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Abstract: Rapid global population growth has led to an exponential increase in the use of disposable
materials with a short life span that accumulate in landfills. The use of non-biodegradable materials
causes severe damage to the environment worldwide. Polymers derived from agricultural residues,
wood, or other fiber crops are fully biodegradable, creating the potential to be part of a sustainable
circular economy. Ideally, natural fibers, such as the extremely strong fibers from hemp, can be
combined with matrix materials such as the core or hurd from hemp or kenaf to produce a completely
renewable biomaterial. However, these materials cannot always meet all of the performance attributes
required, necessitating the creation of blends of petroleum-based and renewable material-based
composites. This article reviews composites made from natural and biodegradable polymers, as well
as the challenges encountered in their production and use.

Keywords: biocomposites; circular economy; biodegradability; environmentally friendly

1. Introduction

The extensive industrialization of polyethylene during the 1950s resulted in the
mass production of petrochemical-derived plastics (i.e., polyethylene, polypropylene,
polystyrene, and polyvinyl chloride) that remain widely used. Due to the versatile nature
of plastics, they are widely used in textiles, packaging, building and construction materials,
transportation, electronics, and industrial machinery. The majority of monomers used
to produce plastics, such as ethylene and propylene, are derived from fossil hydrocar-
bons, meaning that none of the aforementioned plastics are biodegradable. As a result,
in 2015 over 6300 million tons of plastic waste were generated worldwide; approx. 9%
recycled, 12% incinerated and 79% accumulated in landfills or natural environments [1].
Present production, consumption, and waste management trends will result in an esti-
mated 12,000 million tons of plastic accumulating by 2050 [1]. Thus, without appropriate
management strategies for end-of-life plastics, the major terrestrial and aquatic ecosystems
on this planet could be severely contaminated.

For this reason, many countries have launched special programs to eliminate and/or
recycle plastic materials from the biosphere and have implemented novel strategies for
the transformation of plastic waste into useful products or energy [2–4]. There has been
increasing interest in the effective development and production of inexpensive bioplastics

Polymers 2021, 13, 2878. https://doi.org/10.3390/polym13172878 https://www.mdpi.com/journal/polymers

https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-9144-0663
https://orcid.org/0000-0002-9749-7185
https://orcid.org/0000-0001-6677-3020
https://doi.org/10.3390/polym13172878
https://doi.org/10.3390/polym13172878
https://doi.org/10.3390/polym13172878
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/polym13172878
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym13172878?type=check_update&version=2


Polymers 2021, 13, 2878 2 of 15

with properties comparable to conventional plastic materials based on substances such as
starch, cellulose, and polylactic acid (Table 1) [4–7].

Table 1. Fundamental properties of bioplastics derived from different organisms that are used for biocomposites.

Organisms Compound Abbreviation Properties

All plant cells Cellulose - High thermal stability, high ductility,
optical transparency [4]

All plant cells Lignin - High mechanical properties and
high rigidity [5]

All higher fungi, arthropods,
molluscs, cephalopod beaks, scales

of fish and lissamphibians
Chitin - Translucent, resilient high ductility [4]

Pseudomonas oleovorans, P. putida Poly(3-hydroxyalkanoate) PHA High ductility but brittle [5]

Bacillus megaterium,
Ralstonia eutropha Poly(3-hydroxybutyrate) PHB

Non-transparent, outstanding
ductility and toughness, completely

biodegradable, moisture-sensitive [5]

Laetiporus sulphureus, Laccaria bicolor,
Phanerochaete chrysosporium,

Bacillus spp., Lactobacillus spp.
Polylactic acid PLA Transparent, water-repellent,

printable, and breathable [6]

Maize, wheat, potatoes, tapioca Thermoplastic starch TPS Soluble in water, poor thermal
resistance, low strength [7]

While these materials have promising properties, they also face challenges to replace
traditional plastic-based materials including brittleness, low thermal stability, and poor
barrier properties. Continued research and development have resulted in new biomate-
rials such as beverage containers, starch-based cutlery, and packaging. However, novel
biomaterials should resist degradation for most applications. Thus, these materials may
have some of the same end-of-life issues as petroleum-based polymers. An important
breakthrough in the evolution of bio-based polymers will be the development of fully
biodegradable materials.

