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Abstract
The subject of interfacial bonding quality and the interaction mechanisms of biopolymers and

natural fibres have not been extensively researched. In order to increase the functionality and
performance of biopolymers synthesised from natural sources/microbial systems, attempts
have been made to incorporate natural fibres/fillers (biofibres) to manufacture composites.
However, interfacial bonding quality and other substantial technical challenges yet need to be
addressed for their industrial realisation. The interfacial bonding quality ultimately dictates
the mechanical and physical performance of bio-composites. This review paper attempts to
collate the state-of-the-art about coupling agents/additives and their role in interaction
mechanisms with biofibres and biopolymers. Two potential pathways for narrowing the
performance gap between biopolymer-based bio-composites and their petroleum-based
counterparts are: 1) the synthesis of a specific coupling agent to improve the interfacial
bonding quality and ii) two or more biopolymers blending for improved process-ability of
bio-composites.
Key words: Interfacial bonding; Biopolymers; Bio-composites; Coupling agents; Additives.
1. Introduction
Plastics are one of most extensively consumed materials on a daily basis; however
unfortunately, manufacturers do not adopt bioplastics because the price of oil is low, even
when the prospect of future economic conditions will possibly increase the cost of fossil
feedstock. However, the global production capacity of biopolymers has demonstrated a
dynamic growth, reflected by numerous research efforts, e.g. [1-9]. The main objective has
been to develop novel bio-based products with functionalities superior or, at least equivalent
to those of the existing petroleum-based options, such as lower weight, higher heat and water
resistance, increased durability, toughness and fire performance. Biopolymers often contain a
number of reactive groups offering excellent possibility for the reactive compatibilisation of

their blends. The addition of a compound miscible with one blend component and reactive
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towards the functional groups of the other results in the in-situ formation of grafted or block-
copolymers acting as compatibilisers [10].
Biopolymers are either bio-based synthesised from biomass and renewable sources, for
instance poly(lactic acid) (PLA) and polyhydroxyalkanoate (PHA) or, biodegradable,
produced from petroleum including aliphatic plastics such as polybutylene succinate (PBS)
[11]. The evaluation and description of the bio-based content of polymeric materials is
defined in the European standard CEN/TS 16295:2012 [2]. This method is based on the
amount of bio-based carbon as a fraction of the total organic carbon content. Fully
biodegradable polymers, i.e. PLA, starch blends and PHAs, have the highest worth amongst
bio-based polymers. Alternatively, the productions of conventional polymers such as bio-
polyethylene (Bio-PE) or polyethylene terephthalate (PET) based on renewable resources are
also gaining attention [2].
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Fig. 1 Worldwide biopolymer production capacities in 2014

It is reported that in 2014, biopolymers overall production capacities amounted to 1.7 million
tonnes (Fig. 1). The biopolymers written in bold and underlined in Fig. 1 are fully
biodegradable and account for 39% of the total global production while non-biodegradable
biopolymers amount to 61%. This paper attempts to deliver a sensible overview of recent
scientific trends and achievements in the field of biopolymer-based bio-composites, where
the interfacial bonding mechanisms is discussed with the role of coupling agents/additives
and their impact on performance of biopolymer-based bio-composites. Fig. 2 represents the

schematic illustration of the topic reviewed and the importance of interfacial bonding quality.
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2. Biopolymers

2.1.  Cellulose-based polymers
Cellulose is the most abundant natural biopolymer, a linear homo-polysaccharide composed
of B-D-glucopyranose units connected by -1-4-linkages with a repeating unit of cellobiose

[12] (see Fig. 3).

Cellobiose

Fig. 3 Molecular structure of a cellobiose unit [13]

Cellulose can also be produced by green algae and some bacteria, primarily of the types:
Acetobacter, Sarcina and Agrobacterium [14]. In terms of chemical structure, bacterial
cellulose (BC) is the same as that produced by plants. However, it exhibits higher
crystallinity, water-holding capacity, degree of polymerisation, and mechanical strength [15].
BC has proved to be effective in producing hierarchical composites, which can offer a way
for long micrometre sized fibres to be more successfully utilised in composites by improving
coupling between the biofibre surface and the biopolymer matrix [16].

Cellulose is an extremely crystalline polymer, with a high molecular weight, that can be
infused in all but the most aggressive hydrogen bond breaking solvents, i.e. N-
methylmorpholine-N-oxide. As a result of its infusibility, cellulose is usually converted into
derivatives to permit easier processing. Such derivatives include cellulose ethers, for example

methylcellulose (MC), carboxymethyl cellulose (CMC), hydroxypropyl cellulose (HPC),
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hydroxypropyl methylcellulose (HPMC), and cellulose esters, such as cellulose acetate (CA),
cellulose acetate propionate (CAP), and cellulose acetate butyrate (CAB). Among the
cellulose ethers, HPC is a true thermoplastic resin and is, therefore, able of being extruded
into films from the molten state [17]. Huber et al. [13], in their review paper propose the all-
cellulose composites as a strategy and approach to formulating green composites that
eliminate the chemical incompatibilities between reinforcement and matrix phases by
utilising cellulose for both components although there is a need for further investigation to
find appropriate and/or successful industrial applications for all-cellulose composites. The
hydrophilicity of cellulose will require further processing to avoid swelling and degradation
in long-term applications.

2.2.  Starch-based polymers
Starch is generally constituted of two homo-polymers of D-glucose: i) amylase, a linear a-

D(1, 4°)-glucan and ii) branched amylopectin, which has the same backbone structure as

amylose however with many a-1, 6’-linked branch points [18] (see Fig. 4).

CH;OH

Fig. 4 Chemical structure of (a) amylose and (b) amylopectin [19]

Starch degrades into sugars and organic acids that serve as feedstocks for producing
bioplastics (i.e. thermoplastics). Starch could be changed into a continuous polymeric
entangled phase by mixing with adequate aqueous or non-aqueous plasticisers, i.e. polyols
such as glycerol [20]. Blending starch and PLA could dramatically reduce the cost and
enhance the biodegradability of biopolymers [7,21,22]. Starch blends with aliphatic
polyesters, from microbial sources present good potential in the future [23,24]. Starch
rheology may not always be appropriate for the use as matrix in composites, i.e. their high
sensitivity to creep and scattering of properties [25]. Blending with nano-metric form of clay
could be a strategy to overcome this issue. Results suggested that during gelatinisation, the

structural part of starch (i.e. amylose), interacted with a nano-clay interlayer and so enhanced

Page 4 of 28



104  the reinforcement and modulus values. This was mainly effective with wheat and corn starch,
105  but not so much with potato and waxy corn, as their modulus values decreased rapidly at
106  higher temperatures [26]. The multiphase transitions of starch, results in the mechanical and
107  microstructure characteristics of starch-based polymers to be dependent on the processing
108  methods and conditions [27].
109 2.3. Lignin-based polymers
110  Lignin is a complex three-dimensional polymer created by radical coupling polymerisation of
111 p-hydroxycinnamyl, sinapyl and coniferyl alcohols which lead to p-hydroxyphenyl (H),
112 syringyl (S) and guaiacyl (G) phenylpropanoid units [28] (see Fig. 5).

OH OH OH

OMe MeO OMe
113 a) OH b) OH C) OH

114  Fig. 5 Three primary lignin monomers: (a) monolignols p-coumaryl alcohol MH, (b) coniferyl

ﬁg alcohol MG and (c¢) sinapyl alcohols MS

117  The bio-refinery projects for developing of biofuels, bio-based materials and chemicals from
118  carbohydrates (i.e. cellulose and hemicellulose) generate huge quantities of lignin. Hence,
119  lignin and its potential use in biopolymer-based bio-composites have been reviewed

120  extensively [29,30]. Lignin can also be implemented as an additive in the production of

121 biopolymer-based bio-composites for added functionalities. The evolution of lignin-based
122 polymers needs better processing technologies along with tailored bioenergy crops having
123 lignin with the desired chemical and physical characteristics [31]. Lignin chemical

124  modification and plasticisation is employed to improve its dispersion in polymers [32]. The
125  distinctive phenolic chemistry of lignin enables its utilisation for the high value polymer
126  industries, such as replacement of phenolic by lignin in resins systems [33,34]. Chung et al.
127  [35] developed a catalytic and solvent free method for synthesis of a lignin—PLA copolymer
128  in order to increase the miscibility of lignin with other bioplastics. Graft polymerisation of
129  lactide onto lignin catalysed by triazabicyclodecene led to a lignin-g-PLA copolymer which
130  showed a glass transition temperature range from 45 to 85°C and a multiphase melting

131 behaviour. The lignin-g-PLA copolymers can be utilised as dispersion modifiers in PLA-
132 based composites to improve UV absorption and reduce brittleness without impeding the

133 modulus of elasticity [35].
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2.4. Vegetable oil-based polymers
Vegetable oils are esters formed by glycerin and different fatty acids containing from 8 to 24
carbon atoms and between 0 and 7 carbon-carbon double bonds, subject to the type of plant
and environment conditions of growing (see Fig. 6) [36]. Vegetable oils derived fatty acids
can be a good source for different polymers and polymer precursors. They count as a valuable
renewable feedstock processed in the chemical industry and in the preparation of bio-based
functional polymeric materials [37-39]. They have been applied for the production of
biopolymer composites incorporating organic or inorganic fibres, with micro- and/or nano-
size [40,41]. Vegetable oils have reactive functional groups in their fatty acid chains, such as
hydroxyls (castor oil and lesquerralla oil) or epoxies (vernonia oil), that can be utilised
directly for polymerisation [37]. This can be attained via chemical modification of the
naturally occurring reactive sites found in triglycerides (e.g., ester groups and carbon-carbon
double bonds), thus opening synthesis routes similar to those established for petrochemical
polymers [42]. Vegetable oils with aliphatic chains have been implemented in the production
of polyols as soft amorphous segments, adding flexibility to the resulting polyurethane (PU),
whereas cyclic isocyanates function as hard segments, adding mechanical strength. These
segmented structures bring a stable combination of characteristics to the PUs, including
elasticity, mechanical strength, toughness and degradation [43]. Condensation polymers, like
polyesters and polyamides, have also been derived from vegetable oils, long-chain
polyamides and polyesters derived from plant oils through olefin metathesis and isomerizing
alkoxy carbonylation methods are rather interesting as polymeric materials [44,45]. These

materials have been put forward as potential renewable replacements for polyethylene [46].

