more performance
degradation after weathering when compared with NFRPCs from virgin
plastics. Homkhiew et al. (Homkhiew et al., 2014) further studied the
use of a UV stabilizer to meliorate the effect of weathering on the per-
formance of rubberwood fiber/recycled PP composites under natural
weathering conditions. The addition of 1 wt% UV stabilizer did not seem
to improve the performance of rubberwood (45 wt%)/recycled PP
composites during a 360-day weathering test.

2.8. Durability under UV exposure

Photodegradation studies show a loss of tensile, flexural, and impact
strength of neat thermoplastics and wood plastic composites upon
exposure to light (Table 4). UV (100-400 nm) in sunlight can cause
cracking on exposed surfaces of thermoplastics as well as a lighter
appearance of WPC surfaces attributable to bleaching of the wood fiber.
Lignin present in wood fibers can act as an antioxidant (Meng et al.,
2020) which reduces loss of strength; however, it can undergo bleaching
after long UV exposure. Bleaching in wood is caused by a generation of
free radicals from the oxidation of lignin to para-quinone chromophore
structures, which are further reduced to hydroxyquinones upon
extended UV exposure. These reactions can lead to a lightening of wood
fiber and yellowing of the polymer matrix. Color analysis can be done
using CIE L*a*b* system, where surface color change is defined as AE =
(AL*?4+Aa*?+Ab*?)'2, in which AL* denotes the change in lightness
value and Aa* and Ab* are changes in chromaticity values. After natural
exposure to sunlight and accelerated UV aging, AL values are higher in
wood and lignin composites than neat thermoplastics such as PP because
bleaching of lignin causes fading of the composite (Peng et al., 2014).

Soccalingame et al. carried out artificial UV aging and natural aging
of 10 and 30 wt% spruce wood flour-PP (WF10/PP and WF30/PP) in-
jection molded composites containing 1 wt% MAPP and then reproc-
essed them by injection molding. Artificial aging for 14 days was
performed according to ISO 4892-2 standard using xenon arc light of
300-400 nm. These conditions are equivalent to 2-3 months of natural
UV-only (300-400 nm) exposure. Natural aging was also carried out for
one year by placing panels at 45° facing south. Natural aging showed
more severe weathering because surfaces had more cracks and bleaching
than artificially aged samples. In both cases, the drop in molecular
weight of PP was lower in WF30/PP than WF10/PP, and the intensity of
the carbonyl peak in the composite Fourier transform infrared
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Table 4
Effect of UV weathering on mechanical property of natural fiber composites. Typically, UV weathering decreased the mechanical performance of natural fiber
composites.
Resin Reinforcing agent (wt%) Light weathering conditions Tensile strength and Other property changes Ref.
modulus changes
PP Poplar or cellulose or lignin Total time: 960 h - Flexural modulus (GPa): (Peng et al., 2014)
(40) 12hcycles: 8h UV + 4 h 2.9-1.6 (poplar)
condensation 2.6—0.7 (cellulose)
2.3-1.8 (lignin)
PP Spruce wood (10 & 30) Total time: 14 days - Impact strength (KJ/m?): (Soccalingame et al.,
MAPP (1) 120 min cycles: 102 min UV + 18 >100 no break — 75 (neat PP) 2015a)
min water spraying 21-12 (10% wood)
13-10 (30% wood)
PP Spruce wood (10 & 30) Natural sunlight aging: 1 year Strength (MPa): Elongation at yield (%): (Soccalingame et al.,
MAPP (1) 39-16 (neat PP) 7—1 (neat PP) 2016)
39-32 (10% wood) 4-3 (10% wood)
43-37 (30% wood) 2—-2 (30% wood)
Impact strength (KJ/m?):
>100—1 (neat PP)
17-2 (10% wood)
9-6 (30% wood)
PP Bleached and unbleached Total time: 1000 h Strength (MPa): Impact strength (KJ/m?): (Beg and Pickering,
pine (40) 1 h irradiation + 1 min water spray ~ 25—23 (neat PP) 10.5-3.3 (neat PP) 2008a)
Maleated PP (3) + 2 h condensation 39-35 (un-bleach) 5.6—6.4 (un-bleach)
41-35 (bleach) 6.1-5.0 (bleach)
Modulus (GPa):
1.5-1.5 (neat PP)
4.5-4.0 (un-bleach)
4.5-4.0 (bleach)
PLA Untreated and alkaline Weathering: 1000 h Strength (MPa): - (Islam et al., 2010)
treated hemp (30) 1 h UV + 1 min water spray + 2 h 48—45 (neat)
condensation 60—9 (untreated)
8236 (treated)
Modulus (GPa):
4.9-2.7 (neat)
7.6—1.2 (untreated)
11-5 (treated)
LDPE Pine wood waste (30) Total time: 4032 h Strength (MPa): Elongation at break (%): (Moreno et al., 2018)
PE-grafted maleic 22 h UV + 2 h water vapor 12—2 (neat LDPE) 575—10 (neat LDPE)
anhydride (2.5) condensation 12-9 (pine) 25-10 (pine)
HDPE Eucalyptus, acacia or pine Weathering: 2000 h - Flexural strength (MPa): (Nguyen et al., 2020)

(40) 12hcycles: 8h UV + 4h
Maleated PP (3) condensation

Wax (1)

PE wax (1)

PP- ethylene vinyl
acetate

Eucalyptus or pine (30) Natural weathering: 270 days

Strength (MPa):
37—12 (neat)
2813 (eucalyptus)
28—13 (pine)
Modulus (GPa):
0.9-0.2 (neat)
0.6—0.4 (eucalyptus)
0.5-0.3 (pine)

68—66 (eucalyptus)
70-68 (acacia)
70—-67 (pine)

1zod unnotched impact
strength (J/m):
1290—150 (neat)
220—160 (eucalyptus)
210-150 (pine)

(Catto et al., 2017)

spectroscopy spectra at 1715 em ! attributable to oxidation was lower
in WF30/PP than WF10/PP, indicating that a higher wood content
protects WF/PP panels from photodegradation. As discussed previously,
after reprocessing the artificially and naturally aged panels through
injection molding, the tensile and impact strength was recovered,
although the viscosity of the panels was reduced, likely because of chain
scission (Soccalingame et al., 2015a, 2016).

In PP and other thermoplastics, the elongation at break during tensile
loading decreases upon photodegradation and recovers upon reproc-
essing (regeneration), following a zig zag pattern upon repeated aging
and reprocessing. This pattern is possibly attributable to redistribution
of excised chains because only a thin surface layer is degraded by aging.
It has also been hypothesized that only the amorphous fraction of the
polymer matrix significantly degrades during aging, as diffusion of ox-
ygen in crystalline fraction is very low (Jansson et al., 2003).

Crystallinity has been found to increase in both wood flour filled PP
and HDPE upon photodegradation, as the excised shorter chains can
crystallize because of higher mobility (Du et al., 2010; Soccalingame
et al., 2015a). A comparison of 40 wt% poplar wood flour, cellulose, or
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alkali lignin in PP concluded that cellulose was better than lignin for
color stability, but cellulose-filled PP had severe loss of flexural modulus
and developed many microcracks on the surface on UV aging (Peng
et al., 2014). In one recent study, Acacia mangium-filled HDPE had less
surface degradation on accelerated UV aging than Eucalyptus urophylla
and Pinus caribaea wood filled HDPE (Nguyen et al., 2020). Rubberwood
fiber/PP composites had higher bleaching on UV exposure when recy-
cled PP was used instead of virgin PP (Homkhiew et al., 2014). Overall,
addition of wood fibers to thermoplastic matrices reduces the loss of
mechanical strength of the composites upon exposure to light. Finally,
the addition of UV absorbers such as hindered amine light stabilizers,
carbon black, ferric oxide, titanium dioxide, and nano-silica protects
WPCs from bleaching and degradation (Du et al., 2010).

3. Mitigation approaches
3.1. Functional additives

During initial processing of virgin plastic and its first service life,
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irreversible mechano-chemical, chemical, or irradiative changes take
place in the polymer chain and natural fiber filler (Pfaendner, 2010). In
these chemical degradation processes, often induced by radical mecha-
nisms, new chemical groups are often formed in the polymer structure,
changing the polymer composition. The concentration of these new
structures increases with the service time and the environment of
exposure, but can be reduced by including proper additives (Pfaendner,
2010). In any case, these structural changes result in recyclates (ground
recycled composites) that are more sensitive to further degradation than
the virgin material.

In addition to changes in the composite structure from its first service
life, reprocessing NFRPCs can damage and/or degrade additives from
these composites. First, heating and drying the composite, as necessary
for reprocessing, can embrittle the reinforcing fibers and consume the
chemical additives in the plastic prior to recycling (Cestari et al., 2019;
Pfaendner, 2010). Additionally, reprocessing can result in further me-
chanical degradation of the natural fiber fillers and the polymer matrix.
Recyclate containing natural fibers without further or pre- treatment,
therefore, is usually less mechanically and thermally stable to further
processing than virgin material (Hahladakis et al., 2018). This reduction
in properties is one of the biggest barriers to more widespread recycling
of NFRPCs, along with economic barriers as described above; however,
it is often still material- and application-dependent.

Although many studies have uncovered the effects of recycling on the
properties of NFRPCs, there is significantly less research in mitigation of
those effects. However, over the past decade, there has been growing
industrial interest in understanding mitigation approaches, especially
for composites containing bio-based fiber fillers, which have seen
growing demand in many applications including automotive, construc-
tion, and packaging (Cestari et al., 2019; Roy et al., 2019). In this section
of the review, the most recent developments to combat property
reduction caused by recycling of NFRPCs will be outlined. The first
major strategy for combating property degradation of recycled material
is the use of functional additives. There are many different types of
functional additives utilized to achieve this. They are summarized in
Table 5 and will be discussed thoroughly in the following sections.

3.1.1. Compatibilizers and coupling agents

Inherent differences between highly polar lignocellulosic fibers and
non-polar polymer matrices, along with the high degree of

Table 5
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intermolecular interactions in lignin molecules, can result in poor fiber
dispersion and fiber-matrix interactions in NFRPCs (Yang et al., 2019).
This often results in aggregation of lignin in bio-based composites due to
pi-pi stacking (referring to noncovalent interaction that involves aro-
matic groups containing pi bonds (Zhuang et al., 2019)), hydrogen
bonding, and van der Waals attractions between the polymer chains,
which reduces the composites’ mechanical properties and dimensional
stability (Yang et al., 2019). Overcoming this energetic barrier to ach-
ieve compatibility is critical to enhancing the resulting properties of
NFRPCs. Research aimed at enhancing the performance of NFRPCs with
virgin polymer matrices have largely focused on three areas. The first
involves chemical modification of the fibers by washing with NaOH
(also known as bleaching), alcohol, or benzene. Washing with NaOH
likely falls short of mercerization because mercerization typically in-
volves the treatment of fibers with a high concentration of NaOH (e.g.,
10-25%) at 5 °C (Modibbo et al., 2009). A second highly studied topic is
surface modification of fibers using stearic acid, maleic anhydride,
glycidyl methacrylate, silane, and isocyanate. Finally, polymer modifi-
cation using anhydrides, epoxides, and even amines has been demon-
strated by various researchers (Chand and Fahim, 2008; Pracella et al.,
2010; Yang et al., 2019). However, during subsequent recycling and
drying processes, the effects of polymer and/or fiber pretreatments are
often reduced and sometimes even eliminated (Benoit et al., 2018). As
such, there is often a need for additional additives to enhance the
compatibility between the phases of the composite.

Currently one of the most common methods to overcome the ener-
getic barrier between polymers and natural fibers in NFRPCs is the use of
coupling agents and/or compatibilizers. Table 6 and Table 7 list the
mechanical and thermal property changes in NFRPCs (with the addition
of coupling agents) after recycling. Compatibilizers and coupling agents
are used to promote interfacial adhesion between polymers or phases
which are otherwise incompatible. Compatibilizers are usually block
copolymers, where each block is compatible with one of the phases and
serves to help reduce the surface energy at the interface. These mole-
cules tend to concentrate at the interfaces and stabilize them, allowing
finer dispersion and increased compatibility. Coupling agents are
chemicals which improve the interfacial properties of fillers and poly-
mers, usually by reacting with the filler surface. They include at least
one side group that can either react with the polymer matrix or is at least
compatible with it.