Biodegradable polymers such as PHA, PHB, PLA, and TPS generally contain ester,
amide, or other easily degradable bonds in their backbones and can be grouped into two
large groups based on their structure and synthesis [8]. Agro-polymers are derived from
biomass and primarily depend upon the existing polymer linkages for their properties.
Agro-polymers include polysaccharides, such as starches found in potatoes or wood, and
proteins, such as animal-based whey or plant-derived gluten [9]. Many of these polymers,
such as starches and casein, have a long tradition as natural adhesives [10]. Most of these
materials are readily biodegradable and their use is often limited by their susceptibility to
environmental conditions.

In this review, the source of composites made from natural and biodegradable poly-
mers, as well as the challenges that are encountered in their production and use, are
presented and discussed.

2. Agro-Polymers (Fibers)

Most agro-polymers are used in fiber form. Fibers are natural or synthetic substances
that are significantly longer than their width or diameter. Fibers are used in the manufacture
of many engineering materials and can be (i) short or discontinuous fibers with aspect
ratios between 20 and 60 mm and (ii) long or continuous fibers with aspect ratios between
200 and 500 mm that can be converted into strands and woven into fabric.

Natural fibers can be categorized as cellulose/lignocellulose fibers/plant fibers, animal
fibers, or mineral fibers. Lignocellulosic (LC) fibers are also known as plant fibers, natural
fibers, or vegetable fibers and include bast (or stem or soft sclerenchyma) fibers, leaf or
hard fibers, seed, fruit, wood, cereal straw, and other grass fibers. Fibers can be extracted
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from wood pulp, cotton, bark, nut shells, bagasse, corn cobs, bamboo, cereal straw, and
vegetable products such as flax, jute, hemp, sisal, and ramie. Plant-based fibers are mainly
composed of cellulose, hemicellulose, lignin, and pectin along with small quantities of
extractives. The fiber composition varies depending on its origin [11,12] (Table 2). The most
commonly used natural fibers are sisal, hemp, basalt, kenaf, flax, wood, and bamboo [13].

Table 2. Chemical composition of some common fibers (% of total) [12].

Type of Fiber Cellulose Lignin Pentosan Ash Silica

Stalk fiber 28–48

Rice 29–51 12–16 23–28 15–20 9–14

Wheat 31–45 16–21 26–32 4.5–9 3–7

Barley 31–48 14–15 24–29 5–7 3–6

Qat 33–50 16–19 27–38 6–8 4–6.5

Rye 16–19 27–30 2–5 0.5–4

Cane fiber 32–48

Bagasse 26–43 19–24 27–32 1.5–5 0.7–3.5

Bamboo 21–31 15–26 1.7–5 0.7

Grass fiber 33–38

Esparto - 17–19 27–32 6–8 -

Sabai 22 24 6 -

Red fiber 44–46

Phragmites communis 22–24 20 3 2

Bast fiber 43–47

Seed flax 44–57 21–23 24–26 5 -

Kenaf 45–63 15–19 22–23 2–5 -

Jute 57–77 21.26 18.21 0.5–2 -

Hemp 87–91 9–13 14–17 0.8 -

Ramie - 5–8 - -

Core fiber 37–49

Kenaf 41–48 15–21 18–24 2–4 -

Jute 21–24 18–22 0.8 -

Leaf fiber 56–63

Abaca(Manila) 47–62 7–9 15–17 3 -

Sisal (agave) 7–9 21–24 0.6–1 -

Seed hull fiber 85–90

Cotton 0.7–1.6 1–3 0.8–2 -

Wood fiber 40–45

Coniferous 48–49 26–34 7–14 <1 -

Deciduous 23–30 16–26 <1 -

Sisal is one of the most widely used natural fibers and Brazil is one of the largest
suppliers of this biomaterial. Sisal is used for automotive components, shipping, and civil
construction. It has an application range from the fiber core of steel wire cables in elevators
to simple agricultural twine [14,15]. Hemp is commonly grown in northern temperate
climates and grows up to 1.2–4.5 m high and 2 cm in diameter [16]. The inner girth contains
short fiber cells that can be used for composites, while the outer layer contains the bast
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fibers that are used in rope, textiles, garden mulch, an assortment of building materials,
and animal bedding. Hemp has also been used for composite production [17,18]. Kenaf
is in the genus Hibiscus and produces bast fibers that are mainly used for paper and rope
production [19]. Plant fibers are stiff, strong, and tough, but can also be converted into fine
woven fabrics. Both kenaf and hemp are completely biodegradable.