Fig. 6 Tryglyceride structure, R;, Rz, R; represent fatty acid chains

2.5. Polyhydroxyalkanoates
Polyhydroxyalkanoates (PHA), have a range of side chains and fatty acids with hydroxyl
groups. They consist of (R)-3-hydroxy fatty acids [47] and can be produced by many
different types of microorganisms from renewable sources. PHAs are composed of 3-hydroxy

fatty acid monomers, which form linear, head-to-tail polyester shown in Fig. 7 [48].
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The monomer of this bio-polyester differs in composition, macromolecular structure and
physicochemical properties, depending on the producer organism and on the carbon source
used for the growth [49]. The statistics illustrates that starch and whey-based materials are

easily utilised by microorganisms, as shown by their much higher production levels (Table

1).

Table 1 Some of PHA production from various sources and media types
Microorganism Carbon source Production level ~ Ref.

(g

Azotobacter vinelandii Molasses 23 [50]
Pseudomonas fluorescens Molasses 22 [51]
Ralstonia eutropha Potato starch 94 [52]
Cupriavidus necator Glycerol 38 [53]
Cupriavidus necator Glycerol 16 [54]
Escherichia coli Whey 96.2 [55]
Bacillus megaterium Sugarcane molasses 1.27 [56]

The realisation of high yields of PHA with acceptable economic feasibilities for scaling up is
a bottleneck for researchers to tackle. Parameters such as efficient bacterial strains, cheap
carbon sources, optimised fermentation and recovery processes are vital for the successful

industrial commercialisation of PHA. It has been stated in a study that the carbon source, e.g.
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glucose, contributes almost to 30% of the total cost of PHA from Escherichia coli [57].
Moreover, it was proved that the cost of producing PHA via syngas fermentation is more
economic than producing PHA by sugar fermentation, which ranged from 4 to 6 US$/kg
[58]. PHA synthesis using renewable organic wastes as a carbon source and mixed cultures
[59] similarly presents a potential route to successful industrialisation of PHA, as it is
important to develop strains that could extent high final cell density in a relatively short
period of time and produce high PHA content [60]. Polyhydroxybutyrate (PHB)
homopolymers, polyhydroxybutyrate-co-hydroxyvalerate copolymers (PHBV) and other
associated linear polyesters, can present substantial opportunities for successful
commercialisation. Natural isolates, recombinant bacteria, biomass with different
methodologies are being investigated to apply more control over the quality, quantity and
economics of poly(3-hydroxybutyrate) (PHB) commercialisation [61]. PHB is brittle,
therefore, co-polymerisation of -hydroxybutyrate with hydroxyvalerate is a strategy used to
synthesising a polymer called poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) [62] this is
also in line with optimising the performance which leads to wider applications and therefore
commercialisation. Additionally, the blending of PHAs can provide robust grounds for
expanding their variety of applications. The P(3HB)/PLA blend is one of the most studied
blends, which exhibits mechanical properties that are intermediate between the individual
components [61,62].

2.6.  Polylactic acid
Polylactic acid (PLA) is biodegradable by hydrolysis to lactic acid, and eventually to water
and carbon monoxide. Its biodegradability hugely depends on the molecular weight. This
aliphatic polyester is a thermoplastic derived from renewable plant sources. Corn, is the most
effective source for providing high-purity PLA [65]. The first full-scale industrial plant
capable to produce 140,000 metric tons per year of PLA was started in Blair, Nebraska, USA
in 2002 [6]. Lactic acid, (i.e. 2-hydroxy propionic acid), is the basic monomer of PLA. The
monomer occurs in two stereo isomers, L-LA and D-LA. Fig. 8 illustrates chemical structures

of these two isomers [66].

o O

HO\)J\ HO
: OH OH
<=3Hs CHs;
(S)-Lactic acid (R)-Lactic acid
L-(+)-Lactic acid D-(-)-Lactic acid

Fig. 8 Chemical structure of L(+) and D (-) lactic acid
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207  PLA is composed of lactic acid (2-hydroxy propionic acid) building blocks and has high

208 tensile strength and modulus properties. The addition of reinforcing fibres, micro- and/or
209 nano-fillers, and selected additives within PLA matrix is considered as an effective method
210  for obtaining bio-based composites with specific end-use characteristics and improvements of
211 properties. PLA was grafted to glycidyl methacrylate (GMA) as a possible compatibiliser for
212 PLA and bamboo flour [67]. The mechanical performance, phase morphology and thermal
213 decomposition temperature of the PLA-g-GMA composites were improved compared to

214  those composites without this compatibiliser. Amongst PLA blends, poly(butylene adipate)-
215  co-terephthalate (PBAT) and poly(butylene succinate)-co-adipate (PBSA) have hugely

216  helped to combat some of the PLA’s disadvantages [68].

217 2.7.  Chitin

218  Chitin and chitosan come from the linear polysaccharides family distributed randomly and
219  not blocked together, the residues are linked completely in the B-1, 4-configuration (see Fig.
220  9). Chitosan is a linear polysaccharide formed by deacetylation of chitin, and is used in

221  agriculture, biomedicine and filtration technologies.

222
223 Fig. 9 Structure of a) chitin and b) chitosan [69]

224 After cellulose chitin is one of the most abundant biopolymer. Both chitin and chitosan are
225  linear copolymers of D-GlcN and D-GlcNAc residues

226 Regardless of its enormous availability, the utilisation of chitin has been restricted by its

227  intractability of molecular structure and insolubility [70]. The insolubility of chitin in

228  virtually all common solvents has been a main bottleneck in its appropriate utilisation [69].
229  Moreover, the corrosive and degradative nature of solvents is problematic and the

230  environmental tolerability of these solvents has to be measured. The high value of viscosities
231 of chitin solutions in certain solvents lead to complications in processing and therefore it

232 needs to be investigated.
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Chitin and chitosan are utilised as biopolymer matrix and nano-filler for the manufacture of
bio and nano-composites due to their renewability, biodegradability, distinctive biological
and physicochemical characteristics. They also have huge structural possibilities for chemical
and mechanical alterations which enable novel properties, functions and applications. The
essential aspects of chitin and chitosan such as their preparation, crystallography, extent of N-
acetylation, and some other properties are presented in a review paper [71], with discussion
on their chemistry and elemental modification reactions, e.g. acylation, alkylation. On the
other hand, Julkapli et al. [72] review the applications of chitosan based composites in the
area of drug delivery, tissues engineering, and food packaging.

2.8.  Silk proteins
Silks could represent a good potential as sustainable, environmentally friendly and
commercial biopolymers source [73]. Silk fibres are composites made of silk protein and
other accompanying molecules such as glycoproteins and lipids. Several animals produce
silk-based composite materials which can be utilised for a variation of task specific
applications. Out of all the natural silk-producing animals, mulberry silkworms (Bombyx
mori) have the highest economic value, as it is possible to rear them in captivity [74].
Silkworms produce polyamino acid-based (silk protein) cocoons to protect themselves during
their metamorphosis into moths. Humans have been harvesting silk fibres from these cocoons
for centuries to yield textiles due to their characteristic luster, moisture absorbance and good
strength [74]. A number of reviews have concentrated on the structure and properties of
spider silks, with the main focus on dragline silks and also their applications for composite
materials [73,75-78]. Spider silks have been a focus of research due to their outstanding
mechanical and biophysical properties. Moreover, recent breakthroughs in genetic
engineering have led to the synthesis of recombinant spider silks, leading to unravel of
fundamental knowledge of structure to function to property relationships. Comprehensive
understanding of the silk’s primary structural elements and their contributions to the physical
and biological properties of this biopolymer are important in order to maximise its potential.
3. Biopolymer-based bio-composites
Many parameters must thoroughly be investigated for a better understanding of performance
mechanisms of biopolymer-based bio-composites, such as the volume fraction,
characteristics, orientations and pre-treatments of natural fibres, and processing parameters of
composite, all of which contribute to the interfacial quality and hence the overall performance
of composites. The chemical incompatibility between a hydrophobic biopolymer matrix and

hydrophilic biofibre results in a poor interfacial bonding quality. This then translates into an
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inefficient stress transfer under load and therefore low mechanical strength/stiffness and
physical properties.

3.1. Addressing the limitations of biopolymer-based bio-composites
Most biopolymers are water sensitive, in that they absorb water and may even be water
soluble, causing their properties to deteriorate. This is normally overcome by blending them
with polymers or plasticisers to enhance their performance. The inherent biodegradability of
biopolymer means that it is essential to control the environment in which the biopolymers are
used, in order to prevent their premature degradation. This could be accomplished via the
control of moisture, nutrients or microorganisms. Moreover, some biopolymers are not
thermally stable, which limits their application. Some of drawbacks with the biofibres are the
tendency to form aggregates during processing and their poor resistance to moisture which
could lead to dimensional instability and hence deterioration of composites. The moisture in
biofibres can lead to poor process-ability. The most common way to reduce the moisture
absorption of biofibres is through the process of alkalisation [79]. Alkalisation partially
dissolves the hemicellulose, the most hydrophilic part of biofibre structures, which
subsequently leads to the reduction of the biofibres to absorb moisture. Alternatively,
polymer coatings can also reduce the moisture absorption. Doherty et al. [80] enhanced
moisture absorption properties of biofibres by applying a natural, lignin-based coating. This,
however, might only be effective for short term protection against moisture. Exposed
biofibres could also undergo photochemical degradation caused by ultraviolet light, although
this can be overcome by bonding chemicals to the cell wall or by adding a polymer to the cell
matrix. The production of thermoplastic composites with biofibres and/or fillers is limited by
the temperatures and processing times that they can be exposed to, before experiencing
significant degradation. This limits the biopolymer matrices to lower melt temperature ones
such as: PLA (i.e. [81,82]), poly(butylene adipate-co-terephtha-late) (PBAT) (i.e. [83,84])
and PHAs (i.e. [85—87]). In order to increase the thermal stability of biofibres, attempts have
been made to coat and/or to graft them with monomers. Grafting is possible as the lignin of
biofibres can react with the monomers. Mohanty et al. [88] showed that grafting of
acrylonitrile on jute improved the thermal stability as the degradation temperature increased
from 170 to 280°C. Most importantly for construction sector, the fire performance of
biopolymer-based bio-composites is additional technical bottleneck for its commercialisation.
Although, substantial work has been done with the intumescent systems (coatings or

additives) which have potentials fire barrier treatments. When intumescent materials are
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heated beyond a specific temperature, they begin to foam and expand, forming a cellular,
charred surface that protects the underlying material from the heat flux or flame.