Functional additives utilized to combat mechanical properties reduction for recycled natural fibers in polymer composites. These functional additives are mainly used

to improve the composite compatibility, processing, and performance.

Type of additive Examples Function Ref.
Coupling agents, Silane Improve compatibility of polymer (Chand and Fahim, 2008; Pfaendner, 2010; Pracella et al., 2010; Xie
compatibilizer MAPP phase et al., 2010; Yang et al., 2019)
Triazine Improve mechanical and physical
Isocyanate properties

Paraffin wax
Bio-based, grafted co-polymer

Processing aids

Stabilizers (antioxidants)

Chain extenders

Other strengthening
agents

Salt
Wax
Stearic acid

UV absorber

Phosphite antiacid

Phenolic antioxidant

Hindered amine stabilizer compound
Epoxide

Oxazoline, oxazolone, oxazine
Isocyanate, anhydride, acyllactam
Maleimide, phosphonite, cyanate,
alcohol

Carbodiimide and ester preferably
with catalyst

Talc

Clay

Wood flour

Higher melt flow (Pfaendner, 2010; Xu et al., 2019; Xu et al., 2018)
Higher throughput

Improved processing
Reduced melting temperature
Improved processing

Extended long-term heat stability

(Hamad et al., 2013; Leao et al., 2015; Pfaendner, 2010)

Increase molecular weight (Pfaendner, 2010; Xu et al., 2018)

Increase mechanical properties

Flame retardant (Lei et al., 2007; Pfaendner, 2010; Viksne et al., 2004)

Strength additives
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Mechanical property changes in natural fiber composites (coupling agent added) after recycling. Typically, natural fiber composites with appropriate coupling agent
incorporation can be recycled approximately 5-6 times until their mechanical performance decreases.

Resin Fiber (loading: Coupling Reprocessing methods Tensile strength and  Flexural strength Other property Ref.
wt%) agent (number of recycling steps) modulus changes and modulus changes
changes
PP Wood (40) MAPP Granulation and injection Strength: —25% Strength: —30% Failure strain: (Beg and Pickering,
molding (8) Modulus: —16% Modulus: —20% +160% 2008b)
Impact strength:
—48%
Wood (20) MAPP Extrusion and injection Strength: no change - Failure strain: (Soccalingame et al.,
molding (7) Modulus: decrease increase 2015a)
Wood (30) MAPP Artificial weathering, No change - Failure strain or (Soccalingame et al.,
extrusion, and injection impact strength: 2015b)
molding (5) increase
Wood (30) MAPP Natural weathering, extrusion, Strength: —14% — Failure strain: no (Soccalingame et al.,
and injection molding (5) change 2016)
Wood (20) EBAGMA Compounding and No change - Failure strain: (Kaci et al., 2009)
compression molding (6) increase
Wood (40) MAPP Extrusion and injection Strength: —20% Failure strain: (Rosenstock Voltz
molding (9) decrease et al., 2020)
Wood (60) MAPP Pelletization and extrusion (6) Strength: —30% Strength: —27% Impact strength: (Wang et al., 2019)
—33%
Wood (60) MAPP + Strength: —33% Strength: —27% Impact strength:
antioxidant decrease
Hemp (30) MAPP Grinding and injection No change - Failure strain: +22% (Bourmaud and
molding (6) Baley, 2007)
Flax (30) Not specify Extrusion and injection Strength: —30% Strength: —15% Failure strain: +98% (Dickson et al., 2014)
molding (5) Modulus: —17% Modulus: —6% Impact strength:
—58%
Flax (21) MAPP Grinding and injection Strength: —18% - - (Gourier et al., 2017)
molding (7) Modulus: no change
Sugarcane NaOH Extrusion and injection - Strength: —4% - (Correa-Aguirre et al.,
bagasse (20) molding (4) Modulus: —4% 2020)
NaOH + silane - Strength: +4% -
Modulus: +14%
Coriander MAPP Extrusion and injection Modulus: no net Modulus: no net Impact strength: (Uitterhaegen et al.,
straw (40) molding (5) change change +90% 2018)
Alfa (30) Salt + NaOH Grinding and injection Decrease Strength: —7% - (Ezzahra El Abbassi
molding (4) Modulus: —11% et al., 2019)
Rice hull (30) MAPP Grinding and compression - Strength: —10% - (Srebrenkoska et al.,
molding (2) Modulus: no change 2008)
Kenaf (30) MAPP - Strength: —5% -
Modulus: +20%
MDEFB (40) MAPP Extrusion and injection Strength: —21% Strength: —14% Failure strain: (Dickson et al., 2014)
molding (5) Modulus: —20% Modulus: —14% +132%
PLA Wood (50) MA Extrusion and injection Decrease Decrease Impact strength: (Bhattacharjee and
molding (5) decrease Bajwa, 2017)
Failure strain:
increase
MA Extrusion and injection Strength: —42% Strength: —70% Impact strength: (Bajwa and
molding (6) Modulus: decrease Modulus: decrease —40% Bhattacharjee, 2017)
LDPE Coriander MAPE Extrusion and injection Strength: no net Strength: no net Impact strength: (Uitterhaegen et al.,
straw (40) molding (5) change change +200% 2018)
HDPE  Wood (50) MAPE Extrusion and injection Strength: —10% Strength: —15% Failure strain: (Bhattacharjee and
molding (6) Modulus: decrease Modulus: —24% increase Bajwa, 2018)
Wood (65) MAPE Extrusion and compression Modulus: no net - - (Nadali et al., 2018)
molding (4) change
Wood (50) MA Extrusion and injection Decrease Strength: —10% Impact strength: (Bajwa and
molding (6) Modulus: decrease —24% Bhattacharjee, 2017)
Cellulose (48) MAPP E-43 Grinding and injection Strength: —37% - Failure strain: —22% (Fonseca-Valero et al.,
molding (5) Modulus: —30% 2015)
MAPP G-3002 Grinding and injection Strength: —46% - Failure strain: —9%
molding (5) Modulus: —53%

Figs. 5 and 6 exhibit the mechanical property changes in natural
fiber composites after recycling: without and with coupling agent, with
different types of coupling agents/polymers/fibers/reprocessing
methods. The addition of MAPP or MAPP E-43 (Epolene E-43, which
exhibits an acid number of 45 and a number average molecular weight
of 3900, available from Eastman Chemical Products, Tennessee, USA)
(Fonseca-Valero et al., 2015) is helpful to improve the failure strain of
the recycled NFRPCs. In addition, MAPP E-43 can promote the tensile
strength and tensile modulus of the recycled NFRPCs. The addition of
NaOH is helpful to improve the flexural strength (by 10%) and flexural
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modulus (by 15%) of the recycled NFRPCs, which can be further
improved via further addition of silane. Different types of coupling
agents including MAPP, MAPP + antioxidant, NaOH, NaOH + silane,
MAPE, and MA have been used for natural fiber composites. Results
indicate that the combination of NaOH and silane is a promising
coupling agent. Polymer matrix type and reprocessing method have a
significant effect on the mechanical performance of natural fiber com-
posites after recycling. HDPE is a promising polymer that is amenable to
multiple reprocessing cycles. Different types of natural fibers have been
studied for the recycling of natural fiber composites, finding that
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Table 7
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Thermal property changes in natural fiber composites (coupling agent added) after recycling. Typically, natural fiber composites with appropriate coupling agent
incorporation can be recycled approximately 5-6 times until their thermal property changes.

Resin Fiber (loading: Coupling Reprocessing methods T Tq T Crystallinity Other Ref.
wt%) agent (number of recycling steps) change change change change property
changes
PP Wood (40) MAPP Granulation and injection Decrease - - +3% - (Beg and Pickering,
molding (8) 2008b)
Wood (20) MAPP Extrusion and injection — - — No change - (Soccalingame et al.,
molding (7) 2015a)
Wood (30) MAPP Artificial weathering, - - - No change - (Soccalingame et al.,
extrusion, and injection 2015b)
molding (5)
Wood (40) MAPP Extrusion and injection Decrease Decrease - - - (Rosenstock Voltz
molding (9) et al., 2020)
Wood (60) MAPP Pelletization and extrusion - - - +3% T,: decrease (Wang et al., 2019)
Wood (60) MAPP + (6) - - - +8% T, decrease
antioxidant
Hemp (30) MAPP Grinding and injection - - No No change - (Bourmaud and
molding (6) change Baley, 2007)
Flax (21) MAPP Grinding and injection No - - - Tg: no change (Gourier et al., 2017)
molding (7) change
Sugarcane NaOH Extrusion and injection No Decrease No Increase - (Correa-Aguirre
bagasse (20) molding (4) change change et al., 2020)
NaOH + silane Decrease Decrease Increase Decrease -
Rice hull (30) MAPP Grinding and compression — Decrease - - - (Srebrenkoska et al.,
Kenaf (30) MAPP molding (2) - Increase - - - 2008)
PLA Wood (50) MA Extrusion and injection - Increase - Decrease CTE: increase (Bhattacharjee and
molding (5) Bajwa, 2017)
MA Extrusion and injection - - - - CTE: —41% (Bajwa and
molding (6) Bhattacharjee, 2017)
HDPE Wood (50) MAPE Extrusion and injection Increase Increase Decrease Decrease HDT: (Bhattacharjee and
molding (6) decrease Bajwa, 2018)
MA Extrusion and injection - - - - CTE: +-50% (Bajwa and
molding (6) HDT: Bhattacharjee, 2017)
decrease
Hemp/PP Hemp/MAPP/PP | Cellulose/HDPE  Cellulose/MAPP E-43/HDPE
1522 ] = 2
, \ ’ Tensile strength‘
6 Failure strain 3 Tensile modulus
\ I 5 Failure strain 3
5 4 -50% S -37%
= 37% 4 -30%
No change +22% | -28% -22%
Sugarcane Sugarcane Wood/MAPP  Wood/MAPP + | | Wood/MAPE/ Wood/MA/
bagasse/NaOH bagasse/NaOH | | /PP antioxidant/PP | | HDPE HDPE
/PP + silane/PP 1 =2 152
1 ’ 2 , . \ Aensile strength\
Tensile strength
- st th 6 Flexural strength 3
Flexural strength exural streng Flexural modulus,
Flexural modulus At stz gh
-30% -33% -10% 7 g 4 Decrease
A% A gy 3 W% 2% D4 2% -15% =" 0%
-4% +14% -33% Decrease| | -24% Decrease

Fig. 5. Mechanical property changes in natural fiber composites after recycling (the circle symbol means recycling and the number means recycling step): without
coupling agent, with coupling agent, and with different types of coupling agents (data derived from (Bajwa and Bhattacharjee, 2017; Bhattacharjee and Bajwa, 2018;
Bourmaud and Baley, 2007; Correa-Aguirre et al., 2020; Fonseca-Valero et al., 2015; Wang et al., 2019)). The addition of coupling agents (e.g., MAPP, NaOH, and
silane) can promote the mechanical property of the recycled NFRPCs. The combination of NaOH and silane is a promising coupling agent for maintaining the
mechanical performance of the natural fiber composite after recycling.
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Wood/MA/ Wood/MA/ | | Medium density Coriander
PLA HDPE fiber straw/MA
=) board/MAPP/PP PP/PP
1 2 —
] 2
b Flexural strength 3 Tensile modulus
i S Flexural modulus
AN 5 3
-70% 5 x4 -10% | -20% \ No net change
-40% 24% | -14% 4 No net change
Rice Kenaf/MAPP Wood/MAPP/PP
hull/MAPP/PP /PP Natural q 2 Artificial
weathering, ] weathering,
extrusion, extrusion,
Fl { strength injection , Tensile strength injection
exural streng Fail .
] Flexural modulus 2 5 aflure strain 3
v PEY
-10% -5% -14% No change
No change +20% | | No change Increase

Fig. 6. Mechanical property changes in natural fiber composites after recycling: with different types of polymers, fibers, and reprocessing methods (data derived
from (Bajwa and Bhattacharjee, 2017; Beg and Pickering, 2008b; Bhattacharjee and Bajwa, 2017; Dickson et al., 2014; Rosenstock Voltz et al., 2020; Soccalingame
etal., 2016, 2015b; Srebrenkoska et al., 2008; Uitterhaegen et al., 2018)). The types of polymer matrix, fiber, and reprocessing method have a significant effect on the
mechanical performance of natural fiber composites after recycling. Coriander straw is a promising fiber for maintaining the mechanical performance of the natural

fiber composite after recycling.

coriander straw is a promising fiber. In summary, the addition of a
coupling agent can improve the compatibility between the polymer
matrix and fiber, which can promote the mechanical properties of the
recycled NFRPCs.