Sisal, hemp, and kenaf fibers were traditionally used to produce textiles, cords, ropes,
storage bags, and even boats. These fibers are also combined with other materials to
produce hybrid composites for automotive components, construction materials, packaging,
furniture, textiles, mats, and paper pulp [20,21].

Bio-polyesters are produced by microorganisms or synthesized from natural or syn-
thetic monomers. For instance, polylactic acid has been the subject of extensive research
because it is easily produced from corn and other starchy grains. These biopolymers are
potentially biodegradable but can be recalcitrant in some applications such as starch-based
cutlery, which decomposes very slowly in composting operations compared to other com-
ponents [22,23]. As a result, portions of the cutlery may still be present when all other
materials have been successfully composted. The non-degraded compounds must be
screened out, adding cost, or left to compost for a longer period in order to obtain complete
degradation. However, the remainder of the compost also continues to decompose, reduc-
ing yield and decreasing efficiency. Thus, there is a clear necessity for the development of
biopolymers with more predictable degradation pathways at the end of life.

3. Biocomposites

Biocomposites consist of one or more phases derived from biopolymers or renewable
resources. Biocomposites mainly consist of natural fibers as reinforcements embedded
within a biopolymer matrix [24]. This approach, in essence, mimics the natural fiber
structure on a larger scale with the matrix surrounding fibers that contribute to composite
stiffness. Biocomposites have been part of many traditional materials used by humans. For
example, bows constructed from adhesive-bonded laminates of animal horns and tendons
date back centuries. In recent years, there has been increasing interest in developing novel
biocomposites that take advantage of the best properties provided by nature. Automobiles,
packaging materials, and household products are major applications for natural-fiber
reinforced biocomposites [25,26] (Figure 1).

Polymers 2021, 13, x FOR PEER REVIEW 4 of 15 
 

 

to simple agricultural twine [14,15]. Hemp is commonly grown in northern temperate cli-
mates and grows up to 1.2–4.5 m high and 2 cm in diameter [16]. The inner girth contains 
short fiber cells that can be used for composites, while the outer layer contains the bast 
fibers that are used in rope, textiles, garden mulch, an assortment of building materials, 
and animal bedding. Hemp has also been used for composite production [17,18]. Kenaf is 
in the genus Hibiscus and produces bast fibers that are mainly used for paper and rope 
production [19]. Plant fibers are stiff, strong, and tough, but can also be converted into 
fine woven fabrics. Both kenaf and hemp are completely biodegradable. 

Sisal, hemp, and kenaf fibers were traditionally used to produce textiles, cords, ropes, 
storage bags, and even boats. These fibers are also combined with other materials to pro-
duce hybrid composites for automotive components, construction materials, packaging, 
furniture, textiles, mats, and paper pulp [20,21]. 

Bio-polyesters are produced by microorganisms or synthesized from natural or syn-
thetic monomers. For instance, polylactic acid has been the subject of extensive research 
because it is easily produced from corn and other starchy grains. These biopolymers are 
potentially biodegradable but can be recalcitrant in some applications such as starch-
based cutlery, which decomposes very slowly in composting operations compared to 
other components [22,23]. As a result, portions of the cutlery may still be present when all 
other materials have been successfully composted. The non-degraded compounds must 
be screened out, adding cost, or left to compost for a longer period in order to obtain com-
plete degradation. However, the remainder of the compost also continues to decompose, 
reducing yield and decreasing efficiency. Thus, there is a clear necessity for the develop-
ment of biopolymers with more predictable degradation pathways at the end of life. 