4. Enhancing the interfacial bonding quality of biopolymer-based bio-composites

It has been argued that the micro porosity could be the most influential factor for the
formation of robust interfacial bonds. Similarly, it can be argued that the correct functional
chemistry can have the same level of importance. Performance of biopolymer-based bio-
composites strongly depends on the interface quality between the biofibres and the
biopolymer [89,90]. There are various theories of adhesion proposed that could be both
complementary and contradictory, i.e. mechanical interlocking, electrostatic theory, theory of
weak boundary layer, thermodynamic (wettability), diffusion theory and chemical bonding
theory [91]. The wettability of biofibres can be regarded as an essential precursor to bonding,
where biofibre and biopolymer establish an intimate contact for the superior quality interface.
Insufficient biofibre wetting translates into interfacial defects, which then acts as stress
concentrators. Biofibre wettability can influence the toughness, tensile and flexural strength
of composites. Physical and chemical pre-treatments can improve the wettability of the
biofibre, and hence the interfacial quality (i.e. strength). This can be attained for example by
bleaching, grafting of monomers, acetylation, corona or plasma pre-treatments. Some pre-
treatments of biofibres focus on the removal of non-cellulosic constituents from the surface to
provide an intimate contact, i.e. removal of impurities and waxes, which can increase the
roughness and the chances of mechanical entanglement as predominant bonding mechanisms.
Others focus on separating the large biofibre bundles into smaller bundles to provide greater
surface area for biopolymer matrix interaction [92]. Biopolymer (PHB) composite, reinforced
with sugarcane bagasse biofibres subjected to steam explosion pre-treatment showed a
significant increase in the maximum stress compared to untreated biofibres. The surface
morphology of untreated biofibres impeded the bonding with PHB, whereas the pre-treated
biofibres were much more compatible with PHB and led to a homogeneous composite [93].
Interfacial tailoring/optimisation may also be considered from the biopolymer matrix side.
The focus would be on interfacial effects caused by bulk modification of the biopolymer
matrices through nano-fillers dispersion, and possible nano-structuring within the biopolymer
matrix [94]. Interfacial bonding quality would also increase by using nano-sized forms of
cellulose, i.¢. bacterial cellulose, micro fibrillated cellulose and cellulose whiskers [13].
Improvements in mechanical performance can be achieved by the aforementioned
approaches, though, additional cost and complexity to the mix formulation of biopolymer-

biofibre composites would inevitably be encountered.
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Graupner [95], showed that the addition of lignin has a promoting influence on the adhesion
between biofibre and matrix. Tensile strength and Young’s modulus were improved (by 9%
and 19% respectively compare to samples without lignin), although the impact properties
were decreased [95]. The presence of lignin causes embrittlement of the composites. Oksman
et al. [96] reported similar results in their work. By adding lignin to biopolymer-based bio-
composites, an improved connection between biofibre and matrix and between the single
biofibre layers of the multilayer web could be achieved, resulting in reduced delamination.
Xiong et al. [97] reported template-guided assembly of silk fibroin on cellulose nanofibers
which can result in well-ordered and stable periodic silk fibroin-cellulose nanofiber
nanostructures that allows for the fabrication of ultrathin nanocomposite membranes with
enhanced mechanical robustness and added functionalities.

4.1. Coupling agents
Coupling agent acts as a bridge between the biofibre and biopolymer matrix to create the
chemical bond and promote interfacial bonding in composites. They facilitate the hydroxyl
groups at one end to react with the fibre surface and another functional group at the other end
to bond with the polymer matrix [98]. The mechanism of coupling agent may be illustrated in
Fig. 10. The coupling agent is chemically bonded with the hydrophilic fibres and blended by
wetting in the polymer chain [99].

Natural fibres/fillers + Biopolymer =)  Bio-composite

aw

Wetting

a~
/ Chemically linked with strong
interfacial bonding

Fig. 10 Coupling mechanism between hydrophilic fibre/filler and hydrophobic biopolymer
matrix

4.1.1. Bio-based coupling agents
Biopolymers, such as chitin, chitosan and zein, have been used as coupling agents for bio-
composites production. The benefits of chitin, chitosan and zein are their wide availability,

non-toxicity, biocompatibility and lower price in comparison to synthetic coupling agents.
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Zein, extracted protein from corn, possesses many functional groups on its molecular chain,
which makes it suitable as a coupling agent. Polar groups such as carboxyl and amino groups
in zein react with the hydroxyl group of biofibres via hydrogen bonds, while the alkyl and
aryl groups react with a polymer matrix through hydrophobic interactions [100]. Lysine-
based diisocyanate (LDI) is another example of bio-based coupling agent which has proved
to enhance the tensile properties, water resistance, and interfacial adhesion of bio-composite
from PLA and poly (butylene succinate) (PBS) with bamboo fibre as reinforcements [101].
LDI reacts with hydroxyl or carboxyl groups in PLA or PBS, leading to the establishment of
urethane bonds that can be completely hydrolysed into raw materials. The polyurethane
synthesised from LDI, glycerol, and ascorbic acid can be biodegraded in aqueous solution
and yield the non-toxic breakdown products of lysine, glycerol, and ascorbic acid [102].
4.1.2. Silane
Silane is a multifunctional molecule which is used as a coupling agent to modify fibre
surfaces. The effectiveness of silane is dependent on a number of parameters including
hydrolysis time, organo-functionalised silane, temperature, and pH. It undergoes several
stages of hydrolysis, condensation and bond formation during the treatment process of the
biofibre [103]. Silane chemical structure could be represented as R-Si-X3, where R is the
functional organic group and X is the hydrolysable group that forms silanols in the presence
of moisture [98,104]. Silanols and hydroxyl groups of biofibres could then form covalent
bonds of —Si-O-C [105,106]. The functionality of the R group plays a major role in the
reactivity of silane towards biopolymer matrix. Trialkoxysilanes have been applied
extensively for biopolymer-based bio-composites to enhance the interfacial bonding quality
[98]. The physical blending of the silane-treated biofibres with thermoplastic matrices
improves their mutual adherence through inter-molecular entanglement, or acid—base
interactions. Aminosilanes, especially (3-aminopropyl) triethoxysilane (APS), are used as
coupling agents between biofibres and biopolymer-PLA [98,107—-109]. For example, silane
treatment was used for kanaf fibres reinforced PLA laminated composites [108], where the
compatibility between kenaf fibre and biopolymer matrix was enhanced. An improved
interfacial interaction (Fig. 11b) resulted in high mechanical performance of pre-treated fibres
(alkali-NaOH 5% w/v for 2 hours at room temperature, followed by silane 5% wt APS). Fig
1 1a shows the aggregation at the surface and fibre breakage and pull out which is an

indication of poor fibre/matrix adhesion.
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Fig. 11 Micrographs of impact fracture surface of PLA composite (PLA/fibres= 60/40 wt%): (a)
untreated fibres and (b) alkali followed by silane treated fibres [108]

Additionally for other biopolymers apart from PLA, the use of the silane coupling agent, as
the adhesion promoter, has been proved, where an improvement of the storage modulus of
PHB-flax bio-composites of up to 106% was observed [110]. The various methods to pre-
treat biofibres with silane can be divided into: 1) fibre surface pre-treatment and ii) cell wall
modification. Spraying is a simple method to pre-treat the biofibre surface with a silane
solution, although, this only leads to a coating where the inner cell walls structure is not
affected. Silane solution and initiator can directly be pumped into an extruder during
extrusion process [111]. The extruded composites can subsequently be exposed to high
humidity and temperature environment in order to facilitate the hydrolysis and condensation
processes of the silane. Nonetheless, this strategy can be long process for the hydrolysis and
condensation stages. In comparison, for the impregnation strategy, the penetration of silanes
into cell walls depends significantly on the molecular size of silane. Incomplete hydrolysis
processes may lead to a fast condensation of silanols, and hence prematurely increasing the
molecular size of the silanes, where as a results, the diffusion of silanes into the cell walls
becomes very limited. The bulking pre-treatment of biofibre cell walls can change their
characteristics and stimulate the performance enhancement of the resultant bio-composites. In
comparison to the surface treatment, i.e. spraying, the impregnation process can cause
problems for fine and short fibres/fillers, as they may aggregate and therefore, not be evenly
mixed in the solution.

4.1.3. Maleated coupling agents
Maleated coupling agents lead to the effective interaction of maleic anhydride (MA) with the
functional surface of biofibres [112]. MA is grafted to the equivalent biopolymer being used
as the matrix for compatibility improvements. Issaadi et al. [113] studied the effects of MA
grafted PLA on morphology, thermal and barrier properties of PLA/graphene oxide (GO)
nanocomposites. The nanocomposite containing 3 wt% GO and 3 wt% MA grafted PLA
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yielded the highest elastic modulus. This proves the better distribution of GO as a result of
coupling agent, which in turn also led to better thermal and barrier properties. Petersson et al.
[114], used MA grafted PLA as coupling agent for layered-silicate nanocomposites. The
outcome of using MA grafted PLA differed amongst the two layered silicates because of the
alteration in the organic pre-treatment. The bentonite layered silicate showed a more distinct
improvement in exfoliation and an upsurge in the mechanical properties because of the
addition of MA grafted PLA, in comparison with a hectorite layered silicate.
Blending PLA with MA grafted wheat starch was carried out with a lab-scale co-extruder,
where the interfacial adhesion between PLA and starch was significantly improved and
hence, mechanical properties increased in comparison to the virgin composites of PLA/starch
[115]. MA grafted PHA was used for evaluating the thermal properties and biocompatibility
of composites of PHA and hyaluronic acid (HA) [116]. The lower melt torque of the MA
grafted PHA and HA composites facilitated their processing. The water resistance of PHA
grafted MA and HA was also higher. It was reported that the glass transition temperature and
crystallinity of PLA films diminished with adding of the MA, due to chain branching as a
results of the grafting reaction between PLA and MA, leading to a upsurge in the segmental
mobility of the PLA chain [117].

4.1.4. Isocyanates
Isocyanates function is by the establishment of covalent bonds between the hydroxyl groups
of biofibres and the functional groups, i.e. N=C=0 via urethane linkage. Some of the most
common isocyanate coupling agents are shown in Table 2 [118].