Many researchers have studied the use of MAPP as a coupling agent
for recycled polymer systems within the past decade, and it shows
continued promise as a coupling agent for natural fiber-reinforced PP
(Zheng et al., 2017). More recently, researchers have studied the use of
acrylic acid-grafted PP coupling agents in recycled PP filled with Kenaf
fiber (Suharty et al., 2016). The addition of acrylic acid-grafted PP
coupling agent increased the tensile strength of the composites by 18%,
flexure strength by 28% and the impact toughness by 27%. Other re-
searchers have studied the use of MAPE, carboxylated PE and a
titanium-derived mixture as coupling agents for recycled HDPE and
bagasse fiber composites (Lei et al., 2007). A titanium-derived mixture,
obtained from Kenrich Petrochemicals Inc., is an organometallic inter-
face chemical that contains titanium. Two examples of titanium-derived
coupling agents are titanium IV 2-propanolato, tris(dioctyl)
phosphato-O, and titanium IV 2,2(bis 2-propenolatomethyl)butanolato,
tris neodecanoato-O (Elshereksi et al., 2017; Lei et al., 2007). Results
from the study showed that MAPE, carboxylated PE, and
titanium-derived mixture improved the compatibility between the fiber
and the recycled HDPE. As more MAPE (until reaching an optimum
level) was added to the composites, the modulus, tensile strength, and
impact strength increased in correlation, largely attributed to enhanced
compatibility. Carboxylated PE had no significant influence on the
mechanical properties of the composites except the tensile strength,
largely attributed to the decrease in resulting compatibility compared
with MAPE-containing composites. Finally, titanium-derived mixture
improved the mechanical properties of the composite slightly, but

17

largely served as a lubrication agent rather than a coupling agent and
resulted in voids in the composite system at higher loading levels. This
study highlighted the importance of considering the makeup of both the
polymer matrix and reinforcing agent when selecting a coupling agent
for a composite.

Bourmaud (Bourmaud and Baley, 2007) and Wang (Wang et al.,
2019) studied PP with hemp fibers and wood fibers, respectively, with
the use of MAPP as a compatibilizer. The use of a compatibilizer
enhanced the tensile performance of the composites due to increased
stress transfer between the polymer and well-adhered fibers. However,
after recycling, the compatibilizers were seen to degrade quickly, and
the tensile performance of compatibilized and non-compatibilized
composites were similar after multiple reprocessing cycles. The
hemp/PP composite displayed a slight loss in its tensile modulus and a
notable decrease in the failure strain, which was attributed to fiber
breakup and poor adhesion between the fibers and polymer matrix upon
recycling, while a decrease in the tensile strength of the wood fiber/PP
samples was ascribed to wood fiber damage endured during
reprocessing.

More recently, researchers have expressed concerns with the use of
synthetic compatibilizers and coupling agents in green materials and
over the past several years there is a growing wealth of research
designing bio-based coupling agents. For example, researchers studied
the use of ionic liquid-treated lignin as a bio-based coupling agent in
recycled 60 wt% bagasse fiber-reinforced PP (Younesi-Kordkheili and
Pizzi, 2020). The cost of the ionic liquids is still high, but it will decrease
with continuous research and development on the new ionic liquids and
scale-up. One example of development is the commercialization of the
ionic liquid-based catalyst. In 2021, Chevron and Honeywell announced
the start-up of world’s first commercial ionic liquid alkylation unit
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(Chevron and Honeywell, 2021). Even though this unit is not used for
biomass process, the commercialization of ionic liquid for biomass
processing will become realistic. More importantly, most of the ionic
liquids used in the biomass processing can be recycled (Wang et al.,
2012), which can further lower the cost of ionic liquids. The ionic
liquid-treated lignin’s functionality was compared side-by-side with
MAPP. Generally, the composites with modified lignin exhibited a
higher flexural and tensile strength than those with unmodified lignin.
The addition of lignin up to 5 wt% dramatically enhanced both tensile
and flexural strengths (47% and 59% increase, respectively) of the
composites based on recycled PP. Another group looked at the use of
starch gum as a coupling agent for wood fiber/recycled PP composites in
comparison to MAPP controls (Rocha and Rosa, 2019). The micrographs
of the composite samples from virgin polymer and recycled polymer are
shown in Fig. 7. Virgin composites showed a limited improvement on
the elastic modulus upon the addition of starch gum in comparison to
those with MAPP. A 3D construction and proposed mechanism of MAPP
compatibilization in virgin composites are shown in Fig. 8. After recy-
cling of both composites, however, the samples containing starch gum
presented ~26% higher values for the elastic modulus than those with
MAPP, indicating starch gum showed an enhanced interaction with
oxidized structures compared with MAPP, resulting in decreased size
and number of voids in the composite — although voids were still present
- and improved compatibility between composite phases.

3.1.2. Processing aids

Natural fibers begin to thermally degrade at temperatures between
200 and 250 °C, at which the thermal degradation of hemicellulose,
cellulose, lignin, and pectin begin to occur. Cellulosics are reported to
start to degrade at approximately 180-220 °C (Peng et al., 2013). The
extent of thermal degradation of natural fibers is presumably a function
of time at a certain temperature (Khanlou et al., 2017). PLA suffers from
thermal degradation during the compression molding process (Khanlou
et al., 2017). Time and temperature are major process parameters for
controlling thermal degradation in both natural fibers and polymer
matrices (Khanlou et al., 2017). For example, the optimum mechanical
properties of flax/PLA composites can be achieved at the shortest
molding time (5 min) (Khanlou et al., 2017). Approximately 6%-10% of
natural fiber damage (e.g., mass loss) is acceptable at certain processing
temperatures (El-Sabbagh et al., 2014; Khanlou et al., 2017). In one
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study, the mass loss of flax fibers at isothermal conditions for 15 min at
different temperatures was as following: 0.3% (170 °C), 1% (180 °C),
2% (200 °C), 3% (220 °C), 4% (230 °C), 6% (240 °C), and 11% (260 °C)
(El-Sabbagh et al., 2014). Many thermoplastic matrices used in NFRPCs
have melting and processing temperatures in excess of 250 °C, and
therefore processing at these temperatures or above result in irreversible
degradation of the fibers (Pfaendner, 2010). The resulting structural
changes to the fibers from thermal degradation make them more brittle
and cause a decrease in the overall modulus of the NFRPC systems.
Additionally, adding too much fiber can make the composite too stiff for
processing. The use of plasticizers can help soften the system, enabling
higher loading levels of filler and ideally better properties of recycled
polymer.

More recently, researchers have demonstrated that using plasticizers
or modifiers can reduce the melting point of plastics, resulting in a
reduction of the processing temperatures required during recycling, and
thus a reduction in fiber degradation. Researchers have shown the use of
salts, such as LiCl, can lower the melting temperature of polyamide 6
and polyamide 6-HDPE blends (Xu et al., 2019; Xu et al., 2018). Dif-
ferential scanning calorimetry analysis indicated the use of 3 wt% LiCl
lowered the melting temperature of polyamide 6 from 220 to 191 °C.
Hydrogen bonding between the salt and the nylon chains encouraged
wrapping, thereby altering the crystallization behavior of the polymer
chains. However, the addition of LiCl caused a brown color change of the
solution that increased with an increase in processing temperature (Xu
et al., 2018). Similarly, researchers observed a reduction in melting
temperature (from 212 to 194 °C) and change in solution color after a 3
wt% LiCl addition as a modifier for PA/HDPE blends. Moreover, the
addition of LiCl increased the impact strength of the solution by 36%
and assisted with interfacial adhesion of the composite (Xu et al., 2019).
Other researchers studied the effects of addition of natural rubber (up to
7 wt%) as a plasticizer in kenaf fiber/recycled PP composites (Suharty
et al., 2016). The natural rubber was used to soften the polymer and
resulted in higher filler loading and an increase flame resistance. The
researchers found that a 3 wt% addition of the recycled natural rubber
resulted in the best mechanical properties.

3.1.3. Thermal stabilizers
The use of antioxidants as thermal stabilizers in plastics dates back to
the 1960s, where their use was predominantly to stabilize plastics, such

Virgin polyme

Fig. 7. Scanning electron microscopy images of the composite samples from virgin polymer and recycled polymer: (a) 5% starch gum/virgin polymer, (b) MAPP/
virgin polymer (interface was compatible with good interaction), (¢) 5% starch gum/recycled polymer (interface was compatible with good interaction), and (d)
MAPP/recycled polymer. MAPP shows good miscibility with virgin polymer, but starch gum shows good miscibility with recycled polymer (reproduced with

permission from Rocha and Rosa, 2019). Copyright © 2019 Elsevier Ltd.
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Fig. 8. The 3D construction (left) with matrix suppressed and a highlight of the reinforcement and (right) proposed mechanism of MAPP/virgin polymer composites.
There is a proper distribution of fibers in the composite, but no signal of orientation. MAPP has good miscibility with the matrix due to its chain of PP, and promotes a
chemical bonding with fiber surface due to its maleic anhydride (reproduced with permission from Rocha and Rosa, 2019). Copyright © 2019 Elsevier Ltd.

as polyolefins, and other organic materials, such as hydrocarbon fuels
and rubbers, against degradation caused by oxygen or ozone to enhance
shelf-life (Meltsner, 1971). Stabilizers protect recyclates against both
oxidative and photooxidative damage and as a result, preserve some
properties both during processing and product life cycle. However, re-
searchers have been using thermal stabilizers to add more environ-
mental protection for virgin engineering thermoplastics such as
polyamides, polyolefins, and polyesters (Leao et al., 2015). Their use in
recycled NFRPCs, however, is limited. Any stabilizer residues from the
composite’s first life will retain some protective function after recycling,
but their efficacy is often limited. Although plastics originally used in
single use applications, such as in packaging, typically contain small
amounts of stabilizers and require further stabilizer addition during
recycling. Overall, stabilization of most recyclates is typically achieved
through phenolic antioxidants, phosphites, and antiacids, hindered
amine stabilizers, or UV absorbers (Pfaendner, 2010).

In UV aging (315-400 nm) of 30 wt% pine wood waste-LDPE waste
composites containing 2.5 wt% maleic anhydride grafted PE for
48-4320 h, considerable changes to surface and bulk properties
occurred in neat LDPE after 720 h, whereas they occurred in pine wood
filled samples only after 4320 h. The tensile strength in unfilled LDPE
dropped from 12 to 2 MPa on 4032 h of UV exposure, whereas the 30%
pine wood filled LDPE composites only changed from 12 to 9 MPa
(Moreno et al., 2018). Wang et al. (Wang et al., 2019) used a commercial
antioxidant in their study with wood fiber/PP composites. After seven
cycles of extrusion and pelletization, the flexural strength was found to
decrease less than in composites processed without the antioxidant.