3. Biocomposites 
Biocomposites consist of one or more phases derived from biopolymers or renewable 

resources. Biocomposites mainly consist of natural fibers as reinforcements embedded 
within a biopolymer matrix [24]. This approach, in essence, mimics the natural fiber struc-
ture on a larger scale with the matrix surrounding fibers that contribute to composite stiff-
ness. Biocomposites have been part of many traditional materials used by humans. For 
example, bows constructed from adhesive-bonded laminates of animal horns and tendons 
date back centuries. In recent years, there has been increasing interest in developing novel 
biocomposites that take advantage of the best properties provided by nature. Automo-
biles, packaging materials, and household products are major applications for natural-
fiber reinforced biocomposites [25,26] (Figure 1). 

 
Figure 1. Examples of biocomposite applications in automobiles containing flax, hemp, sisal, and 
wool [26]. 
Figure 1. Examples of biocomposite applications in automobiles containing flax, hemp, sisal,
and wool [26].

Natural fiber-reinforced composites are used for both interior and exterior automobile
parts because of their low weight and excellent isolation properties [27]. Sisal, palm,
jute, and wood fibers have been explored to use in polyester, epoxy, and phenolic hybrid
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materials and have also been used for building materials such as laminates, door frames,
door shutters, and partitions. A number of studies [28,29] indicate that laminates and panels
using sisal, jute, and coir fibers in combination with polyester, phenolic, or polyurethane
resins provide unique properties that are comparable to synthetic alternatives. Natural
fiber-reinforced composites also represent a promising alternative for wood in construction
materials [24] (Table 3).

Table 3. Examples of potential hybrid and reinforcement materials for common composites as well as biocomposites [30].

Matrix Reinforcement Biocomposites Examples

Polylactic acid Biofibers (Hemp,
Sisal, Jute, etc.) [Biodegradable]

Biofiber-reinforced
bio-based-polymer

Sisal/PLA,
Biofiber/Starch, Hemp/PBSPoly(3-hydroxybutyrate-co-3-

hydroxyvalerate)
Nanocellulose (Plant

or Bacteria)

Poly(butylene succinate)(PBS) Chitosan
Kenaf/PP, Jute/PE

Thermoplastic starch Wool/Silk
[Non-Biodegradable]

Biofiber-reinforced
petro-based polymers

Synthetic fibers (glass or
carbon fibers)-reinforced

bio-based-polymers

Poly(butylene
adipate-co-terephthalate) Biosourced Carbon

CF/PBS, GF/PLAPolypropylene Industry Co-product

Polyethylene
Synthetic fibers

(eg. Glass fiber (GF),
Carbon fiber (CF))

4. Composites Made from Biopolymers

Biodegradable polymers constitute a loosely-defined family of polymers that can be
metabolized by living organisms at the end of their service life. Commercially available
biodegradable polymers include polycaprolactone (PCL), polylactic acid, polyhydroxyalka-
noates, poly(ethylene glycol), and aliphatic polyesters, such as poly(butylene succinate)
and poly(butylene succinate-co-butylene adipate) [31]. Biodegradable polymer fibers such
as flax, hemp, and kenaf have all been explored as potential composite reinforcement
materials to replace glass fibers because of their significant mechanical properties such as
specific modulus and strength [32] (Table 4).

Table 4. Mechanical properties of natural fibers [33].

Fiber Tensile Strength
(MPa)

Youngs Modulus
(GPa)

Elongation at Break
(%)

OPEFB * 248 3.2 2.5
Flax 88–1500 60–80 1.2–1.6

Hemp 550–900 70 1.6
Jute 400–800 10–30 1.8

Ramie 500 44 2
Coir 220 6 15–25
Sisal 600–700 38 2–3

Abaca 980 — —
Cotton 400 12 3–10

Kenaf (bast) 295 — 2.7–6.9
Kenaf (core) — — —

Bagasse 20–290 19.7–27.1 1.1
Henequen 430–580 — 3–4.7
Pineapple 170–1672 82 1–3

Banana 355 33.8 5.3
* Oil Palm Empty Fruit Bunch.
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Biodegradable composites can be segregated into those that contain some level of
synthetic polymers or resin that limits complete biodegradation and those containing rein-
forcement and matrix materials derived from renewable sources such as starch, proteins,
polyvinyl alcohol (PVA), PLA in their native or modified forms that can be completely de-
graded by microorganisms [34]. A variety of commercial applications have been developed
for these materials (Figure 2).
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(d) furniture [35]; (e) a chicken–soybean oil resin-based composite beam [36]; (f) a paper–soybean oil
resin-based composite beam [37]; (g) cosmetic packing [35]; and (h) flower pots [35].