Table 2 Isocyanate coupling agents for bio-based polymer composites
Name Structure

Methylenediphenyl diisocyanate (MDIC) /‘/\‘. .
Polymethylene polyphenyl isocyanate
T
0=C=N N=C=0
n

Toluene 2,4-diisocyanate (TDIC)

CH;

i N=C=0
O0=C=N

0=C=N__ ~_ "~
N=C=0

Hexamethylene diisocyanate (HMDIC)
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Isocyanates coupling agents, such as methylene diisocyanate (MDI), toluene diisocyanate
(TDI), 4-4'-methylenedicyclohexyl diisocyanate (hydrogenated MDI), and hexamethylene
diisocyanate have been used [119—121]. These coupling agents however, have found limited
use because their ultimate hydrolysis products, i.e. their corresponding diamines, such as
4,4’- methylenedianiline and 2,4-diaminotoluene are a cancer suspect agent or produce
hepatitis [101]. Isocyanates are prone to hydrolysis in the presence of moisture, which
requires blocked isocyanates to be implemented for stopping hydrolysis reaction prior to the
reaction with biofibre’s hydroxyl groups [122]. In corn starch-PLA composites, isocyanates
groups react with hydroxyl or carbonyl groups of PLA along with the hydroxyl groups of
corn starch to form urethane linkages [123]. The use of isocyanate coupling agents has shown
to enhance the mechanical properties and reduce the water uptake of composites such as
methylenediphenyl diisocyanate (MDIC) pre-treated wheat starch-PLA [120,123] and MDIC-
pre-treated pine fibre-polystyrene [122].
5. Additives for biopolymer-based bio-composites
An additional route to enhance properties such as creep and stiffness is through the
incorporation of inorganic fillers, e.g. calcium carbonate, calcium sulphate, and mica. The
influence of talc (magnesium silicate) on the engineering properties of PHBV-wood
composites resulted in an almost 200% improvements in both the Young’s and flexural
modulus, as a consequence of enhanced compatibility between PHBV and wood due to
addition of talc [124]. Nanoclay can have a positive influence on the mechanical properties,
scratch resistance, glass transition temperature and stiffness, in addition to influencing the
thermal and flammability properties of the biopolymer-based bio-composites [125]. The
incorporation of citric acid as a crosslinker with montmorillonite nanoclay resulted in an
increase in the mechanical properties by more than 10% [126]. Bioamidie™ which is a bio-
additive also resulted in significant enhancement in the mechanical properties where the
tensile modulus of biopolymer-based bio-composites was improved by 26% and the impact
strength by 20% (Izod test) as the interface generated a strong network [127].

5.1.  Plasticisers
Plasticisation is often used for biopolymers to improve their process-ability. It’s one route to
overcome the brittleness and low impact resistance of the biopolymers [128]. Plasticisers
exchange the intermolecular bonds among biopolymer chains to bond between the
macromolecules and the small molecular weight compound, hence, promoting
conformational changes and leading to increased deformability. Both the glass transition and

the processing temperature of the material decrease, therefore enabling the melt processing of

Page 17 of 28



476
477
478
479
480
481
482
483
484
485

486
487

488

489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

heat-sensitive biopolymers, like PHB, at lower temperatures [129]. Several compounds have
been identified as possible plasticisers for PLA, e.g. different esters [128,130], glycerol [131],
poly(ethylene glycol) (PEG) [132], citrates [128] and oligomeric lactic acid [131].

Triacetin was attempted as a plasticiser for PLA and kenaf composites where tensile strength
and stiffness was improved with the addition of 5% triacetin. Interestingly, the strength
deteriorated after addition of more than 5% [133], on the other hand, the effect was not
significant below 5%, as observed in another study with biofibre reinforced PLA composites
[134].

Fig. 12a shows the fibre pull out of samples without triacetin, whereas Fig.12b illustrates

plasticised PLA/kenaf composites where crazes were evident.

T )
Fig. 12 Fracture surfaces of PLA/kenaf bio-composites at 30 wt%: (a) un-plasticised and (b)
plasticised with 5% triacetine [133].

A suitable strategy to modify the biopolymers can be the plasticisation and physical blending.
The chemical modifications of the components or reactive compatibilisation are often used to
achieve holistic property combinations needed for a specific applications. An example of
chemical modification is the copolymerisation of PHB. With changing co-monomer type and
amount, the characteristics and performance of PHA can be altered to a fairly wider range
[135].

5.2.  Fire retardant additives
Composites that incorporate cellulosic materials as a filler are extremely vulnerable to
burning as a result of the hydrocarbons that will ignite indirectly during combustion, while
the biopolymer matrix will begin to degrade with an increase in temperature into various
volatile gases that may react with oxygen and further contribute to the combustion behaviour
[125]. The most common method to render cellulosic fibres fire retardant is by using P-
containing compounds, such as phosphoric acid (PA), tributyl phosphate (TBP), triallyl
phosphate (TAP), triallyl phosphoric triamide (TPT), ammonium polyphosphate (APP) ,

monoammonium phosphate (MAP) and diammonium phosphate (DAP) , also the addition of
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intumescent zeolites, natural clays, organoclays and zinc borates have been investigated to
design flame retardant polymer nanocomposites which drastically enhance fire performance
[79,136]. The implementation of APP to produce biopolymer-based bio-composites has
shown to significantly improve the flame retardancy and limit oxygen index measurements
with minimal influence on the mechanical properties [96]. The addition of APP showed no
significant changes to microstructure (Fig. 13) suggesting that the APP is well dispersed into
the biopolymer-based bio-composite and did not inhibit the interfacial bonding.

Fig. 13 Micrographs of impact fracture surface of fiber-reinforced PLA biocomposites (a)
untreated fibers (b) fibers treated with APP

The addition of nanoclay into short biofiber reinforced PLA composites witnessed higher
thermal stability with lower weight loss rate than that of the pure PLA and improved fire
behaviour due to the inorganic nature of clay particles as well as nano dispersion, which leads
to more homogeneity between the biofibre and the clay, thus inhibiting access to oxygen and
preventing combustion process from being sustained [126].

5.3.  Durability additives
Mould, mildew, and stains can impede the performance of biopolymer-based bio-composites
and this has driven manufacturers to consider antifungal biocides that protect either the
biopolymer component and maintain its surface appearance or that preserve the biofibre
component from decay and moisture absorption. The inclusion of coupling agents and
compatibilisers (additives) can lead to a slower moisture uptake of biopolymer-based bio-
composites [137], as a result of stronger interfacial bonds and the limiting of moisture
pathways. An increase in micro cracks translates into additional pathways for moisture,
enzymatic, and microbial ingress which leads to biofiber swelling, increased damage at the
biofiber-matrix interface, propagation of cracking, and further accelerating degradation.
A common method to enhance the durability of thermoplastic composites has been through
the addition of anti-microbial agents such propertiespoly-diallyl-dimethyl - ammonium

chloride (PolyDADMAC), cetyltrimethylammonium bromide (CTAB), and silver (Ag) which
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can be easily implemented into biocomposites to enhance the anti-microbial properties and
increase their life span [138]. The addition of silver base inorganic filler tended to markedly
increase the degree and rate of biodegradation in which the degradation of PLA involved the
hydrolysis reaction and subsequent enzymatic-biodegradation by microorganism [139],
however, due to a lack of diffusivity with silver, tiiclosan, which is a bacterial and antifungal
agent found in some consumer products, including toothpaste, soaps, and surgical cleaning
treatments acted as a more efficient anti-bacterial promotor for PLA/wood composites [140].
6. Conclusions and future prospective

Considerable research efforts have been made to narrow the performance gap between
biopolymer-based bio-composites and their synthetic counterparts by improving the
compatibility, i.e. interfacial bonding quality. The blending of biopolymers can represent a
relatively cheaper and faster strategy to tailor the properties of biopolymer-based bio-
composites, changing glass transition temperature, improving fracture resistance, flexibility,
process-ability and other properties like optical characteristics or flammability. The chemical
structure of biopolymers could open up possibilities for their reactive modification, such as
copolymerisation, grafting, trans-esterification and the use of coupling agents to achieve
biopolymers and blends with improved characteristics. With the intention of tailoring
biopolymer-based bio-composites to fit the requirements of structural or functional materials,
an in-depth investigation into a wide range of coupling agents and additives must be carried
out while at the same time, novel processing protocols must be developed and assessed for
industrially feasible pre-treatments of biofibres and manufacturing of biopolymer-based bio-
composites.

Acknowledgement

This work was funded as part of the GELCLAD project, which has received funding from the
EU Horizon 2020 Research and Innovation Programme under Grant Agreement No. 723425.
References

[1]  Bodros E, Pillin I, Montrelay N, Baley C. Could biopolymers reinforced by randomly
scattered flax fibre be used in structural applications? Compos Sci Technol
2007;67:462—70. doi:10.1016/j.compscitech.2006.08.024.

[2] Imre B, Pukanszky B. Compatibilization in bio-based and biodegradable polymer
blends. Eur Polym J 2013;49:1215-33. doi:10.1016/j.eurpolym;.2013.01.019.

[3] Le Duigou A, Davies P, Baley C. Interfacial bonding of Flax fibre/Poly(I-lactide) bio-
composites. Compos Sci Technol 2010;70:231-9.
doi:10.1016/j.compscitech.2009.10.009.

[4] Mohanty AK, Misra M, Hinrichsen G. Biofibres, biodegradable polymers and
biocomposites: An overview. Macromol Mater Eng 2000;276-277:1-24.
doi:10.1002/(SICI)1439-2054(20000301)276:1<1:: AID-MAME1>3.0.CO;2-W.

Page 20 of 28



569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Luckachan GE, Pillai CKS. Biodegradable Polymers- A Review on Recent Trends and
Emerging Perspectives. J Polym Environ 2011;19:637-76. d0i:10.1007/s10924-011-
0317-1.

Jamshidian M, Tehrany EA, Imran M, Jacquot M, Desobry S. Poly-Lactic Acid:
Production, applications, nanocomposites, and release studies. Compr Rev Food Sci
Food Saf 2010;9:552—71. doi:10.1111/j.1541-4337.2010.00126.x.

Sangeetha VH, Deka H, Varghese TO, Nayak SK. State of the art and future
prospectives of poly(lactic acid) based blends and composites. Polym Compos 2016.
doi:10.1002/pc.23906.

Bianca C, Tommy PS, Maria R, Barbara S, Fabrizio A. Polyhydroxyalkanoates
(PHAS) production from fermented cheese whey by using a mixed microbial culture.
Bioresour Technol 2016;218:692-9. doi:10.1016/j.biortech.2016.07.024.

Arrieta MP, L??7pez J, Ferr??ndiz S, Peltzer MA. Characterization of PLA-limonene
blends for food packaging applications. Polym Test 2013;32:760-8.
doi:10.1016/j.polymertesting.2013.03.016.

Shin BY, Jang SH, Kim BS. Thermal, morphological, and mechanical properties of
biobased and biodegradable blends of poly(lactic acid) and chemically modified
thermoplastic starch. Polym Eng Sci 2011;51:826-34. doi:10.1002/pen.21896.
Tokiwa Y, Calabia BP, Ugwu CU, Aiba S. Biodegradability of plastics. Int J Mol Sci
2009;10:3722-42. doi:10.3390/ijms10093722.

Abdul Khalil HPS, Davoudpour Y, Islam MN, Mustapha A, Sudesh K, Dungani R, et
al. Production and modification of nanofibrillated cellulose using various mechanical
processes: A review. Carbohydr Polym 2014;99:649—65.
doi:10.1016/j.carbpol.2013.08.069.