Researchers have shown that recycled, melt mixed PP composites,
reinforced with natural fibers treated using various methods, exhibited
decreases in tensile strength relative to the original composites. How-
ever, when thermal stabilizers were added, the mechanical properties
were maintained or increased (Hamad et al., 2013). Other researchers
studied bagasse/PP composites containing mixed metal salt blends and
phosphorus-based thermal stabilizer additives. With the addition of
either thermal stabilizer, there was a maintained or increased tensile
strength of the composite compared with the original composite and the
recycled, un-stabilized composite (Leao et al., 2015). More recently,

researchers showed that low concentrations (<0.2 wt%) of thermal
stabilizers can yield more recyclable polyolefins, like HDPE (Knauer,
2019). The low concentration of stabilizers helped preserve the molec-
ular weight of polymers for up to five passes, retain color through
recycling passes, and maintain mechanical properties.

3.1.4. Chain extenders

Chain extenders are low molecular weight molecules that react with
the ends of polymer chains and increase their overall molecular weight.
Thermal and mechanical degradation due to re-processing and/or dry-
ing of recyclate can reduce the molecular weight of polymer chains. As
the molecular weight of a polymer has a significant effect on the strength
of the material, degradation during recycling can affect the material
properties. Using chain extenders during recycling can reduce and even
eliminate the impacts of recycling on the material properties. Some
research has even shown that chain extenders can increase the me-
chanical properties of the recyclate to even higher than that of virgin
composites (Pfaendner, 2010). A number of chemical compounds have
been suggested such as epoxides, oxazolines, oxazolones, oxazines,
isocyanates, anhydrides, acyllactams, maleimides, phosphonites, cya-
nates, alcohols, carbodiimides, and esters, preferably in combination
with a catalyst (Pfaendner, 2010). More recently, researchers have
explored 2,2'-(1,4-phenylene)bis(2-oxazoline) as a chain extender in
conjunction with a LiCl thermal stabilizer (Xu et al., 2018). The addition
of the chain extender significantly increased the molecular weight of the
polymer chains in the system, resulting in enhanced mechanical
properties.

3.1.5. Other methods

The alfa fibers in Abbassi’s work (Ezzahra El Abbassi et al., 2019)
were treated with either saltwater alone or saltwater and NaOH. The
alkaline treatment improved the mechanical performance of virgin
composites in comparison to that of saltwater-treated or untreated fiber
composites. This treatment seemed to have a lasting effect, as well,
because the flexural strength of the saltwater-treated fiber composites
dropped 15% after five cycles of extrusion and injection molding,
whereas the flexural strength of saltwater and alkali-treated fibers
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dropped only 7% after the same recycling processes.

Inspired by others who used clays as reinforcement and flame
retardant agents for plastic composites, researchers have added mont-
morillonite, a type of clay, to recycled PP composites reinforced with
natural fibers to enhance their flame retardance (Suharty et al., 2016).
The results indicated that the montmorillonite additive enhanced the
flame retardancy by undergoing an endothermic reaction which can
absorb the heat produced during the combustion process, ultimately
improving the mechanical properties of the recycled material. Other
groups have explored the addition of wood dusts or flours as strength-
ening additives in addition to natural fibers. One such group looked at
the addition of sawdust treated with paraffin for mechanical strength-
ening of wood fiber reinforced recycled LDPE (Viksne et al., 2004). The
researchers noted an increase of Young’s modulus and decrease of ten-
sile strain with an increase of modified sawdust content in the blend.

3.2. Addition of virgin plastic

As has been discussed, a loss of mechanical properties is generally
observed after several reprocessing steps attributable to polymer chain
scission and thermal degradation of fillers. However, the dispersion of
the fillers is improved because of the extensive mixing. Addition of
virgin plastics into the reprocessed composites can compensate for the
loss of mechanical property in reprocessed NFRPCs (Akesson et al.,
2016Db; Beg and Pickering, 2008b; Petchwattana et al., 2012; Viksne and
Rence, 2008). Petchwattana et al. (Petchwattana et al., 2012) investi-
gated the effect of the addition of virgin plastic on the mechanical
properties of the recycled wood fiber/PVC composites, as the recycled
material did not pass an imposed quality control. As shown in the
Fig. 9A, different mixing ratios of recycled and virgin WPC were
investigated using profile extrusion. Compared with the virgin com-
posite (fresh-feed), they found the composites made from WPC scrap:
fresh-feed at 30:70 kept the flexural strength and improved the flexural
modulus. After considering other factors (e.g., impact energy and ma-
terial cost), the ratio of 30:70 was also found to be the most appropriate
mixing ratio. Beg and Pickering (Beg and Pickering, 2008b) studied the
reprocessing of wood fiber/PP composites using a twin-screw extruder.
They mixed the reprocessed composites with virgin composite at a ratio
of 50:50 and found the tensile strength matched the virgin composite.

In addition to petroleum-based polymer matrices, recycled biobased
composites have been studied to mitigate the mechanical properties loss
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due to processing. Compared with PP and PVC, biobased polymers (e.g.,
PLA) are more sensitive to reprocessing and tend to degrade at high
temperatures. Akesson et al. (Akesson et al., 2016b) investigated the
mechanical recycling of PLA filled with a high level of cellulose fibers
(70 vol%), and found these composites are not suitable for multiple
processing (compression molding) due to the high fiber loading. Instead,
they processed the ground recycled composites (recyclate) with virgin
PLA through compression molding. As shown in Fig. 9B, the recyclate
had a relatively good reinforcing effect on PLA. The tensile strength and
Young’s modulus increased by 54% and 136% (compared with neat
PLA), respectively, at a mixing ratio of 50:50, attributable to the fiber
reinforcement from the recyclate. However, the authors did not compare
the properties of the new composite made from virgin PLA and com-
posite recyclate with composite itself prior to recycling, and it is hard to
conclude the effect of adding virgin PLA to the mechanical properties.

Similar to adding virgin plastic to the reprocessed NFRPCs to miti-
gate the property loss, adding extra fillers can have a similar effect.
During multiple reprocessing cycles, the aspect ratio of the fillers in a
NFRPC is typically reduced significantly (Bourmaud and Baley, 2009).
Addition of new, high aspect ratio fibers can reinforce reprocessed
NFRPCs and achieve better properties. However, no literature infor-
mation has been found exploring this option so far.

4. Emerging applications

The global market for biocomposites is expected to reach $41 billion
net worth by 2025 (Zwawi, 2021). NFRPCs have been widely used and
have potential for a variety of applications such as 3D printing (Bhagia
et al., 2021), automotive (Keskisaari and Karki, 2018), tribological,
packaging, and biomedical applications. For example, Li et al. (Li et al.,
2019) investigated the cellulose nanocrystal reinforced poly(ethylene
glycol) diacrylate composites for 3D printing use. Cellulose nanocrystal
has high strength, high Young’s modulus, renewability, and biocom-
patibility (Li et al., 2019;Wang, L. et al., 2020). The authors (Li et al.,
2019) used the cellulose nanocrystal composites to 3D print a disk
structure and an octet-truss lattice structure, shown in Fig. 10. Con-
ventional composite processing technologies have limitations in effi-
ciently fabricating composites with different and complex shapes.
However, 3D printing can easily fabricate different and complex parts
via computer aided design (Li et al., 2019; Zhao et al., 2020). Jiang and
Raney (Jiang and Raney, 2019) studied the 3D printing of cotton fiber
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Fig. 9. (A) Flexural strength and flexural modulus of the WPC profiles extruded from WPC fresh-feed from various mixtures of WPC scrap: fresh-feed at 20:80, 30:70,
40:60, 60:40, 80:20 and 100:0. The composites made from WPC scrap: fresh-feed at 30:70 (optimum mixing ratio) kept the flexural strength and improved the
flexural modulus (reproduced with permission from Petchwattana et al., 2012). Copyright © 2012 Elsevier Ltd. (B) Stress at break for composites with different
loading of the recyclate, suggesting the recyclate had a relatively good reinforcing effect on PLA (reproduced with permission from Akesson et al., 2016b). Copyright

© 2016 Springer Nature.
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Fig. 10. The 3D-printed disk structure (top) and the octet-truss lattice structure
(bottom) using cellulose nanocrystal composites (reproduced with permission
from Li et al., 2019). Copyright © 2019 Springer Nature.

reinforced amylopectin composites to produce mortars in building.
Amylopectin, a primary component of sticky rice, is a branched polymer
with a high molecular weight. The cotton fiber reinforced amylopectin
composites were more resilient than common thermoplastic composites
(wood fiber/PLA composites) toward heat, flame, and ultraviolet light
(Jiang and Raney, 2019). In a previous study (Zhao et al., 2019), poplar
fiber was used to reinforce PLA for large-scale 3D printing application. A
podium base, shown in Fig. 11, was successfully 3D printed using the
poplar fiber reinforced PLA composites (Zhao et al., 2019).

Fig. 11. Large-scale 3D printing of poplar/PLA composites. (Left) 3D printing
process and (right) back of the 3D-printed podium base) (reproduced with
permission from Zhao et al., 2019). Copyright © 2019 American Chemi-
cal Society.
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Furthermore, Sullins et al. (Sullins et al., 2017) investigated hemp
fiber reinforced PP composites. They stated that NFRPCs have been used
in automotive applications because of their good modulus and strength,
recyclability, and low carbon footprint (Sullins et al., 2017). Naeem
et al. (Naeem et al., 2020) studied banana peel fiber reinforced epoxy
composites, which have potential for applications in automotive seat
backs, floors, bolsters, and other non-loaded-bearing applications. Soc-
calingame et al. (Soccalingame et al., 2015b) investigated the spruce
wood flour reinforced PP composites, which are commonly used in
outdoor decking applications. Batu et al. (Batu et al., 2020) studied
natural fiber (ramie, curaua, or pine apple) reinforced polymer (epoxy)
composites. The composites can be used for wind turbine blade appli-
cations (Batu et al., 2020).

Unfortunately, very little literature specifically discusses the use of
recycled NFRPCs for these applications. There are many challenges that
need to be addressed for NFRPCs to be more widely used, recycled, and
for the recyclate to be utilized commercially. Lau et al. (Lau et al., 2018)
reported that the high moisture content, flammability, property incon-
sistency, and swelling effect of natural fibers, as well as poor bonding
properties between fiber and polymer (hydrophilic fiber and hydro-
phobic polymer), and uneven dispersion of natural fibers in the products
are the major challenges. Researchers have worked to recycle NFRPC
products from applications such as packaging, but these recycled com-
posites have not been retested in products, only characterized for ther-
momechanical properties (Fazita et al., 2015). As discussed throughout
this review, recycled NFRPCs suffer from variations in resultant prop-
erties, especially after repeated recycling. These differences can limit
their applications. For instance, recycled fibers often display higher
levels of crystallinity, all of which results in property variation, making
it difficult to use commercially. However, researchers have shown that
additional materials, such as stabilizers, could help mitigate property
loss and increase use of recycled materials in these applications (Leao
et al., 2015). Overall, further research is needed to develop commer-
cially viable recycling methods that can produce useable materials for
these applications.

5. Challenges and future directions

There is a research gap regarding the safety, durability, and espe-
cially recyclability of NFRPCs. Safety hazards might exist when recy-
cling composites that contain formaldehyde-based adhesives that might
give off volatile organic compounds. Durability will be an issue if the
composites are used in exterior applications where they are not pro-
tected from weather, biological attack, and so on. Natural fiber com-
posites, by their nature, are recyclable. The major technical challenges
for recycling and application of NFRPCs that need to be addressed
include polymer and fiber degradation, high moisture content, flam-
mability, variation in the natural fiber composition, and poor bonding
between hydrophilic fibers and hydrophobic polymers. Understanding
how to improve the properties of NFRPCs toward targeted applications
before and after recycling is crucial for their increased use.

(1) Fundamental research on the fiber-matrix interface to improve
the interfacial adhesion and mechanical properties of NFRPCs is
needed. Some physicochemical methods, such as mechanical hot-
pressing and using acids or epoxies as modifiers, have been
developed to improve the properties of the composites (Zhao
etal., 2020a). A novel class of natural fiber composites is surging,
which comprises the incorporation of graphene-based materials
to act as reinforcement or to improve the interfacial adhesion
between hydrophilic natural fibers and hydrophobic polymer
matrices (da Luz et al., 2020). Graphene-based materials have
been shown to significantly improve several properties (e.g.,
toughness and stiffness) of NFRPCs (da Luz et al., 2020). How-
ever, the mechanisms behind this enhancement and fabrication
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optimization to further improve their properties have not been

thoroughly investigated.