Although bio-based materials are available, abundant, low cost, and have unique
properties, they do not provide all the desired properties and are relatively rapidly de-
graded. Moreover, they can be difficult to manufacture into the desired shapes and sizes.
In addition, natural materials show considerable variations in their properties and it can
be difficult to adapt existing equipment to process these materials. Similarly, bio-based
materials have more limited mechanical properties than non-renewable sources. However,
the diverse array of bio-based materials creates a range of possibilities for designing com-
posites for specific applications or with specific material properties. Parameters such as
filler concentration, geometric shape, and aspect ratio as well as the degree of interfacial
adhesion between the filler and the matrix can all be tuned to produce a composite with
optimal properties [38]. One approach to overcome the limitations of the natural materials
is to combine them to utilize the unique properties of each component material [39]. In this
approach, natural fibers (such as jute, hemp, sisal, oil palm, kenaf, and flax) are utilized
as fillers or reinforcing material for polymer-based matrices [40], reducing waste disposal
problems, and decreasing fossil fuel use (Figure 3).
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(b) sugarcane bagasse; (c) curauá; (d) flax; (e) hemp; (f) jute; (g) sisal; and (h) kenaf. Typical
reinforcement patterns used in hybrid LC-based biodegradable composite synthesis. (i) Jute fabric;
(j) ramie–cotton fabric. (k) jute–cotton fabric. [40].

Hybrid composites use more than one type of reinforcement and/or matrix and can
include both inorganic and organic materials or combine synthetic polymers with natural
fibers to enhance composite properties [41–43]. For example, jute has been used to produce
a hybrid composite with oil palm, glass, polypropylene, sisal, and coir fibers. Ahmed
and Vijayaragan [44] found good agreement between actual and predicted properties of
hybrid laminates of woven jute and glass fabric in a polyester resin matrix for in-plane
elastic properties under tension using the rule of hybrid mixtures and classical lamination
theory models with a deviation up to about 20%. Jawaid et al. [33] showed that chemical
resistance, void content, and tensile properties of tri-layer hybrid composites of oil palm
empty fruit bunches and jute fibers could be varied by the placement of each material
on the surface or core in an epoxy resin matrix. Gujjala et al. [45] investigated tensile,
flexural, and interlaminar shear properties of hand-laid-up four plies and five types of
hybrid laminates using woven jute and E-glass mat in an epoxy resin matrix. Maximum
tensile and flexural strength were obtained with composites composed of glass/jute/glass
(84 MPa) and jute/glass/jute/glass (162 MPa) sequences keeping the same volume fraction
percentage (17.5%), while maximum interlaminar shear strength was observed for the
composite prepared with glass fiber used as the extreme layers. Ramesh et al. [46] studied
mechanical properties such as tensile strength, flexural strength, and impact strength of
sisal–jute–glass fiber reinforced polyester matrix hybrid composites. Mohanty et al. [47]
used a similar approach to produce composites with a range of mechanical properties
(Table 5). They used chopped sisal and jute fibers of 30 mm and glass fiber layers to produce
a five-layer hybrid composite in which glass fiber layers were fixed in the top, middle, or
bottom of the specimens.
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Table 5. Properties of representative biocomposites and their hybrids with or without maleic anhydride–grafted polyethy-
lene (MAPE) or polypropylene (MAPP) [47].

Resin Filler Impact Strength
(kJ/m2)

Tensile
Strength(MPa)

Tensile
Modulus(GPa) Comments Reference

Plastic waste (PE
and PP) Wood flour 2.9–6.2 Unnotch 6–13 2.3–3.9

MAPE
compatibilization

and lubricant
utilization

[48]

PP Wood, poultry
litter biochar 8.1 Notch 27 4.3

Hybrid
biocomposites–

MAPP
compatibilization

[49]

PP Flax fiber 751 Unnotch 40 6.5
Needle-punch

fiber mat
composite

[50]

Waxy maize
starch

Neat and modified
liquid crystalline

cellulose,
microcrystalline

cellulose

- 505–790 22–32
Starch/cellulose

hybrid
biocomposites

[51]