Huber T, M??ssig J, Curnow O, Pang S, Bickerton S, Staiger MP. A critical review of
all-cellulose composites. J Mater Sci 2012;47:1171-86. doi:10.1007/s10853-011-
5774-3.

Jonas R, Farah LF. Production and application of microbial cellulose. Polym Degrad
Stab 1998;59:101-6. doi:10.1016/S0141-3910(97)00197-3.

Darder M, Aranda P, Ruiz-Hitzky E. Bionanocomposites: A new concept of
ecological, bioinspired, and functional hybrid materials. Adv Mater 2007;19:1309—19.
doi:10.1002/adma.200602328.

Eichhorn SJ, Dufresne A, Aranguren M, Marcovich NE, Capadona JR, Rowan SJ, et
al. Review: Current international research into cellulose nanofibres and
nanocomposites. J Mater Sci 2010;45:1-33. doi:10.1007/s10853-009-3874-0.

Kester JJ, Fennema OR. Edible films and coatings: a review. Food Technol 1986.
Pareta R, Edirisinghe MJ. A novel method for the preparation of starch films and
coatings. Carbohydr Polym 2006;63:425-31. doi:10.1016/j.carbpol.2005.09.018.
Amagliani L, O’Regan J, Kelly AL, O’Mahony JA. Chemistry, structure, functionality
and applications of rice starch. J Cereal Sci 2016;70:291-300.
doi:10.1016/J.JCS.2016.06.014.

Angellier H, Molina-Boisseau S, Dole P, Dufresne A. Thermoplastic starch-waxy
maize starch nanocrystals nanocomposites. Biomacromolecules 2006;7:531-9.
doi:10.1021/bm050797s.

Zhang S, Feng X, Zhu S, Huan Q, Han K, Ma Y, et al. Novel toughening mechanism
for polylactic acid (PLA)/starch blends with layer-like microstructure via pressure-
induced flow (PIF) processing. Mater Lett 2013;98:238—41.
doi:10.1016/j.matlet.2012.12.019.

Akrami M, Ghasemi I, Azizi H, Karrabi M, Seyedabadi M. A new approach in
compatibilization of the poly(lactic acid)/thermoplastic starch (PLA/TPS) blends.

Page 21 of 28



619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668

[23]

[24]

[25]
[26]
[27]
[28]

[29]

[30]

[31]

[32]
[33]
[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

Carbohydr Polym 2016;144:254—62. doi:10.1016/j.carbpol.2016.02.035.

Mano JF, Koniarova D, Reis RL. Thermal properties of thermoplastic starch/synthetic
polymer blends with potential biomedical applicability. J] Mater Sci Mater Med
2003;14:127-35. doi:10.1023/A:1022015712170.

Ha CS, Cho WJ. Miscibility, properties, and biodegradability of microbial polyester
containing blends. Prog Polym Sci 2002;27:759-809. doi:10.1016/S0079-
6700(01)00050-8.

Santulli C. Advanced High Strength Natural Fibre Composites in Construction.
Elsevier; 2017. doi:10.1016/B978-0-08-100411-1.00018-2.

Chiou B-S, Yee E, Glenn GM, Orts WJ. Rheology of starch—clay nanocomposites.
Carbohydr Polym 2005;59:467-75. doi:10.1016/j.carbpol.2004.11.001.

Liu H, Xie F, Yu L, Chen L, Li L. Thermal processing of starch-based polymers. Prog
Polym Sci 2009;34:1348-68. doi:10.1016/j.progpolymsci.2009.07.001.

Ghaffar SH, Fan M. Structural analysis for lignin characteristics in biomass straw.
Biomass and Bioenergy 2013;57:264—79.

Duval A, Lawoko M. A review on lignin-based polymeric, micro- and nano-structured
materials. React Funct Polym 2014;85:78-96.
doi:10.1016/j.reactfunctpolym.2014.09.017.

Norgren M, Edlund H. Lignin: Recent advances and emerging applications. Curr Opin
Colloid Interface Sci 2014;19:409-16. doi:10.1016/j.cocis.2014.08.004.

Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF, et al. Lignin
valorization: improving lignin processing in the biorefinery. Science
2014;344:1246843. doi:10.1126/science.1246843.

Kun D, Pukanszky B. Polymer/lignin blends: Interactions, properties, applications. Eur
Polym J 2017. doi:10.1016/j.eurpolym;j.2017.04.035.

Stewart D. Lignin as a base material for materials applications: Chemistry, application
and economics. Ind Crops Prod 2008;27:202—7. doi:10.1016/j.indcrop.2007.07.008.
Ghaffar SH, Fan M. Lignin in straw and its applications as an adhesive. Int J Adhes
Adhes 2014;48:92—-101. doi:10.1016/j.ijadhadh.2013.09.001.

Chung YL, Olsson J V., Li RJ, Frank CW, Waymouth RM, Billington SL, et al. A
renewable lignin-lactide copolymer and application in biobased composites. ACS
Sustain Chem Eng 2013;1:1231-8. doi:10.1021/sc4000835.

Zhang C, Garrison TF, Madbouly SA, Kessler MR. Recent advances in vegetable oil-
based polymers and their composites. Prog Polym Sci 2017.
doi:10.1016/j.progpolymsci.2016.12.009.

Seniha Giiner F, Yagci Y, Tuncer Erciyes A. Polymers from triglyceride oils. Prog
Polym Sci 2006;31:633—70. doi:10.1016/j.progpolymsci.2006.07.001.

Sharma V, Kundu PP. Addition polymers from natural oils-A review. Prog Polym Sci
2006;31:983—-1008. doi:10.1016/j.progpolymsci.2006.09.003.

Montero De Espinosa L, Meier MAR. Plant oils: The perfect renewable resource for
polymer science?! Eur Polym J 2011;47:837-52.
doi:10.1016/j.eurpolymj.2010.11.020.

Wik VM, Aranguren MI, Mosiewicki MA. Castor oil-based polyurethanes containing
cellulose nanocrystals. Polym Eng Sci 2011;51:1389-96. doi:10.1002/pen.21939.

Liu Z, Erhan SZ, Xu J. Preparation, characterization and mechanical properties of
epoxidized soybean oil/clay nanocomposites. Polymer (Guildf) 2005;46:10119-27.
doi:10.1016/j.polymer.2005.08.065.

Desroches M, Escouvois M, Auvergne R, Caillol S, Boutevin B. From Vegetable Oils
to Polyurethanes: Synthetic Routes to Polyols and Main Industrial Products. Polym
Rev 2012;52:38—79. doi:10.1080/15583724.2011.640443.

Page 22 of 28



669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Datta J, Glowinska E. Chemical modifications of natural oils and examples of their
usage for polyurethane synthesis. J Elastomers Plast 2014;46:33—42.
doi:10.1177/0095244312459282.

Stempfle F, Quinzler D, Heckler I, Mecking S. Long-chain linear C19 and C23
monomers and polycondensates from unsaturated fatty acid esters. Macromolecules
2011. doi:10.1021/ma200627e.

Pardal F, Salhi S, Rousseau B, Tessier M, Claude S, Fradet A. Unsaturated Polyamides
from Bio-BasedZ-octadec-9-enedioic Acid. Macromol Chem Phys 2008;209:64—74.
doi:10.1002/macp.200700319.

Stempfle F, Ortmann P, Mecking S. Which polyesters can mimic polyethylene?
Macromol Rapid Commun 2013;34:47-50. doi:10.1002/marc.201200611.

Visakh PM, Morlanes MJM. Polyethylene-Based Blends, Composites and
Nanocomposites: State-of-the-Art, New Challenges and Opportunities. Polyethylene-
Based Blends, Compos. Nanocomposites, 2015.

Suriyamongkol P, Weselake R, Narine S, Moloney M, Shah S. Biotechnological
approaches for the production of polyhydroxyalkanoates in microorganisms and plants
- areview. Biotechnol Adv 2007;25:148—75. doi:10.1016/j.biotechadv.2006.11.007.
Luengo JM, Garcia B, Sandoval A, Naharro G, Olivera ER. Bioplastics from
microorganisms. Curr Opin Microbiol 2003;6:251-60. doi:10.1016/S1369-
5274(03)00040-7.

Page WJ, Manchak J, Rudy B. Formation of poly(hydroxybutyrate-co-
hydroxyvalerate) by Azotobacter vinelandii UWD. Appl Environ Microbiol
1992;58:2866-73.

Jiang Y, Song X, Gong L, Li P, Dai C, Shao W. High poly(B-hydroxybutyrate)
production by Pseudomonas fluorescens A2a5 from inexpensive substrates. Enzyme
Microb Technol 2008;42:167—72. doi:10.1016/j.enzmictec.2007.09.003.

HAAS R, JIN B, ZEPF FT. Production of Poly(3-hydroxybutyrate) from Waste Potato
Starch. Biosci Biotechnol Biochem 2014;72:253—6. doi:10.1271/bbb.70503.
Cavalheiro JMBT, de Almeida MCMD, Grandfils C, da Fonseca MMR. Poly(3-
hydroxybutyrate) production by Cupriavidus necator using waste glycerol. Process
Biochem 2009;44:509—-15. doi:10.1016/j.procbi0.2009.01.008.

Koller M, Bona R, Braunegg G, Hermann C, Horvat P, Kroutil M, et al. Production of
polyhydroxyalkanoates from agricultural waste and surplus materials.
Biomacromolecules 6:561-5. doi:10.1021/bm049478b.

Ahn WS, Park SJ, Lee SY. Production of Poly(3-hydroxybutyrate) by fed-batch
culture of recombinant Escherichia coli with a highly concentrated whey solution.
Appl Environ Microbiol 2000;66:3624—7.

Kulpreecha S, Boonruangthavorn A, Meksiriporn B, Thongchul N. Inexpensive fed-
batch cultivation for high poly(3-hydroxybutyrate) production by a new isolate of
Bacillus megaterium. J Biosci Bioeng 2009;107:240-5.
doi:10.1016/j.jbiosc.2008.10.006.

Choi J I, Lee SY. Process analysis and economic evaluation for poly(3-
hydroxybutyrate) production by fermentation. Bioprocess Eng 1997;17:335-42.
doi:10.1007/s004490050394.

Choi D, Chipman DC, Bents SC, Brown RC. A techno-economic analysis of
polyhydroxyalkanoate and hydrogen production from syngas fermentation of gasified
biomass. Appl Biochem Biotechnol 2010;160:1032—46. doi:10.1007/s12010-009-
8560-9.