Durability, sustainability, and cost reduction need to be further

explored for wider applications of NFRPCs and their recyclates.

Long-term durability and recyclability of composites can be

reached via emerging mitigation approaches during recycling to

obtain high performance. Sommerhuber et al. (Sommerhuber
etal., 2017) investigated the life cycle assessment of wood plastic
composites. Wood is essential for sustainable economic growth,
but thermoplastic derived from fossil resources can potentially
cause severe environmental impacts along the life cycle of com-
posites. After the end of life, wood plastic composites have mainly
been treated as waste to be incinerated, leading to value loss and
environmental issues. Recycling of wood plastic composites
would be an ecologically preferable pathway. Wood plastic
composites produced from recycled plastics are environmentally
better than those produced from virgin plastics. Wood plastic
composites produced from recycled composite materials are a
technically and ecologically superior alternative. However, the
recycled composite materials may need further separation and
particle processing, which contributes to the overall environ-
mental impacts. For example, adding additives is a potential
method for improving the durability of composites, but additives
can cause concerns for human health and the environment along
the life cycle (Sommerhuber et al., 2017). Additionally, the sus-
tainability of such composites can be improved by developing
new high-performance biobased polymers derived from biomass.

Finally, a low cost can be maintained by developing cost-effective

processes and reusing waste fiber, polymer, and composites.

Further research into the effects of processing parameters on

recycled NFRPCs’ properties would be quite beneficial to the

field. Processing technologies including compounding, mixing,
extrusion, injection molding, and compression molding are
generally used to prepare and recycle NFRPCs, and these pa-
rameters can significantly influence the properties of all polymer
composites (Faruk et al., 2014). Additionally, the parameters
available to alter can vary for different processing technologies.

For example, during twin-screw extrusion, one can alter the

screw configuration, screw speed, extrusion temperature, and

flow rate. However, there have been no detailed studies on the
effects or optimization of these parameters on the reprocessing of
the NFRPCs.

(4) Wide applications of thermoset composites indicate that a market
exists for the recycling of used thermoset composites. However,
little literature specifically discusses the recycling of natural fiber
reinforced thermoset composites. Dinu et al. (Dinu et al., 2021)
prepared composites from humins based thermoset resin along
with chicken feathers and vegetal non-woven fibers (linseed flax
and jute). Mechanical recycling of the thermoset composites was
performed. Humins based resin becomes flexible because of
structural and chemical rearrangements upon exposure to heat.
This resin can be reprocessed into the desired shape under heat
and pressure, making it acceptable for mechanical recycling. The
authors mentioned that there was no significant influence of
recycling on the thermal stability of the composites. However, the
storage modulus of recycled linseed flax composites, recycled
chicken feather composites, and recycled jute composites was
approximately 66%, 48%, and 36%, respectively, less than that of
the composites before recycling. On performing the morpholog-
ical analysis of recycled composites, authors found that fiber
distribution was non-directional but uniform. In addition, poor
fiber-matrix adhesion and the presence of cracks and voids on the
fiber-matrix interface were observed (Dinu et al., 2021). Because
of the high chemical cross-linking of networks in cured thermo-
sets, recycling thermosets is still a challenge (Yue et al., 2021).
Cost-effective recycling of thermoset composites will be needed.

(2

—

(3)
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(5) A major challenge for external recycling of NFRPCs is the
contamination and immiscibility of polymers during recycling.
Effective physical presorting (e.g., sorting by size, weight, or
color) of components in the mixtures can be developed.

6. Conclusions

Natural fibers have been increasingly used to reinforce polymers.
Compared with synthetic fibers, such as glass or carbon fibers, NFRPCs
are a sustainable, cost-effective alternative in many applications with
low to moderate strength and stiffness requirements. Repetitive
reprocessing using combinations of granulation, grinding, shredding,
mixing, melt compounding, extrusion, pelletization, compression
molding, and injection molding has been used to recycle NFRPCs.
However, the commercial recycling of NFRPCs is limited by technical
feasibility and cost-effective processing. In addition, there is a research
gap regarding the safety of recycling NFRPCs.

This article systematically reviewed the effects of reprocessing/
recycling on the material properties of NFRPCs and discussed the miti-
gation approaches to overcome degradation of the material properties.
For example, hygroscopic behavior should not be a concern for recycled
NFRPCs because it is often improved after recycling. The fiber dispersion
can be improved after the recycling. However, the dynamic mechanical
properties of NFRPCs are more sensitive to reprocessing/recycling if the
material is reprocessed beyond a certain number of cycles. NFRPCs can
typically be recycled approximately 4-6 times until their mechanical
performance decreases. The reduction in viscosity after recycling can be
attributed to fiber shortening and polymer degradation. Meanwhile,
increasing the fiber content in NFRPCs worsens the weathering resis-
tance of the composites because natural fibers degrade under weath-
ering conditions. The types of fiber, polymer, and reprocessing method
significantly affect the mechanical performance of NFRPCs after recy-
cling. Coriander straw is a promising fiber for maintaining the me-
chanical performance of NFRPCs after recycling. PP and HDPE are
promising polymers that are amenable to multiple reprocessing cycles.

Using coupling agents, compatibilizers, and chain extenders can
improve the interface between natural fibers and polymer matrices,
reducing the chances for degradation occurring and improving the
overall composite properties after recycling. The combination of silane
and NaOH is a promising coupling agent for maintaining the mechanical
performance of NFRPCs after recycling.

Future work needs to be performed to investigate more effective
additives (e.g., epoxy and graphene) to further improve composite
properties. Fundamental research on the fiber-matrix interface for
improving the interfacial adhesion is necessary. Other recycling
methods (e.g., pyrolysis and gasification) can be developed for the ap-
plications of used NFRPCs.

Declaration of Competing Interest
The authors declare no competing financial interest.
Acknowledgments

The authors acknowledge the support from the US Department of
Energy (DOE), Office of Energy Efficiency and Renewable Energy,
Advanced Manufacturing Office under CPS Agreement 35714, and the
US DOE FY 2021 BETO Project under Contract 2.5.6.105 with UT-
Battelle LLC. This manuscript was authored in part by UT-Battelle LLC
under contract DE-AC05-000R22725 with DOE. The US government
retains and the publisher, by accepting the article for publication, ac-
knowledges that the US government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published
form of this manuscript, or allow others to do so, for US government
purposes. DOE will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access Plan



X. Zhao et al.
(http://energy.gov/downloads/doe-public-access-plan).

References

Adhikary, K.B., Pang, S., Staiger, M.P., 2009. Accelerated ultraviolet weathering of
recycled polypropylene—sawdust composites. J. Thermoplast. Compos. 22 (6),
661-679.

Adhikary, K.B., Pang, S., Staiger, M.P., 2010. Effects of the accelerated freeze-thaw
cycling on physical and mechanical properties of wood flour-recycled thermoplastic
composites. Polym. Compos. 31 (2), 185-194.

/‘-’\kesson, D., Fuchs, T., Stoss, M., Root, A., Stenvall, E., Skrifvars, M., 2016a. Recycling of
wood fiber-reinforced HDPE by multiple reprocessing. J. Appl. Polym. Sci. 133 (35),
43877.

Akesson, D., Vrignaud, T., Tissot, C., Skrifvars, M., 2016b. Mechanical recycling of PLA
filled with a high level of cellulose fibres. J. Polym. Environ. 24 (3), 185-195.

Andersen, 2020. Composite - the smart alternative to vinyl. https://www.
andersenwindows.
com/windows-and-doors/materials/composite-windows-doors/(Accessed 12/15/
2020).

Ares, A., Bouza, R., Pardo, S., Abad, M., Barral, L., 2010. Rheological, mechanical and
thermal behaviour of wood polymer composites based on recycled polypropylene.
J. Polym. Environ. 18 (3), 318-325.

Augier, L., Sperone, G., Vaca-Garcia, C., Borredon, M.-.E., 2007. Influence of the wood
fibre filler on the internal recycling of poly(vinyl chloride)-based composites. Polym.
Degrad. Stabil. 92, 1169-1176.

Aydemir, D., Kiziltas, A., Gardner, D.J., Han, Y., Gunduz, G., 2015. Thermal analysis of
micro- and nano-lignocellulosic reinforced styrene maleic anhydride composite
foams. Int. J. Polym. Anal. Charact. 20 (3), 231-239.

Bajwa, D.S., Bhattacharjee, S., 2017. Impact of recycling on the mechanical and thermo-
mechanical properties of wood fiber based HDPE and PLA composites. In: Thakur, V.
K., Thakur, M.K., Kessler, M.R. (Eds.), Handbook of Composites from Renewable
Materials. Scivener Publishing LLC, pp. 271-292.

Bakkal, M., Bodur, M.S., Berkalp, O.B., Yilmaz, S., 2012. The effect of reprocessing on the
mechanical properties of the waste fabric reinforced composites. J. Mater. Process.
Technol. 212 (11), 2541-2548.

Batu, T., Lemu, H., Sirhabizuh, B., 2020. Study of the performance of natural fiber
reinforced composites for wind turbine blade applications. Adv. Sci. Technol. Res. J.
14 (2), 67-75.

Beg, M.D.H., Pickering, K.L., 2008a. Accelerated weathering of unbleached and bleached
Kraft wood fibre reinforced polypropylene composites. Polym. Degrad. Stabil. 93
(10), 1939-1946.

Beg, M.D.H., Pickering, K.L., 2008b. Reprocessing of wood fibre reinforced
polypropylene composites. Part I: effects on physical and mechanical properties.
Compos. Part A-Appl. S 39 (7), 1091-1100.

Beg, M.D.H., Pickering, K.L., 2008c. Reprocessing of wood fibre reinforced
polypropylene composites. Part II: hygrothermal ageing and its effects. Compos. Part
A-Appl. S 39 (9), 1565-1571.

Beltran, F.R., Lorenzo, V., Acosta, J., de la Orden, M.U., Martinez Urreaga, J., 2018.
Effect of simulated mechanical recycling processes on the structure and properties of
poly(lactic acid). J. Environ. Manage. 216, 25-31.

Benoit, N., Gonzdlez-Ntnez, R., Rodrigue, D., 2018. Long-term closed-loop recycling of
high-density polyethylene/flax composites. Prog. Rubber Plast. Recycl. 34 (4),
171-199.

Bhagia, S., Bornani, K., Agrawal, R., Satlewal, A., Durkovi¢, J., Lagana, R., Bhagia, M.,
Yoo, C.G., Zhao, X., Kunc, V., Pu, Y., Ozcan, S., Ragauskas, A.J., 2021. Critical review
of FDM 3D printing of PLA biocomposites filled with biomass resources,
characterization, biodegradability, upcycling and opportunities for biorefineries.
Appl. Mater. Today 24, 101078.

Bhattacharjee, S., Bajwa, D.S., 2017. Feasibility of reprocessing natural fiber filled poly
(lactic acid) composites: an in-depth investigation. Adv. Mater. Sci. Eng. 2017, 1-10.

Bhattacharjee, S., Bajwa, D.S., 2018. Degradation in the mechanical and thermo-
mechanical properties of natural fiber filled polymer composites due to recycling.
Constr. Build. Mater. 172, 1-9.

Bodur, M.S., Bakkal, M., Berkalp, O.B., Sadikoglu, T.G., Chinesta, F., Chastel, Y., El
Mansori, M., 2011. The Effect of Reprocessing On the Tensile Properties of
Composites. pp. 215-220.

Bongarde, U.S., Shinde, V.D., 2014. Review on natural fiber reinforcement polymer
composites. Int. J. Eng. Sci. Innov. Tech. 3 (2), 431-436.