Epoxy/acrylate Glass fiber 237
Notch 532 37

Methacrylated
epoxidized

sucrose soyate
resin/glass fiber

[52]

Bio-polyurethane
(Bio-PU) Sisal fiber - 57–119 1.2–2.2 Rubber seed oil

polyurethane [53]

PBS/PLA Flax fiber 9.1–17.8 Notch 39–55 3.6–7.4
Fully

biodegradable
composite

[54]

PLA
Carbon fibers,

twisted yarns of
jute fibers

- 57–185 5.1–19.5

Continuous fiber
reinforcement
probed by 3D

printing

[55]

5. Challenges for Degradation of Sustainable Composites

The development of more eco-friendly composites with enhanced sustainability faces
challenges for large-scale applications. Measuring the sustainability of plastic and rein-
forcement/fillers is a complex task affected by factors such as the origin of the feedstock,
energy input during production, durability, health impacts, and end-of-life recycling or dis-
posal [56]. Biomass supply chains are complex and encompass different types of biomass,
harvesting and collecting strategies, transport and storage mechanisms, as well as pro-
cessing methodologies. An important component of developing sustainable practices is to
establish a unified protocol for the effective utilization of bioresources, including waste
residues. For example, a more sustainable method for expanding purpose-grown biomass
is to use marginal agricultural land. This approach would allow increased production
without affecting food resources on more productive land. Durability is a critical test for
any biocomposite replacing traditional synthetic composites. Biocomposites for automo-
tive, construction, and other structural applications must deliver the required service life
and long-term durability. The inclusion of bioplastic and recycled materials in sustainable
composites also poses major scientific challenges because of the need to combine materials
with different properties. Designing and engineering new classes of biocomposite materials
that exhibit high tolerance against various external factors are essential. The classification
of biodegradable and nonbiodegradable composites is also important from an application
perspective. While many biocomposites are destined for applications where long service
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life under more extreme conditions will be essential, some materials are targeted for short
life cycles. Creating materials that are easily recyclable or compostable becomes critical in
these applications.

One challenge to recycling biocomposites is the co-location of composting facilities at
the disposal site to avoid added transportation costs [47]. Biocomposites may contain one or
more naturally derived components which can be part of the reinforcement phase or matrix
phase or both in a composite system and may include: (i) biofiber-reinforced petro-based
polymers (nondegradable), (ii) biofiber-reinforced biobased-polymers (biodegradable), and
(iii) synthetic fiber (glass or carbon fiber)- reinforced biobased-polymers (nonbiodegrad-
able) [57]. The ability to segregate these materials will be critical for creating effective
recycling/reuse strategies.

Biofibers generally have minimal resistance to environmental degradation under the
proper conditions, making them good candidates for reducing waste production [30].
Biodegradable polymeric materials include starch, chitosan, chitin, cellulose, lignin, polyla
tic acid (PLA), poly(3-hydroxybutyrate (PHB), poly(3-hydroxybutirate-3-hydroxyvalerate)
(PHBV), poly (butyrate adipate-co-terephthalate (PBAT), and polycaprolactone (PCL). It is
important to note that some nonbiopolymers are also biodegradable while some bioplastics
can be synthesized to reduce biodegradation. It is also important to understand the specific
conditions and the timeframe under which a ‘biodegradable’ polymer actually decomposes.
For example, most packaging materials marked as ‘biodegradable’ completely break down
when composted in industrial units but have little opportunity to decompose under the
anaerobic conditions present in most municipal solid waste facilities. Thus, establishing
accurate degradation times can be challenging because of the wide array of possible
conditions to which the material will be exposed. For example, it is desirable for plastic
mulch film to completely photodegrade before the following crop cycle, to avoid soil burial
of incompletely degraded plastic fragments [58].

In most other cases, however, the long-term durability of plant-based composites
remains a concern since both the polymer matrix (bio-based) and biofiber components can
be degraded under optimal conditions [59]. Exposure conditions also play an important
role. For example, lignin is more susceptible to UV degradation, while hemicellulose is
more prone to biological and moisture degradation [60].