Bengtsson S, Pisco AR, Johansson P, Lemos PC, Reis MAM. Molecular weight and
thermal properties of polyhydroxyalkanoates produced from fermented sugar molasses

Page 23 of 28



719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]
[74]
[75]

[76]

[77]

by open mixed cultures. J Biotechnol 2010;147:172-9.
doi:10.1016/j.jbiotec.2010.03.022.

Khanna S, Srivastava AK. Recent advances in microbial polyhydroxyalkanoates.
Process Biochem 2005;40:607—19. doi:10.1016/j.procbio.2004.01.053.

Reddy CS., Ghai R, Kalia V. Polyhydroxyalkanoates: an overview. Bioresour Technol
2003;87:137—-46. doi:10.1016/S0960-8524(02)00212-2.

Van De Velde K, Kiekens P. Biopolymers: Overview of several properties and
consequences on their applications. Polym Test 2002. doi:10.1016/S0142-
9418(01)00107-6.

Avella M, Martuscelli E, Raimo M. Properties of blends and composites based on
poly(3-hydroxy)butyrate (PHB) and poly(3-hydroxybutyrate-hydroxyvalerate)
(PHBV) copolymers. J Mater Sci 2000;35:523—45. doi:10.1023/A:1004740522751.
Zhao H, Cui Z, Wang X, Turng LS, Peng X. Processing and characterization of solid
and microcellular poly(lactic acid)/polyhydroxybutyrate-valerate (PLA/PHBV) blends
and PLA/PHBV/Clay nanocomposites. Compos Part B Eng 2013.
doi:10.1016/j.compositesb.2013.02.034.

Ummartyotin S, Manuspiya H. A critical review on cellulose: From fundamental to an
approach on sensor technology. Renew Sustain Energy Rev 2015;41:402—12.
doi:10.1016/j.rser.2014.08.050.

Castro-Aguirre E, Iniguez-Franco F, Samsudin H, Fang X, Auras R. Poly(lactic
acid)—Mass production, processing, industrial applications, and end of life. Adv Drug
Deliv Rev 2016;107:333—66. doi:10.1016/J.ADDR.2016.03.010.

Wang Y, Weng Y, Wang L. Characterization of interfacial compatibility of polylactic
acid and bamboo flour (PLA/BF) in biocomposites. Polym Test 2014;36:119-25.
doi:10.1016/j.polymertesting.2014.04.001.

Nofar M, Tabatabaei A, Sojoudiasli H, Park CB, Carreau PJ, Heuzey MC, et al.
Mechanical and bead foaming behavior of PLA-PBAT and PLA-PBSA blends with
different morphologies. Eur Polym J 2017;90:231-44.
doi:10.1016/j.eurpolymj.2017.03.031.

Harish Prashanth KV, Tharanathan RN. Chitin/chitosan: modifications and their
unlimited application potential—an overview. Trends Food Sci Technol 2007;18:117—
31. doi:10.1016/J.TIFS.2006.10.022.

Pillai CKS, Paul W, Sharma CP. Chitin and chitosan polymers: Chemistry, solubility
and fiber formation. Prog Polym Sci 2009;34:641-78.
doi:10.1016/J.PROGPOLYMSCI.2009.04.001.

Kurita K. Chitin and chitosan: Functional biopolymers from marine crustaceans. Mar
Biotechnol 2006;8:203-26. doi:10.1007/s10126-005-0097-5.

Muhd Julkapli N, Akil HM, Ahmad Z. Preparation, Properties and Applications of
Chitosan-Based Biocomposites/Blend Materials: A Review. Compos Interfaces
2011;18:449-507. doi:10.1163/156855411X610232.

Vollrath F, Porter D. Silks as ancient models for modern polymers. Polymer (Guildf)
2009;50:5623-32. doi:10.1016/J. POLYMER.2009.09.068.

Hardy JG, Romer LM, Scheibel TR. Polymeric materials based on silk proteins.
Polymer (Guildf) 2008;49:4309-27. doi:10.1016/J.POLYMER.2008.08.006.

Eisoldt L, Smith A, Scheibel T. Decoding the secrets of spider silk. Mater Today
2011;14:80—6. doi:10.1016/S1369-7021(11)70057-8.

Blackledge TA. Spider silk: a brief review and prospectus on research linking
biomechanics and ecology in draglines and orb webs. J Arachnol 2012;40:1-12.
doi:10.1636/M11-67.1.

Sponner A. Spider silk as a resource for future biotechnologies. Entomol Res

Page 24 of 28



769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

2007;37:238-50. doi:10.1111/§.1748-5967.2007.00121.x.

Hardy JG, Scheibel TR. Composite materials based on silk proteins. Prog Polym Sci
2010;35:1093-115. doi:10.1016/J.PROGPOLYMSCI.2010.04.005.

Dittenber DB, Gangarao HVS. Critical review of recent publications on use of natural
composites in infrastructure. Compos Part A Appl Sci Manuf 2012;43:1419-29.
doi:10.1016/j.compositesa.2011.11.019.

Doherty W, Halley P, Edye L, Rogers D, Cardona F, Park Y, et al. Studies on
polymers and composites from lignin and fiber derived from sugar cane. Polym Adv
Technol 2007. doi:10.1002/pat.879.

Huda MS, Drzal LT, Misra M, Mohanty AK. Wood-fiber-reinforced poly(lactic acid)
composites: Evaluation of the physicomechanical and morphological properties. J
Appl Polym Sci 2006;102:4856—69. doi:10.1002/app.24829.

Avella M, Bogoeva-Gaceva G, Buzarovska A, Errico ME, Gentile G, Grozdanov A.
Poly(lactic acid)-based biocomposites reinforced with kenaf fibers. J Appl Polym Sci
2008;108:3542—51. doi:10.1002/app.28004.

Le Digabel F, Boquillon N, Dole P, Monties B, Averous L. Properties of thermoplastic
composites based on wheat-straw lignocellulosic fillers. J Appl Polym Sci
2004;93:428-36. doi:10.1002/app.20426.

Avérous L, Le Digabel F. Properties of biocomposites based on lignocellulosic fillers.
Carbohydr Polym 2006;66:480-93. doi:10.1016/j.carbpol.2006.04.004.

Shibata M, Takachiyo K-I, Ozawa K, Yosomiya R, Takeishi H. Biodegradable
polyester composites reinforced with short abaca fiber. J Appl Polym Sci
2002;85:129-38. doi:10.1002/app.10665.

Nanda MR, Misra M, Mohanty AK. Mechanical Performance of Soy-Hull-Reinforced
Bioplastic Green Composites: A Comparison with Polypropylene Composites.
Macromol Mater Eng 2012;297:184-94. doi:10.1002/mame.201100053.

Jiang L, Huang J, Qian J, Chen F, Zhang J, Wolcott MP, et al. Study of Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/Bamboo Pulp Fiber Composites:
Effects of Nucleation Agent and Compatibilizer. J Polym Environ 2008;16:83-93.
doi:10.1007/s10924-008-0086-7.

Mohanty AK, Patnaik S, Singh BC, Misra M. Graft copolymerization of acrylonitrile
onto acetylated jute fibers. J Appl Polym Sci 1989;37:1171-81.
doi:10.1002/app.1989.070370502.

Rosa MF, Chiou B, Medeiros ES, Wood DF, Williams TG, Mattoso LHC, et al. Effect
of fiber treatments on tensile and thermal properties of starch/ethylene vinyl alcohol
copolymers/coir biocomposites. Bioresour Technol 2009;100:5196-202.
doi:10.1016/.biortech.2009.03.085.

Abdul Khalil HP., Ismail H. Effect of acetylation and coupling agent treatments upon
biological degradation of plant fibre reinforced polyester composites. Polym Test
2000;20:65-75. doi:10.1016/S0142-9418(99)00080-X.

Gardner DJ, Blumentritt M, Wang L, Yildirim N. Adhesion Theories in Wood
Adhesive Bonding. Rev Adhes Adhes 2014;2:127-72.
doi:10.7569/RAA.2014.097304.

Fuqua MA, Huo S, Ulven CA. Natural Fiber Reinforced Composites. Polym Rev
2012;52:259-320. doi:10.1080/15583724.2012.705409.

Satyanarayana KG, Arizaga GGC, Wypych F. Biodegradable composites based on
lignocellulosic fibers—An overview. Prog Polym Sci 2009;34:982—1021.
doi:10.1016/j.progpolymsci.2008.12.002.

Karger-Kocsis J, Mahmood H, Pegoretti A. Recent advances in fiber/matrix interphase
engineering for polymer composites. Prog Mater Sci 2015;73:1-43.

Page 25 of 28



819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868

doi:10.1016/j.pmatsci.2015.02.003.

[95] Graupner N. Application of lignin as natural adhesion promoter in cotton fibre-
reinforced poly(lactic acid) (PLA) composites. J Mater Sci 2008;43:5222-9.
doi:10.1007/s10853-008-2762-3.

[96] Shumao L, Jie R, Hua Y, Tao Y, Weizhong Y. Influence of ammonium polyphosphate
on the flame retardancy andmechanical properties of ramie fiber-reinforced poly(lactic
acid) biocomposites. Polym Int 2010;59:242-8. doi:10.1002/pi.2715.

[97] Xiong R, Kim HS, Zhang S, Kim S, Korolovych VF, Ma R, et al. Template-Guided
Assembly of Silk Fibroin on Cellulose Nanofibers for Robust Nanostructures with
Ultrafast Water Transport. ACS Nano 2017;11:12008-19.
doi:10.1021/acsnano.7b04235.

[98] XieY, Hill CAS, Xiao Z, Militz H, Mai C. Silane coupling agents used for natural
fiber/polymer composites: A review. Compos Part A Appl Sci Manuf 2010;41:806—19.
doi:10.1016/j.compositesa.2010.03.005.

[99] Yang H-S, Kim H-J, Park H-J, Lee B-J, Hwang T-S. Effect of compatibilizing agents
on rice-husk flour reinforced polypropylene composites. Compos Struct 2007;77:45—
55. doi:10.1016/j.compstruct.2005.06.005.

[100] John MJ, Bellmann C, Anandjiwala RD. Kenaf-polypropylene composites: Effect of
amphiphilic coupling agent on surface properties of fibres and composites. Carbohydr
Polym 2010;82:549-54. doi:10.1016/j.carbpol.2010.05.015.

[101] Lee S-H, Wang S. Biodegradable polymers/bamboo fiber biocomposite with bio-based
coupling agent. Compos Part A Appl Sci Manuf 2006;37:80-91.
doi:10.1016/j.compositesa.2005.04.015.

[102] Zhang J, Doll B a, Beckman EJ, Hollinger JO. A biodegradable polyurethane-ascorbic
acid scaffold for bone tissue engineering. J] Biomed Mater Res A 2003;67:389—400.
doi:10.1002/jbm.a.10015.