Bourmaud, A., ;\kesson, D., Beaugrand, J., Le Duigou, A., Skrifvars, M., Baley, C., 2016.
Recycling of r-Poly-(lactide)-Poly-(butylene-succinate)-flax biocomposite. Polym.
Degrad. Stabil. 128, 77-88.

Bourmaud, A., Baley, C., 2007. Investigations on the recycling of hemp and sisal fibre
reinforced polypropylene composites. Polym. Degrad. Stabil. 92 (6), 1034-1045.

Bourmaud, A., Baley, C., 2009. Rigidity analysis of polypropylene/vegetal fibre
composites after recycling. Polym. Degrad. Stabil. 94 (3), 297-305.

Catto, A.L., Montagna, L.S., Santana, R.M.C., 2017. Abiotic and biotic degradation of
post-consumer polypropylene/ethylene vinyl acetate: wood flour composites
exposed to natural weathering. Polym. Compos. 38 (3), 571-582.

Cestari, S.P., da Silva Freitas, D.d.F., Rodrigues, D.C., Mendes, L.C., 2019. Recycling
processes and issues in natural fiber-reinforced polymer composites, Green
Composites for Automotive Applications. pp. 285-299.

Chaitanya, S., Singh, L., Song, J.I., 2019. Recyclability analysis of PLA/Sisal fiber
biocomposites. Compos. Part B-Eng. 173, 106895.

23

Resources, Conservation & Recycling 177 (2022) 105962

Chand, N., Fahim, M., 2008. 1 - Natural fibers and their composites. In: Chand, N.,
Fahim, M. (Eds.), Tribology of Natural Fiber Polymer Composites. Woodhead
Publishing, pp. 1-58.

Chevron, Honeywell, 2021. Chevron and Honeywell announce Start-Up of World’s First
Commercial ISOALKY™ Ionic Liquids Alkylation Unit. available at https://www.ch
evron.com/stories/chevron-and-honeywell-announce-start-up-of-isoalky-ionic-liqu
ids-alkylation-unit, pp. accessed August 19, 2021.

Correa-Aguirre, J.P., Luna-Vera, F., Caicedo, C., Vera-Mondragon, B., Hidalgo-

Salazar, M.A., 2020. The effects of reprocessing and fiber treatments on the
properties of polypropylene-sugarcane bagasse biocomposites. Polymers (Basel) 12
(7), 1440.

da Costa, H.M., Ramos, V.D., Rocha, M.C., 2005. Rheological properties of polypropylene
during multiple extrusion. Polym. Test. 24 (1), 86-93.

da Luz, F.S., Garcia Filho, F.D.C., Del-Rio, M.T.G., Nascimento, L.F.C., Pinheiro, W.A.,
Monteiro, S.N., 2020. Graphene-incorporated natural fiber polymer composites: a
first overview. Polymers (Basel) 12 (7), 1601.

Dhar, P., M, R.K., Bhasney, S.M., Bhagabati, P., Kumar, A., Katiyar, V., 2018. Sustainable
approach for mechanical recycling of poly(lactic acid)/cellulose nanocrystal films:
investigations on structure-property relationship and underlying mechanism. Ind.
Eng. Chem. Res. 57 (43), 14493-14508.

Dickson, A.R., Even, D., Warnes, J.M., Fernyhough, A., 2014. The effect of reprocessing
on the mechanical properties of polypropylene reinforced with wood pulp, flax or
glass fibre. Compos. Part A-Appl. S 61, 258-267.

Dinu, R., Montes, S., Orange, F., Mija, A., 2021. Reprocessable humins thermosets and
composites. Compos. Sci. Technol. 207, 108655.

Du, H., Wang, W., Wang, Q., Zhang, Z., Sui, S., Zhang, Y., 2010. Effects of pigments on
the UV degradation of wood-flour/HDPE composites. J. Appl. Polym. Sci. 118,
1068-1076.

El-Sabbagh, A., Steuernagel, L., Ziegmann, G., Meiners, D., Toepfer, O., 2014. Processing
parameters and characterisation of flax fibre reinforced engineering plastic
composites with flame retardant fillers. Compos. Part B-Eng. 62, 12-18.

Elshereksi, N.W., Ghazali, M., Muchtar, A., Azhari, C.H., 2017. Review of titanate
coupling agents and their application for dental composite fabrication. Dent. Mater.
J. 36 (5), 539-552.

Evens, T., Bex, G.-.J., Yigit, M., Keyzer, J.De, Desplentere, F., Bael, A.Van, 2019. The
influence of mechanical recycling on properties in injection molding of fiber-
reinforced polypropylene. Int. Polym. Process. 4, 398-407.

Ezzahra El Abbassi, F., Assarar, M., Ayad, R., Sabhi, H., Buet, S., Lamdouar, N., 2019.
Effect of recycling cycles on the mechanical and damping properties of short alfa
fibre reinforced polypropylene composite. J. Renew. Mater. 7 (3), 253-267.

Faraca, G., Astrup, T., 2019. Plastic waste from recycling centres: characterisation and
evaluation of plastic recyclability. Waste Manag. 95, 388-398.

Faruk, O., Bledzki, A.K., Fink, H.-.P., Sain, M., 2014. Progress report on natural fiber
reinforced composites. Macromol. Mater. Eng. 299 (1), 9-26.

Fazita, M.R., Jayaraman, K., Bhattacharyya, D., Hossain, M., Haafiz, M.K., H.P.S, A.,
2015. Disposal options of bamboo fabric-reinforced poly(lactic) acid composites for
sustainable packaging: biodegradability and recyclability. Polymers (Basel) 7 (8),
1476-1496.

Fernandez-Bravo, A., Delgado, T., Lucena, P., Laserna, J.J., 2013. Vibrational emission
analysis of the CN molecules in laser-induced breakdown spectroscopy of organic
compounds. Spectrochim. Acta Part B 89, 77-83.

Fonseca-Valero, C., Ochoa-Mendoza, A., Arranz-Andrés, J., Gonzalez-Sanchez, C., 2015.
Mechanical recycling and composition effects on the properties and structure of
hardwood cellulose-reinforced high density polyethylene eco-composites. Compos.
Part A-Appl. S 69, 94-104.

Gardner, D.J., Han, Y., Wang, L., 2015. Wood-plastic composite technology. Curr. For.
Rep. 1 (3), 139-150.

Gewert, B., Plassmann, M.M., MacLeod, M., 2015. Pathways for degradation of plastic
polymers floating in the marine environment. Environ. Sci. Process Impacts 17 (9),
1513-1521.

Gourier, C., Bourmaud, A., Le Duigou, A., Baley, C., 2017. Influence of PA11 and PP
thermoplastic polymers on recycling stability of unidirectional flax fibre reinforced
biocomposites. Polym. Degrad. Stabil. 136, 1-9.

Graupner, N., Albrecht, K., Ziegmann, G., Enzler, H., Muessig, J., 2016. Influence of
reprocessing on fibre length distribution, tensile strength and impact strength of
injection moulded cellulose fibre-reinforced polylactide (PLA) composites. Express
Polym. Lett. 10 (8), 647-663.

Hahladakis, J.N., Velis, C.A., Weber, R., lacovidou, E., Purnell, P., 2018. An overview of
chemical additives present in plastics: migration, release, fate and environmental
impact during their use, disposal and recycling. J. Hazard. Mater. 344, 179-199.

Hamad, K., Kaseem, M., Deri, F., 2013. Recycling of waste from polymer materials: an
overview of the recent works. Polym. Degrad. Stabil. 98 (12), 2801-2812.

Hammiche, D., Bourmaud, A., Boukerrou, A., Djidjelli, H., Grohens, Y., 2016. Number of
processing cycle effect on the properties of the composites based on alfa fiber.

J. Thermoplast. Compos. 29 (9), 1176-1193.

Holbery, J., Houston, D., 2006. Natural-fiber-reinforced polymer composites in
automotive applications. JOM 58 (11), 80-86.

Homkhiew, C., Ratanawilai, T., Thongruang, W., 2014. Effects of natural weathering on
the properties of recycled polypropylene composites reinforced with rubberwood
flour. Ind. Crop Prod. 56, 52-59.

Husnil, Y., Ismojo, Yuanita, E., Novovic, A.A., Enyta, T., Chalid, M., 2019. The effect of
bleaching treatment on the mechanical strength of PP-Kenaf composite, Proceedings
of the 5th International Symposium On Applied Chemistry 2019. p. 020051.

Huysman, S., De Schaepmeester, J., Ragaert, K., Dewulf, J., De Meester, S., 2017.
Performance indicators for a circular economy: a case study on post-industrial plastic
waste. Resour. Conserv. Recy. 120, 46-54.


http://energy.gov/downloads/doe-public-access-plan
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0001
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0001
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0001
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0002
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0002
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0002
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0003
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0003
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0003
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0004
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0004
https://www.andersenwindows.com/windows-and-doors/materials/composite-windows-doors/(Accessed
https://www.andersenwindows.com/windows-and-doors/materials/composite-windows-doors/(Accessed
https://www.andersenwindows.com/windows-and-doors/materials/composite-windows-doors/(Accessed
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0006
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0006
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0006
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0007
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0007
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0007
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0008
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0008
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0008
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0009
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0009
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0009
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0009
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0010
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0010
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0010
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0011
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0011
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0011
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0012
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0012
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0012
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0013
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0013
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0013
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0014
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0014
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0014
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0016
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0016
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0016
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0017
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0017
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0017
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0017
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0017
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0018
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0018
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0019
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0019
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0019
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0021
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0021
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0022
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0022
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0022
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0023
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0023
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0024
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0024
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0025
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0025
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0025
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0027
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0027
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0028
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0028
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0028
https://www.chevron.com/stories/chevron-and-honeywell-announce-start-up-of-isoalky-ionic-liquids-alkylation-unit
https://www.chevron.com/stories/chevron-and-honeywell-announce-start-up-of-isoalky-ionic-liquids-alkylation-unit
https://www.chevron.com/stories/chevron-and-honeywell-announce-start-up-of-isoalky-ionic-liquids-alkylation-unit
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0030
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0030
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0030
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0030
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0031
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0031
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0032
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0032
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0032
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0033
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0033
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0033
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0033
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0034
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0034
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0034
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0035
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0035
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0036
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0036
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0036
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0037
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0037
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0037
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0038
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0038
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0038
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0039
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0039
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0039
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0040
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0040
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0040
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0041
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0041
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0042
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0042
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0043
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0043
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0043
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0043
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0044
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0044
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0044
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0045
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0045
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0045
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0045
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0046
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0046
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0047
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0047
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0047
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0048
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0048
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0048
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0049
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0049
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0049
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0049
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0050
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0050
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0050
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0051
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0051
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0052
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0052
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0052
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0053
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0053
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0054
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0054
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0054
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0056
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0056
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0056

X. Zhao et al.

Islam, M.S., Pickering, K.L., Foreman, N.J., 2010. Influence of accelerated ageing on the
physico-mechanical properties of alkali-treated industrial hemp fibre reinforced poly
(lactic acid) (PLA) composites. Polym. Degrad. Stabil. 95 (1), 59-65.

Jansson, A., Moller, K., Gevert, T., 2003. Degradation of post-consumer polypropylene
materials exposed to simulated recycling—Mechanical properties. Polym. Degrad.
Stabil. 82 (1), 37-46.

Jiang, Y., Raney, J.R., 2019. 3D printing of amylopectin-based natural fiber composites.
Adv. Mater. Technologies 4 (11), 1900521.

Kaci, M., Hamma, A., Pillin, 1., Grohens, Y., 2009. Effect of reprocessing cycles on the
morphology and properties of poly(propylene)/wood flour composites
compatibilized with EBAGMA terpolymer. Macromol. Mater. Eng. 294 (8), 532-540.

Ke, Y., Liu, C., Zhang, X., Xiao, M., Wu, G., 2017. Surface modification of
polyhydroxyalkanoates toward enhancing cell compatibility and antibacterial
activity. Macromol. Mater. Eng. 302 (11), 1700258.