6. Biological Degradation of Sustainable Composites

Many efforts have been made to design composites that are stable during their service
life but susceptible to microbial attack under the proper conditions [61]. The addition of
natural fillers to composites has been widely discussed in the literature because of their
effects on the mechanical properties but they also influence composite degradability [62].
Cellulose-based additives are inherently hygroscopic and the inclusion of a sufficient
percentage sharply increases the opportunity for some degradation to occur. However,
natural composites may cause serious problems in construction materials because of
this moisture behavior since it can lead to unacceptable deformation and, eventually,
degradation [63]. The increasing proportions of hydrophobic polymers reduce this risk but
also tend to increase cost, weight, and eventually ability to be composted.

Biodegradable plastics tend to undergo relatively rapid degradation over several
months to several years (depending on the material and degradation conditions). These
plastics are biodegradable according to the European Union Standards (EN 13432) [64] and
can be organically recycled in compost. Biodegradable composites made of polylactic acid
(PLA) are increasingly used in food packaging. However, manufacturers must find a bal-
ance between the mechanical and physical properties of these composites and their rapid
degradation during composting. As a result, these materials are still under intensive explo-
ration. Polyhydroxyalkanoates (PHAs) have a very important advantage for composite
applications since their polar character results in better adhesion to lignocellulose fiber [65].
PHA composites with vegetable or grain fillers may find an application in horticulture as
environmentally friendly low-cost crop containers intended to replace petroleum-based
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polymers. The main advantage of this solution is that the materials will degrade in the
surroundings after use [66]. PHA composites could also be used for fresh fruit or vegetable
packaging since the material would degrade simultaneously to the food residues during
the composting process [67].

The biodegradation rate of composite materials depends on an array of factors includ-
ing the monomers used, and the strength of polymer bonds, as well as the environmental
conditions (e.g., temperature, moisture and pH of the soil, microbial population, and
nutrient supply) to which the material is exposed [68]. Additionally, the surface area of the
materials also influences the microbial access to the material and therefore, its composta-
bility. For example, a rough surface with a high number of polar hydrophilic functional
groups is much more prone to biodegradation than a smooth, hydrophobic, and inert
one [69]. Natural fillers that are hydrophilic and more biodegradable increase the adhesion
of microorganisms to the composite material and facilitates degradation. For example, a
40 µm thick Polybutylene succinate (PBS) polymers film, degrades at a rate of 50 % per
1 month in garden soil [70]. Although not as widely considered during the development
process, improving the understanding of the susceptibility of each composite component to
wetting and degradation (either physical or biological) can help to design more sustainable
materials with higher performance but the ability to rapidly decompose into the surround-
ings at the end of their service life. The large surface area at the matrix–filler interface
represents a weak zone that can limit use in some applications since the interface can act
as an access point for degrading agents, but it also acts as a pathway for their eventual
destruction [71]. The characteristics of the lignocellulose fibers can also affect degradation
rates, with amorphous regions more likely to sorb moisture than crystalline regions and
therefore begin to degrade [72]. Wetting effects can be very localized with small increases in
moisture content creating large mechanical forces that disrupt the polymer matrix, allowing
further moisture intrusion and eventual microbial attack [73].

Wood-plastic composites (WPC) usually contain 30–55% polymer matrix (PP, PE,
PVC), 30–70% wood particles (softwood/hardwood flour or shavings), and 0.5–15% ad-
ditives, and are designed for long-term performance, shape flexibility, good stiffness and
working properties [74,75]. Classic, fossil-based plastics are biologically inert materials,
but this property is only partially transferred to WPC because the plastic matrix cannot
totally encapsulate the wood particles, which can absorb moisture to levels that make
them susceptible to fungal attack [70]. While microbiological attack is less of a problem
for most indoor applications, it is of great importance for WPC durability in outdoor
applications. Fungi, especially white rots, can rapidly colonize and decay WPC under
favorable conditions [76]. Candelier et al. [77] reported that a WPC composed of BIOPLAST
GS2189 biopolymer (from PLA and potato starch) and spruce sawdust provided good
resistance to fungal and termite attack, but resistance decreased slightly as wood content
increased to 30%, while the mass loss for pure polymer was 0% according to the European
standard EN117. The biodegradation of low-density polyethylene (LDPE)/alkali-treated
corn flour composites exposed to soil burial for 6 months also increased with biomass com-
ponent level [78]. In both cases, increased biomass reduces the potential for the polymer to
completely encapsulate the biomass to reduce moisture uptake and microbial access.