[103] Gurunathan T, Mohanty S, Nayak SK. A Review of the Recent Developments in
Biocomposites Based on Natural Fibres and Their Application Perspectives. Compos
Part A Appl Sci Manuf 2015;77:1-25. doi:10.1016/j.compositesa.2015.06.007.

[104] LulJ, Wu Q, McNabb H, John Z. Lu, Graduate Research Assistantl, Qinglin Wu,
Assistant Professor1, Harold S. McNabb, Jr. P. Chemical coupling in wood fiber and
polymer composites: a review of coupling agents and treatments. Wood Fiber Sci
2000;32:88-104.

[105] Abdelmouleh M, Boufi S, Belgacem MN, Duarte AP, Ben Salah A, Gandini A.
Modification of cellulosic fibres with functionalised silanes: Development of surface
properties. Int J Adhes Adhes 2004;24:43-54. doi:10.1016/S0143-7496(03)00099-X.

[106] Brochier Salon MC, Abdelmouleh M, Boufi S, Belgacem MN, Gandini A. Silane
adsorption onto cellulose fibers: Hydrolysis and condensation reactions. J Colloid
Interface Sci 2005;289:249—61. doi:10.1016/].jcis.2005.03.070.

[107] Sis ALM, Ibrahim NA, Yunus WMZW. Effect of (3-aminopropyl)trimethoxysilane on
mechanical properties of PLA/PBAT blend reinforced kenaf fiber. Iran Polym J
(English Ed 2013;22:101-8. d0i:10.1007/s13726-012-0108-0.

[108] Huda MS, Drzal LT, Mohanty AK, Misra M. Effect of fiber surface-treatments on the
properties of laminated biocomposites from poly(lactic acid) (PLA) and kenaf fibers.
Compos Sci Technol 2008;68:424—32. doi:10.1016/j.compscitech.2007.06.022.

[109] Sawpan MA, Pickering KL, Fernyhough A. Improvement of mechanical performance
of industrial hemp fibre reinforced polylactide biocomposites. Compos Part A Appl
Sci Manuf 2011;42:310-9. doi:10.1016/j.compositesa.2010.12.004.

[110] Shanks RA, Hodzic A, Wong S. Thermoplastic biopolyester natural fiber composites. J
Appl Polym Sci 2004;91:2114-21. doi:10.1002/app.13289.

Page 26 of 28



869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918

[111] Bengtsson M, Oksman K. Silane crosslinked wood plastic composites: Processing and
properties. Compos Sci Technol 2006;66:2177-86.
doi:10.1016/j.compscitech.2005.12.009.

[112] Keener T., Stuart R., Brown T. Maleated coupling agents for natural fibre composites.
Compos Part A Appl Sci Manuf 2004;35:357-62.
doi:10.1016/j.compositesa.2003.09.014.

[113] Issaadi K, Habi A, Grohens Y, Pillin I. Maleic anhydride-grafted poly(lactic acid) as a
compatibilizer in poly(lactic acid)/graphene oxide nanocomposites. Polym Bull 2016.
doi:10.1007/s00289-015-1593-z.

[114] Petersson L, Oksman K, Mathew AP. Using maleic anhydride grafted poly(lactic acid)
as a compatibilizer in poly(lactic acid)/layered-silicate nanocomposites. J Appl Polym
Sci 2006. doi:10.1002/app.24121.

[115] Zhang JF, Sun X. Mechanical properties of poly(lactic acid)/starch composites
compatibilized by maleic anhydride. Biomacromolecules 2004.
doi:10.1021/bm0400022.

[116] Hsu Y-C, Wu C-S, Liao H-T, Cai Y-X. Improvement of the biocompatibility of
polyhydroxyalkanoate by filling with hyaluronic acid. J Mater Sci 2015;50:7790-9.
doi:10.1007/s10853-015-9350-0.

[117] Hwang SW, Lee SB, Lee CK, Lee JY, Shim JK, Selke SEM, et al. Grafting of maleic
anhydride on poly(L-lactic acid). Effects on physical and mechanical properties.
Polym Test 2012;31:333—44. doi:10.1016/j.polymertesting.2011.12.005.

[118] Chollakup R, Smitthipong W, Suwanruji P. Environmentally friendly coupling agents
for natural fibre composites. 2012.

[119] Huang J, Zhang L, Wei H, Cao X. Soy protein isolate/kraft lignin composites
compatibilized with methylene diphenyl diisocyanate. J Appl Polym Sci 2004;93:624—
9. doi:10.1002/app.20478.

[120] Wang H, Sun X, Seib P. Mechanical properties of poly(lactic acid) and wheat starch
blends with methylenediphenyl diisocyanate. J Appl Polym Sci 2002;84:1257-62.
doi:10.1002/app.10457.

[121] Grigoriou AH. Waste paper-wood composites bonded with isocyanate. Wood Sci
Technol 2003. doi:10.1007/s00226-003-0164-x.

[122] Girongs J, Pimenta MTB, Vilaseca F, de Carvalho AJF, Mutjé P, Curvelo AAS.
Blocked isocyanates as coupling agents for cellulose-based composites. Carbohydr
Polym 2007;68:537—43. doi:10.1016/j.carbpol.2006.10.020.

[123] Ohkita T, Lee S-H. Effect of aliphatic isocyanates (HDI and LDI) as coupling agents
on the properties of eco-composites from biodegradable polymers and corn starch. J
Adhes Sci Technol 2004;18:905-24. doi:10.1163/156856104840516.

[124] Singh S, Mohanty AK, Misra M. Hybrid bio-composite from talc, wood fiber and
bioplastic: Fabrication and characterization. Compos Part A Appl Sci Manuf
2010;41:304-12. doi:10.1016/j.compositesa.2009.10.022.

[125] Shah AUR, Prabhakar MN, Song J II. Current advances in the fire retardancy of
natural fiber and bio-based composites — A review. Int J Precis Eng Manuf - Green
Technol 2017;4:247—62. doi:10.1007/s40684-017-0030-1.

[126] Kovacevic Z, Bischof S, Fan M. The influence of Spartium junceum L. fibres modified
with montmorrilonite nanoclay on the thermal properties of PLA biocomposites.
Compos Part B Eng 2015;78:122-30. doi:10.1016/j.compositesb.2015.02.034.

[127] Awal A, Rana M, Sain M. Thermorheological and mechanical properties of cellulose
reinforced PLA bio-composites. Mech Mater 2015;80:87-95.
doi:10.1016/j.mechmat.2014.09.009.

[128] Hassouna F, Raquez J-M, Addiego F, Toniazzo V, Dubois P, Ruch D. New

Page 27 of 28



919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959

development on plasticized poly(lactide): Chemical grafting of citrate on PLA by
reactive extrusion. Eur Polym J 2012;48:404-15.
doi:10.1016/j.eurpolymj.2011.12.001.

[129] Bibers I, Tupureina V, Dzene A, Kalnins M. Improvement of the deformative
characteristics of poly-B-hydroxybutyrate by plasticization. Mech Compos Mater
1999;35:357—-64. doi:10.1007/BF02259726.

[130] Labrecque L V, Kumar R a, Dave V, Gross R a, McCarthy SP. Citrate esters as
plasticizers for poly(lactic acid). J Appl Polym Sci 1997;66:1507—13.
doi:10.1002/(sic1)1097-4628(19971121)66:8<1507::aid-app11>3.0.co;2-0.

[131] Martin O, Avérous L. Poly(lactic acid): plasticization and properties of biodegradable
multiphase systems. Polymer (Guildf) 2001;42:6209-19. doi:10.1016/S0032-
3861(01)00086-6.

[132] Jacobsen S, Fritz HG. Filling of poly(lactic acid) with native starch. Polym Eng Sci
1996;36:2799—-804. doi:10.1002/pen.10680.

[133] Nor Azowa Ibrahim, Wan Md Zin Wan Yunus, Othman M, Abdan K, Kamarul Arifin
Hadithon. Poly(Lactic Acid) (PLA)-reinforced Kenaf Bast Fiber Composites: The
Effect of Triacetin. J Reinf Plast Compos 2010;29:1099—-111.
doi:10.1177/0731684409344651.

[134] Oksman K, Skrifvars M, Selin JF. Natural fibres as reinforcement in polylactic acid
(PLA) composites. Compos Sci Technol 2003;63:1317-24. doi:10.1016/S0266-
3538(03)00103-9.

[135] Sudesh K, Abe H, Doi Y. Synthesis, structure and properties of
polyhydroxyalkanoates: Biological polyesters. Prog Polym Sci 2000;25:1503-55.
doi:10.1016/S0079-6700(00)00035-6.

[136] Mngomezulu ME, John MJ, Jacobs V, Luyt AS. Review on flammability of biofibres
and biocomposites. Carbohydr Polym 2014;111:149-82.
doi:10.1016/j.carbpol.2014.03.071.

[137] Ryan CA, Billington SL, Criddle CS. Biocomposite Fiber-Matrix Treatments that
Enhance In-Service Performance Can Also Accelerate End-of-Life Fragmentation and
Anaerobic Biodegradation to Methane. J Polym Environ 2017:1-12.
doi:10.1007/s10924-017-1068-4.

[138] Wang L, Chen SS, Tsang DCW, Poon CS, Ok YS. Enhancing anti-microbial
properties of wood-plastic composites produced from timber and plastic wastes.
Environ Sci Pollut Res 2017;24:12227-37. doi:10.1007/s11356-017-8770-6.

[139] Prapruddivongs C, Sombatsompop N. Biodegradation and Anti-Bacterial Properties of
PLA and Wood/PLA Composites Incorporated with Zeomic Anti-Bacterial Agent.
Adv Mater Res 2013;747:111-4. doi:10.4028/www.scientific.net/ AMR.747.111.

[140] Prapruddivongs C, Sombatsompop N. Effect of Wood Flour on Structural and Thermal
Properties and Antibacterial Activity of PLA Filled with Triclosan. Adv Mater Res
2011;410:67-70. doi:10.4028/www.scientific.net/ AMR.410.67.