Keskisaari, A., Kérki, T., 2018. The use of waste materials in wood-plastic composites and
their impact on the profitability of the product. Resour. Conserv. Recy. 134,
257-261.

Khanlou, H.M., Woodfield, P., Summerscales, J., Hall, W., 2017. Consolidation process
boundaries of the degradation of mechanical properties in compression moulding of
natural-fibre bio-polymer composites. Polym. Degrad. Stabil. 138, 115-125.

Klyosov, A.A., 2007. Wood-plastic Composites. John Wiley & Sons.

Knauer, K., 2019. Recyclable polyolefins: how plastic additives can enable a circular
economy, 2019 International Polyolefins Conference. https://na.eventscloud.com/
eselectv2/backendfileapi/download/358894?
1d=8190942a098e5b4c7f973a112ffb03{7-MjAxOSOWMiM1YzYONGE3Nzc3MWIz&
csrf=3a9f7ea30f41a7b93e77510e2649162f915ff16947926af21bdb132e02eaa2a55
accessed 02/26/2021.

Lagazzo, A., Moliner, C., Bosio, B., Botter, R., Arato, E., 2019. Evaluation of the
mechanical and thermal properties decay of PHBV/Sisal and PLA/Sisal
biocomposites at different recycle steps. Polymers (Basel) 11 (9), 1477.

Lau, K.-t., Hung, P.-y., Zhu, M.-.H., Hui, D., 2018. Properties of natural fibre composites
for structural engineering applications. Compos. Part B-Eng. 136, 222-233.

Le Duigou, A., Pillin, I., Bourmaud, A., Davies, P., Baley, C., 2008. Effect of recycling on
mechanical behaviour of biocompostable flax/poly(l-lactide) composites. Compos.
Part A-Appl. S 39 (9), 1471-1478.

Leao, R.M,, Luz, S.M.d., Aratijo, J.A., Christoforo, A.L., 2015. The recycling of sugarcane
fiber/polypropylene composites. Mater. Res. 18 (4), 690-697.

Lei, Y., Wu, Q., Yao, F., Xu, Y., 2007. Preparation and properties of recycled HDPE/
natural fiber composites. Compos. Part A-Appl. S 38 (7), 1664-1674.

Li, K., McGrady, D., Zhao, X., Ker, D., Tekinalp, H., He, X., Qu, J., Aytug, T., Cakmak, E.,
Phipps, J., Ireland, S., Kunc, V., Ozcan, S., 2021. Surface-modified and oven-dried
microfibrillated cellulose reinforced biocomposites: cellulose network enabled high
performance. Carbohydr. Polym. 256, 117525.

Li, K., Wang, Y., Rowe, M., Zhao, X., Li, T., Tekinalp, H., Ozcan, S., 2020. Poly(lactic
acid) toughening through chain end engineering. ACS Appl. Polym. Mater. 2 (2),
411-417.

Li, V.C.-F., Kuang, X., Mulyadi, A., Hamel, C.M., Deng, Y., Qi, H.J., 2019. 3D printed
cellulose nanocrystal composites through digital light processing. Cellulose 26 (6),
3973-3985.

Lila, M.K., Singhal, A., Banwait, S.S., Singh, 1., 2018. A recyclability study of bagasse
fiber reinforced polypropylene composites. Polym. Degrad. Stabil. 152, 272-279.

Maier, M., Javadian, A., Saeidi, N., Unluer, C., Taylor, H.K., Ostertag, C.P., 2020.
Mechanical properties and flexural behavior of sustainable bamboo fiber-reinforced
mortar. Appl. Sci. 10 (18), 6587.

Meltsner, B., 1971. Phosphorous-containing antioxidant in polyolefins, in: Office, U.S.P.
(Ed.). Ethyl Corporation, United States Patent 3,565,855.

Meng, X., Scheidemantle, B., Li, M., Wang, Y.Y., Zhao, X., Toro-Gonzalez, M., Singh, P.,
Pu, Y., Wyman, C.E., Ozcan, S., Cai, C.M., Ragauskas, A.J., 2020. Synthesis,
characterization, and utilization of a lignin-based adsorbent for effective removal of
azo dye from aqueous solution. ACS Omega 5 (6), 2865-2877.

Moazzem, S., Wang, L., Daver, F., Crossin, E., 2021. Environmental impact of discarded
apparel landfilling and recycling. Resour. Conserv. Recy. 166, 105338.

Modibbo, U.U., Aliyu, B.A., Nkafamiya, LI, 2009. The effect of mercerization media on
the physical properties of local plant bast fibres. Int. J. Phys. Sci. 4 (11), 698-704.

Mohanan, N., Montazer, Z., Sharma, P.K., Levin, D.B., 2020. Microbial and enzymatic
degradation of synthetic plastics. Front. Microbiol. 11, 580709.

Mohanty, A.K., Vivekanandhan, S., Pin, J.-.M., Misra, M., 2018. Composites from
renewable and sustainable resources: challenges and innovations. Science 362
(6414), 536-542.

Moreno, D.D.P., Hirayama, D., Saron, C., 2018. Accelerated aging of pine wood waste/
recycled LDPE composite. Polym. Degrad. Stabil. 149, 39-44.

Morreale, M., Liga, A., Mistretta, M.C., Ascione, L., Mantia, F.P., 2015. Mechanical,
thermomechanical and reprocessing behavior of green composites from
biodegradable polymer and wood flour. Materials (Basel) 8 (11), 7536-7548.

Nadali, E., Layeghi, M., Ebrahimi, G., Naghdi, R., Jonoobi, M., Khorasani, M.M.,
Mirbagheri, Y., 2018. Effects of multiple extrusions on structure-property
performance of natural fiber high-density polyethylene biocomposites. Mater. Res.
21 (2), e20170301.

Nadali, E., Naghdi, R., 2020. Effects of multiple extrusions on structure—property
relationships of hybrid wood flour/poly (vinyl chloride) composites. J. Thermoplast.
Compos., 1-18.

Naeem, M.A., Siddiqui, Q., Khan, M.R., Mushtaq, M., Wasim, M., Farooq, A., Naveed, T.,
Wei, Q., 2020. Bacterial cellulose-natural fiber composites produced by fibers
extracted from banana peel waste. J. Ind. Text., 1528083720925848.

Ngaowthong, C., Boruvka, M., Behalek, L., Lenfeld, P., Svec, M., Dangtungee, R.,
Siengchin, S., Rangappa, S.M., Parameswaranpillai, J., 2019. Recycling of sisal fiber

24

Resources, Conservation & Recycling 177 (2022) 105962

reinforced polypropylene and polylactic acid composites: thermo-mechanical
properties, morphology, and water absorption behavior. Waste Manag. 97, 71-81.

Nguyen, V.D., Nguyen, T.T., Zhang, A., Hao, J., Wang, W., 2020. Effect of three tree
species on UV weathering of wood flour-HDPE composites. J. For. Res. 31 (3),
1071-1079.

Parparita, E., Uddin, M.A., Watanabe, T., Kato, Y., Yanik, J., Vasile, C., 2015. Gas
production by steam gasification of polypropylene/biomass waste composites in a
dual-bed reactor. J. Mater. Cycles Waste Manage. 17 (4), 756-768.

Peng, Y., Gardner, D.J., Han, Y., Kiziltas, A., Cai, Z., Tshabalala, M.A., 2013. Influence of
drying method on the material properties of nanocellulose I: thermostability and
crystallinity. Cellulose 20 (5), 2379-2392.

Peng, Y., Liu, R., Cao, J., Chen, Y., 2014. Effects of UV weathering on surface properties
of polypropylene composites reinforced with wood flour, lignin, and cellulose. Appl.
Surf. Sci. 317, 385-392.

Petchwattana, N., Covavisaruch, S., Sanetuntikul, J., 2012. Recycling of wood-plastic
composites prepared from poly(vinyl chloride) and wood flour. Constr. Build. Mater.
28 (1), 557-560.

Pfaendner, R., 2010. Additives to upgrade mechanically recycled plastic composites,
Management, Recycling and Reuse of Waste Composites. pp. 253-280.

Pracella, M., Haque, M.M.-U., Alvarez, V., 2010. Functionalization, compatibilization
and properties of polyolefin composites with natural fibers. Polymers (Basel) 2 (4),
554-574.

Rafsanjani, A., Stiefel, M., Jefimovs, K., Mokso, R., Derome, D., Carmeliet, J., 2014.
Hygroscopic swelling and shrinkage of latewood cell wall micropillars reveal
ultrastructural anisotropy. J. R. Soc. Interface 11 (95), 20140126.

Ramzy, A., ElSabbagh, A., Steuernagel, L., Meiners, D., Ziegmann, G., 2015. Recycling of
natural fibre thermoplastic compounds. Niedersdchsisches Symposium
Materialtechnik, 505-512.

Rocha, D.B., Rosa, D.d.S., 2019. Coupling effect of starch coated fibers for recycled
polymer/wood composites. Compos. Part B-Eng. 172, 1-8.

Rodrigues, A., Carvalho, B.d.M., Pinheiro, L.A., Bretas, R.E.S., Canevarolo, S.V.,
Marini, J., 2013. Effect of compatibilization and reprocessing on the isothermal
crystallization kinetics of polypropylene/wood flour composites. Polimeros: Ciencia
e Tecnologia 23 (3), 312-319.

Rosenstock Voltz, L., Di Guiseppe, 1., Geng, S., Oksman, K., 2020. The effect of recycling
on wood-fiber thermoplastic composites. Polymers (Basel) 12 (8), 1750.

Roy, P., Tadele, D., Defersha, F., Misra, M., Mohanty, A.K., 2019. Environmental and
economic prospects of biomaterials in the automotive industry. Clean. Technol.
Envir. 21 (8), 1535-1548.

Sai Shravan Kumar, P., Viswanath Allamraju, K., 2019. A review of natural fiber
composites [Jute, Sisal, Kenaf]. Mater. Today: Proc. 18, 2556-2562.

Sarabi, M.T., Behravesh, A.H., Shahi, P., Daryabari, Y., 2014. Effect of polymeric matrix
melt flow index in reprocessing extruded wood-plastic composites. J. Thermoplast.
Compos. 27 (7), 881-894.

Shahi, P., Behravesh, A.H., Daryabari, S.Y., Lotfi, M., 2012. Experimental investigation
on reprocessing of extruded wood flour/HDPE composites. Polym. Compos. 33 (5),
753-763.

Soccalingame, L., Bourmaud, A., Perrin, D., Bénézet, J.C., Bergeret, A., 2015a.
Reprocessing of wood flour reinforced polypropylene composites: impact of particle
size and coupling agent on composite and particle properties. Polym. Degrad. Stabil.
113, 72-85.

Soccalingame, L., Perrin, D., Bénézet, J.C., Bergeret, A., 2016. Reprocessing of UV-
weathered wood flour reinforced polypropylene composites: study of a natural
outdoor exposure. Polym. Degrad. Stabil. 133, 389-398.

Soccalingame, L., Perrin, D., Bénézet, J.C., Mani, S., Coiffier, F., Richaud, E., Bergeret, A.,
2015b. Reprocessing of artificial UV-weathered wood flour reinforced polypropylene
composites. Polym. Degrad. Stabil. 120, 313-327.

Sommerhuber, P.F., Wenker, J.L., Riiter, S., Krause, A., 2017. Life cycle assessment of
wood-plastic composites: analysing alternative materials and identifying an
environmental sound end-of-life option. Resour. Conserv. Recy. 117, 235-248.

Soroudi, A., Jakubowicz, I., 2013. Recycling of bioplastics, their blends and
biocomposites: a review. Eur. Polym. J. 49 (10), 2839-2858.

Srebrenkoska, V., Gaceva, G.B., Avella, M., Ericco, M.E., Gentile, G., 2008. Recycling of
polypropylene based eco-composites. Polym. Int. 57 (11), 1252-1257.

Suharty, N.S., Ismail, H., Diharjo, K., Handayani, D.S., Firdaus, M., 2016. Effect of kenaf
fiber as a reinforcement on the tensile, flexural strength and impact toughness
properties of recycled polypropylene/halloysite composites. Procedia Chem. 19,
253-258.