Dehghan [79–81] investigated the biological decay resistance of different bamboo/PLA
composites (BPC’s) and found that moisture contents increased to approximately 3 %
within 28 days (672 h) (Figure 4) and that the weight losses were elevated at all ratios tested
(Table 6).

Schirp and Wolcott [82] found that mass loss was a more sensitive indicator of fun-
gal decay than strength and stiffness measurements, possibly because the high-density
polyethylene (HDPE) was more dominant in the flexural properties while it was unaf-
fected by fungal attack. Ascomycete attack of LDPE composites containing 30% of various
biomass fillers was strongly influenced by the aspect and composition of fillers. Particles
with higher length-to-diameter ratios experienced more mold growth as did materials
with fillers containing soluble or easy hydrolysable fractions (milled straw of seed flax
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and hydrolyzed keratin of bird feathers) that provided easily available carbon sources for
microbial growth [82]. The polymer content also affects degradability. Polymer composites
with 50% hazelnut husk flour were more resistant to decay with the addition of HDPE.
However, the incorporation of polypropylene or polyethylene in combination with maleic
anhydride resulted in more susceptible composites [83].
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Table 6. Biological decomposition of bamboo/plastic composites composed of different plastics [79].

Treatment Treatment and
Mesh Size

Fungi (Mass Losses %)

Gloeophyllum
Trabeum

Trametes
Versicolor

Chaetomium
Globosum

A 0%B/100%P 1.34 ± 0.39 0.60 ± 0.05 0.75 ± 0.63
B 55%B/44%P/80M 24.62 ± 0.80 3.65 ± 0.96 3.29 ± 0.65
C 45%B/54%P/80M 25.38 ± 5.49 2.65 ± 1.69 2.97 ± 0.74
D 35%B/64%P/80M 22.80 ± 3.98 2.27 ± 0.58 10.81 ± 6.49
E 55%B/44%P/60M 26.86 ± 2.70 2.64 ± 0.47 2.60 ± 2.34
F 45%B/54%P/80M 18.28 ± 2.26 2.28 ± 0.11 4.12 ± 3.79
G 35%B/64%P/60M 21.97 ± 0.81 3.57 ± 0.90 3.42 ± 1.79
H 55%B/44%P/HT/80M 24.24 ± 1.48 2.00 ± 0.19 2.37 ± 1.75
I 45%B/54%P/HT/80M 23.56 ± 1.96 2.20 ± 0.70 4.98 ± 2.50
J 35%B/64%P/HT/80M 20.12 ± 1.67 2.98 ± 0.41 5.77 ± 4.38
K 55%B/44%P/HT/60M 19.77 ± 2.29 2.27 ± 0.58 2.64 ± 1.14
L 45%B/54%P/HT/60M 22.91 ± 0.33 2.44 ± 1.01 3.25 ± 2.69
M 35%B/64%P/HT/60M 21.98 ± 3.25 3.06 ± 0.90 2.08 ± 1.33

B: bamboo; P: plastic; M: mesh size, HT: heat treatment; ± Values represent standard deviations of the means.

While of natural origin, PLA is hydrophobic like the fossil-based equivalent poly-
olefins. It has poor surface adhesion within more polar natural fibers or fillers and re-
quires compatibilizing agents to stabilize the interface [84,85]. Chitosan, especially in high
amounts, increases the hydrophilic nature of PLA composites, favoring moisture uptake
and microbial attack leading to relatively small mass losses, but significant embrittlement
and changes in mechanical, thermal, and surface properties were observed [86].
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7. Conclusions

Biocomposites are increasingly used to produce machinery, automotive components,
packaging, and construction products. While these materials are more environmentally
friendly than similar petrochemical-derived products, they still have some practical limita-
tions, including reduced mechanical strength, lower physical properties, and susceptibility
to biological degradation. However, the continued development of more sustainable bio
hybrid composites will help to improve the properties of these hybrid materials. This
approach will result in more environmentally friendly production, use, and disposal that is
more compatible with use in the circular economy. Moreover, the development of novel
biocomposites with controlled decomposition at the end of their life cycle will minimize
uncontrolled waste accumulation in landfill.
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