Sullins, T., Pillay, S., Komus, A., Ning, H., 2017. Hemp fiber reinforced polypropylene
composites: the effects of material treatments. Compos. Part B-Eng. 114, 15-22.

T, S.M.K,, Yorseng, K., N, R., Siengchin, S., Ayrilmis, N., A, V.R., 2019. Mechanical and
thermal properties of spent coffee bean filler/poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) biocomposites: effect of recycling. Process Saf. Environ. Prot. 124,
187-195.

Tajvidi, M., Takemura, A., 2010. Recycled natural fiber polypropylene composites: water
absorption/desorption kinetics and dimensional stability. J. Polym. Environ. 18 (4),
500-509.

Tajvidi, M., Takemura, A., 2011. Effects of reprocessing on the hygroscopic behavior of
natural fiber high-density polyethylene composites. J. Appl. Polym. Sci. 122 (2),
1258-1267.

Lui, C., Luan, P., Li, Q., Cheng, Z., Sun, X., Cao, D., Zhu, H., 2020. Biodegradable,
hygienic, and compostable tableware from hybrid sugarcane and bamboo fibers as
plastic alternative. Matter 3 (6), 2066-2079.

Trex, 2020. Trex: our company. https://www.trex.com/our-company/. (Accessed 12/
15/2020).


http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0057
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0057
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0057
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0058
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0058
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0058
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0059
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0059
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0060
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0060
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0060
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0061
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0061
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0061
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0062
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0062
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0062
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0063
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0063
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0063
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0064
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0066
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0066
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0066
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0067
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0067
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0068
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0068
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0068
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0069
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0069
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0070
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0070
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0071
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0071
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0071
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0071
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0072
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0072
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0072
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0073
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0073
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0073
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0074
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0074
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0075
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0075
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0075
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0077
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0077
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0077
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0077
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0078
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0078
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0079
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0079
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0080
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0080
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0081
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0081
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0081
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0082
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0082
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0083
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0083
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0083
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0084
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0084
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0084
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0084
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0087
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0087
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0087
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0087
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0088
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0088
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0088
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0089
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0089
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0089
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0090
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0090
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0090
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0091
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0091
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0091
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0092
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0092
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0092
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0094
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0094
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0094
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0095
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0095
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0095
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0097
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0097
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0098
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0098
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0098
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0098
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0099
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0099
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0100
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0100
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0100
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0101
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0101
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0102
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0102
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0102
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0103
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0103
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0103
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0104
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0104
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0104
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0104
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0105
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0105
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0105
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0106
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0106
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0106
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0107
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0107
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0107
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0108
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0108
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0109
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0109
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0110
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0110
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0110
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0110
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0111
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0111
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0112
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0112
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0112
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0112
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0113
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0113
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0113
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0114
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0114
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0114
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0055d
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0055d
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0055d
https://www.trex.com/our-company/

X. Zhao et al.

Turku, L., Keskisaari, A., Karki, T., Puurtinen, A., Marttila, P., 2017. Characterization of
wood plastic composites manufactured from recycled plastic blends. Compos. Struct.
161, 469-476.

Uitterhaegen, E., Parinet, J., Labonne, L., Mérian, T., Ballas, S., Véronese, T., Merah, O.,
Talou, T., Stevens, C.V., Chabert, F., Evon, P., 2018. Performance, durability and
recycling of thermoplastic biocomposites reinforced with coriander straw. Compos.
Part A-Appl. S 113, 254-263.

Viksne, A., Rence, L., 2008. Effect of re-compounding on the properties of
polypropylene/wood flour composites. Prog. Rubber Plast. Recycl. Technol. 24 (3),
153-169.

Viksne, A., Rence, L., Kalnins, M., Bledzki, A.K., 2004. The effect of paraffin on fiber
dispersion and mechanical properties of polyolefin-sawdust composites. J. Appl.
Polym. Sci. 93 (5), 2385-2393.

Wang, H., Gurau, G., Rogers, R.D., 2012. Ionic liquid processing of cellulose. Chem. Soc.
Rev. 41 (4), 1519-1537.

Wang, H., Zhang, J., Fu, H., Wang, W., Wang, Q., 2019. Effect of an antioxidant on the
life cycle of wood flour/polypropylene composites. J. For. Res. 31 (4), 1435-1443.

Wang, L., Gardner, D.J., Wang, J., Yang, Y., Tekinalp, H.L., Tajvidi, M., Li, K., Zhao, X.,
Neivandt, D.J., Han, Y., Ozcan, S., Anderson, J., 2020a. Towards industrial-scale
production of cellulose nanocomposites using melt processing: a critical review on
structure-processing-property relationships. Compos. Part B-Eng. 201, 108297.

Wang, L., Li, K., Copenhaver, K., MacKay, S., Lamm, M.E., Zhao, X., Dixon, B., Wang, J.,
Han, Y., Neivandt, D., Johnson, D.A., Walker, C.C., Ozcan, S., Gardner, D.J., 2021.
Review on nonconventional fibrillation methods of producing cellulose nanofibrils
and their applications. Biomacromolecules 22 (10), 4037-4059.

Wang, Y., Li, K., Zhao, X., Tekinalp, H., Li, T., Ozcan, S., 2020b. Toughening by
nanodroplets: polymer—droplet biocomposite with anomalous toughness.
Macromolecules 53 (11), 4568-4576.

Xie, Y., Hill, C.A.S., Xiao, Z., Militz, H., Mai, C., 2010. Silane coupling agents used for
natural fiber/polymer composites: a review. Compos. Part A-Appl. S 41 (7),
806-819.

Xu, J., Manepalli, P.H., Zhu, L., Narayan-Sarathy, S., Alavi, S., 2019a. Morphological,
barrier and mechanical properties of films from poly (butylene succinate) reinforced
with nanocrystalline cellulose and chitin whiskers using melt extrusion. J. Polym.
Res. 26 (8), 188.

Xu, S., Fang, Y., Chen, Z., Yi, S., Zhai, X., Yi, X., He, J., Song, Y., Wang, Q., 2019b. Impact
of lithium chloride on the performance of wood fiber reinforced polyamide 6/high-
density polyethylene blend composites. Polym. Compos. 40, 4608-4618.

Xu, S., Fang, Y., Yi, S., He, J., Zhai, X., Song, Y., Wang, H., Wang, Q., 2018. Effects of
lithium chloride and chain extender on the properties of wood fiber reinforced
polyamide 6 composites. Polym. Test. 72, 132-139.

25

Resources, Conservation & Recycling 177 (2022) 105962

Yang, J., Ching, Y., Chuah, C., 2019. Applications of lignocellulosic fibers and lignin in
bioplastics: a review. Polymers (Basel) 11 (5), 751.

Yao, F., Wu, Q., Lei, Y., Guo, W., Xu, Y., 2008. Thermal decomposition kinetics of natural
fibers: activation energy with dynamic thermogravimetric analysis. Polym. Degrad.
Stabil. 93 (1), 90-98.

Younesi-Kordkheili, H., Pizzi, A., 2020. Ionic liquid- modified lignin as a bio- coupling
agent for natural fiber- recycled polypropylene composites. Compos. Part B-Eng.
181, 107587.

Yue, L., Ke, K., Amirkhosravi, M., Gray, T.G., Manas-Zloczower, 1., 2021. Catalyst-free
mechanochemical recycling of biobased epoxy with cellulose nanocrystals. ACS
Appl. Bio. Mater. 4 (5), 4176-4183.

Zander, N.E., Park, J.H., Boelter, Z.R., Gillan, M.A., 2019. Recycled cellulose
polypropylene composite feedstocks for material extrusion additive manufacturing.
ACS Omega 4 (9), 13879-13888.

Zhao, X., Joseph, B., Kuhn, J., Ozcan, S., 2020. Biogas reforming to syngas: a review.
iScience 23 (5), 101082.

Zhao, X., Korey, M., Li, K., Copenhaver, K., Tekinalp, H., Celik, S., Kalaitzidou, K.,
Ruan, R., Ragauskas, A.J., Ozcan, S., 2022. Plastic waste upcycling toward a circular
economy. Chem. Eng. J. 428, 131928.

Zhao, X., Li, K., Wang, Y., Tekinalp, H., Larsen, G., Rasmussen, D., Ginder, R.S., Wang, L.,
Gardner, D.J., Tajvidi, M., Webb, E., Ozcan, S., 2020a. High-strength polylactic acid
(PLA) biocomposites reinforced by epoxy-modified pine fibers. ACS Sustain. Chem.
Eng. 8 (35), 13236-13247.

Zhao, X., Li, K., Wang, Y., Tekinalp, H., Richard, A., Webb, E., Ozcan, S., 2020b. Bio-
treatment of poplar via amino acid for interface control in biocomposites. Compos.
Part B-Eng. 199, 108276.

Zhao, X., Tekinalp, H., Meng, X., Ker, D., Benson, B., Pu, Y., Ragauskas, A.J., Wang, Y.,
Li, K., Webb, E., Gardner, D.J., Anderson, J., Ozcan, S., 2019. Poplar as biofiber
reinforcement in composites for large-scale 3D printing. ACS Appl. Bio. Mater. 2
(10), 4557-4570.

Zheng, Y., Gu, F., Ren, Y., Hall, P., Miles, N.J., 2017. Improving mechanical properties of
recycled polypropylene-based composites using TAGuchi and ANOVA techniques.
Procedia CIRP 61, 287-292.

Zhuang, W.R., Wang, Y., Cui, P.F., Xing, L., Lee, J., Kim, D., Jiang, H.L., Oh, Y.K., 2019.
Applications of pi-pi stacking interactions in the design of drug-delivery systems.
J. Control. Release 294, 311-326.

Zhuo, G., Zhang, X., Liu, Y., Wang, M., 2019. Effect of multiple recycling on properties of
poplar fiber reinforced high density polyethylene wood-plastic composites. Mater.
Res. Express 6 (12), 125514.

Zwawi, M., 2021. A review on natural fiber bio-composites, surface modifications and
applications. Molecules 26 (2), 404.


http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0116
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0116
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0116
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0117
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0117
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0117
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0117
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0118
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0118
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0118
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0119
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0119
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0119
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0120
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0120
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0121
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0121
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0122
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0122
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0122
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0122
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0123
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0123
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0123
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0123
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0124
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0124
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0124
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0125
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0125
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0125
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0126
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0126
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0126
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0126
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0127
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0127
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0127
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0128
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0128
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0128
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0129
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0129
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0130
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0130
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0130
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0131
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0131
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0131
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0132
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0132
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0132
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0133
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0133
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0133
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0134
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0134
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0135
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0135
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0135
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0136
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0136
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0136
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0136
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0137
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0137
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0137
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0138
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0138
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0138
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0138
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0139
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0139
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0139
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0140
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0140
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0140
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0141
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0141
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0141
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0142
http://refhub.elsevier.com/S0921-3449(21)00571-1/sbref0142

	Recycling of natural fiber composites: Challenges and opportunities
	1 Introduction
	2 Effects of recycling/reprocessing on material properties
	2.1 Mechanical properties
	2.1.1 Tensile properties
	2.1.2 Flexural properties
	2.1.3 Impact strength

	2.2 Thermal properties
	2.2.1 Crystallization upon cooling and heating
	2.2.2 Glass transition and melting
	2.2.3 Thermal stability
	2.2.4 Thermal expansion and heat deflection behavior

	2.3 Degree of crystallinity
	2.4 Hygroscopic behavior
	2.5 Viscoelastic properties
	2.6 Rheological properties
	2.7 Weathering resistance
	2.8 Durability under UV exposure

	3 Mitigation approaches
	3.1 Functional additives
	3.1.1 Compatibilizers and coupling agents
	3.1.2 Processing aids
	3.1.3 Thermal stabilizers
	3.1.4 Chain extenders
	3.1.5 Other methods

	3.2 Addition of virgin plastic

	4 Emerging applications
	5 Challenges and future directions
	6 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