Page 28 of 28



	The influence of additives on the interfacial bonding mechanisms between natural fibre and biopolymer composites  
	Seyed Hamidreza Ghaffara*, Omar Abo Madyana, Mizi Fana, Jorge Corkerb
	a College of Engineering, Design and Physical Sciences, Brunel University London, Uxbridge, Middlesex, UB8 3PH, United Kingdom
	b Instituto Pedro Nunes, IPN Led&mat, Rua Pedro Nunes, 3030 199 Coimbra, Portugal 
	* Correspondence email: seyed.ghaffar@brunel.ac.uk; Tel: +44 1895 265770
	Abstract 
	The subject of interfacial bonding quality and the interaction mechanisms of biopolymers and natural fibres have not been extensively researched. In order to increase the functionality and performance of biopolymers synthesised from natural sources/microbial systems, attempts have been made to incorporate natural fibres/fillers (biofibres) to manufacture composites. However, interfacial bonding quality and other substantial technical challenges yet need to be addressed for their industrial realisation. The interfacial bonding quality ultimately dictates the mechanical and physical performance of bio-composites. This review paper attempts to collate the state-of-the-art about coupling agents/additives and their role in interaction mechanisms with biofibres and biopolymers. Two potential pathways for narrowing the performance gap between biopolymer-based bio-composites and their petroleum-based counterparts are: i) the synthesis of a specific coupling agent to improve the interfacial bonding quality and ii) two or more biopolymers blending for improved process-ability of bio-composites. 
	Key words: Interfacial bonding; Biopolymers; Bio-composites; Coupling agents; Additives.   
	1. Introduction
	Plastics are one of most extensively consumed materials on a daily basis; however unfortunately, manufacturers do not adopt bioplastics because the price of oil is low, even when the prospect of future economic conditions will possibly increase the cost of fossil feedstock. However, the global production capacity of biopolymers has demonstrated a dynamic growth, reflected by numerous research efforts, e.g. [1–9]. The main objective has been to develop novel bio-based products with functionalities superior or, at least equivalent to those of the existing petroleum-based options, such as lower weight, higher heat and water resistance, increased durability, toughness and fire performance. Biopolymers often contain a number of reactive groups offering excellent possibility for the reactive compatibilisation of their blends. The addition of a compound miscible with one blend component and reactive towards the functional groups of the other results in the in-situ formation of grafted or block-copolymers acting as compatibilisers [10]. 
	Biopolymers are either bio-based synthesised from biomass and renewable sources, for instance poly(lactic acid) (PLA) and polyhydroxyalkanoate (PHA) or, biodegradable, produced from petroleum including aliphatic plastics such as polybutylene succinate (PBS) [11]. The evaluation and description of the bio-based content of polymeric materials is defined in the European standard CEN/TS 16295:2012 [2]. This method is based on the amount of bio-based carbon as a fraction of the total organic carbon content. Fully biodegradable polymers, i.e. PLA, starch blends and PHAs, have the highest worth amongst bio-based polymers. Alternatively, the productions of conventional polymers such as bio-polyethylene (Bio-PE) or polyethylene terephthalate (PET) based on renewable resources are also gaining attention [2].
	/
	Fig. 1 Worldwide biopolymer production capacities in 2014 
	It is reported that in 2014, biopolymers overall production capacities amounted to 1.7 million tonnes (Fig. 1). The biopolymers written in bold and underlined in Fig. 1 are fully biodegradable and account for 39% of the total global production while non-biodegradable biopolymers amount to 61%. This paper attempts to deliver a sensible overview of recent scientific trends and achievements in the field of biopolymer-based bio-composites, where the interfacial bonding mechanisms is discussed with the role of coupling agents/additives and their impact on performance of biopolymer-based bio-composites. Fig. 2 represents the schematic illustration of the topic reviewed and the importance of interfacial bonding quality.
	/
	Fig. 2 Schematic illustration of interfacial bonding enhancement of biopolymer-based bio-composites
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	Cellulose is the most abundant natural biopolymer, a linear homo-polysaccharide composed of β-D-glucopyranose units connected by β-1-4-linkages with a repeating unit of cellobiose [12] (see Fig. 3). 
	/
	Fig. 3 Molecular structure of a cellobiose unit [13]
	Cellulose can also be produced by green algae and some bacteria, primarily of the types: Acetobacter, Sarcina and Agrobacterium [14]. In terms of chemical structure, bacterial cellulose (BC) is the same as that produced by plants. However, it exhibits higher crystallinity, water-holding capacity, degree of polymerisation, and mechanical strength [15]. BC has proved to be effective in producing hierarchical composites, which can offer a way for long micrometre sized fibres to be more successfully utilised in composites by improving coupling between the biofibre surface and the biopolymer matrix [16].
	Cellulose is an extremely crystalline polymer, with a high molecular weight, that can be infused in all but the most aggressive hydrogen bond breaking solvents, i.e. N-methylmorpholine-N-oxide. As a result of its infusibility, cellulose is usually converted into derivatives to permit easier processing. Such derivatives include cellulose ethers, for example methylcellulose (MC), carboxymethyl cellulose (CMC), hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose (HPMC), and cellulose esters, such as cellulose acetate (CA), cellulose acetate propionate (CAP), and cellulose acetate butyrate (CAB). Among the cellulose ethers, HPC is a true thermoplastic resin and is, therefore, able of being extruded into films from the molten state [17]. Huber et al. [13], in their review paper propose the all-cellulose composites as a strategy and approach to formulating green composites that eliminate the chemical incompatibilities between reinforcement and matrix phases by utilising cellulose for both components although there is a need for further investigation to find appropriate and/or successful industrial applications for all-cellulose composites. The hydrophilicity of cellulose will require further processing to avoid swelling and degradation in long-term applications.
	Starch is generally constituted of two homo-polymers of D-glucose: i) amylase, a linear α- D(1, 4’)-glucan and ii) branched amylopectin, which has the same backbone structure as amylose however with many α-1, 6’-linked branch points [18] (see Fig. 4). 
	/
	Fig. 4 Chemical structure of (a) amylose and (b) amylopectin [19]
	Starch degrades into sugars and organic acids that serve as feedstocks for producing bioplastics (i.e. thermoplastics). Starch could be changed into a continuous polymeric entangled phase by mixing with adequate aqueous or non-aqueous plasticisers, i.e. polyols such as glycerol [20]. Blending starch and PLA could dramatically reduce the cost and enhance the biodegradability of biopolymers [7,21,22]. Starch blends with aliphatic polyesters, from microbial sources present good potential in the future [23,24]. Starch rheology may not always be appropriate for the use as matrix in composites, i.e. their high sensitivity to creep and scattering of properties [25]. Blending with nano-metric form of clay could be a strategy to overcome this issue. Results suggested that during gelatinisation, the structural part of starch (i.e. amylose), interacted with a nano-clay interlayer and so enhanced the reinforcement and modulus values. This was mainly effective with wheat and corn starch, but not so much with potato and waxy corn, as their modulus values decreased rapidly at higher temperatures [26]. The multiphase transitions of starch, results in the mechanical and microstructure characteristics of starch-based polymers to be dependent on the processing methods and conditions [27].
	Lignin is a complex three-dimensional polymer created by radical coupling polymerisation of p-hydroxycinnamyl, sinapyl and coniferyl alcohols which lead to p-hydroxyphenyl (H), syringyl (S) and guaiacyl (G) phenylpropanoid units [28] (see Fig. 5). 
	/
	Fig. 5 Three primary lignin monomers: (a) monolignols p-coumaryl alcohol MH, (b) coniferyl alcohol MG and (c) sinapyl alcohols MS
	The bio-refinery projects for developing of biofuels, bio-based materials and chemicals from carbohydrates (i.e. cellulose and hemicellulose) generate huge quantities of lignin. Hence, lignin and its potential use in biopolymer-based bio-composites have been reviewed extensively [29,30]. Lignin can also be implemented as an additive in the production of biopolymer-based bio-composites for added functionalities. The evolution of lignin-based polymers needs better processing technologies along with tailored bioenergy crops having lignin with the desired chemical and physical characteristics [31]. Lignin chemical modification and plasticisation is employed to improve its dispersion in polymers [32]. The distinctive phenolic chemistry of lignin enables its utilisation for the high value polymer industries, such as replacement of  phenolic by lignin in resins systems [33,34]. Chung et al. [35] developed a catalytic and solvent free method for synthesis of a lignin–PLA copolymer in order to increase the miscibility of lignin with other bioplastics. Graft polymerisation of lactide onto lignin catalysed by triazabicyclodecene led to a lignin-g-PLA copolymer which showed a glass transition temperature range from 45 to 85ºC and a multiphase melting behaviour. The lignin-g-PLA copolymers can be utilised as dispersion modifiers in PLA-based composites to improve UV absorption and reduce brittleness without impeding the modulus of elasticity [35].
	Vegetable oils are esters formed by glycerin and different fatty acids containing from 8 to 24 carbon atoms and between 0 and 7 carbon-carbon double bonds, subject to the type of plant and environment conditions of growing (see Fig. 6) [36]. Vegetable oils derived fatty acids can be a good source for different polymers and polymer precursors. They count as a valuable renewable feedstock processed in the chemical industry and in the preparation of bio-based functional polymeric materials [37–39]. They have been applied for the production of biopolymer composites incorporating organic or inorganic fibres, with micro- and/or nano- size [40,41]. Vegetable oils have reactive functional groups in their fatty acid chains, such as hydroxyls (castor oil and lesquerralla oil) or epoxies (vernonia oil), that can be utilised directly for polymerisation [37]. This can be attained via chemical modification of the naturally occurring reactive sites found in triglycerides (e.g., ester groups and carbon-carbon double bonds), thus opening synthesis routes similar to those established for petrochemical polymers [42]. Vegetable oils with aliphatic chains have been implemented in the production of polyols as soft amorphous segments, adding flexibility to the resulting polyurethane (PU), whereas cyclic isocyanates function as hard segments, adding mechanical strength. These segmented structures bring a stable combination of characteristics to the PUs, including elasticity, mechanical strength, toughness and degradation [43]. Condensation polymers, like polyesters and polyamides, have also been derived from vegetable oils, long-chain polyamides and polyesters derived from plant oils through olefin metathesis and isomerizing alkoxy carbonylation methods are rather interesting as polymeric materials [44,45]. These materials have been put forward as potential renewable replacements for polyethylene [46].
	/
	Fig. 6 Tryglyceride structure, R1, R2, R3 represent fatty acid chains 
	Polyhydroxyalkanoates (PHA), have a range of side chains and fatty acids with hydroxyl groups. They consist of (R)-3-hydroxy fatty acids [47] and can be produced by many different types of microorganisms from renewable sources. PHAs are composed of 3-hydroxy fatty acid monomers, which form linear, head-to-tail polyester shown in Fig. 7 [48].
	/
	Fig. 7 Chemical structure of PHAs; Structures shown here are polyhydroxybutyrate (PHB), polyhydroxyvalerate (PHV), and polyhydroxyhexanoate (PHH)
	The monomer of this bio-polyester differs in composition, macromolecular structure and physicochemical properties, depending on the producer organism and on the carbon source used for the growth [49]. The statistics illustrates that starch and whey-based materials are easily utilised by microorganisms, as shown by their much higher production levels (Table 1).
	Table 1 Some of PHA production from various sources and media types
	The realisation of high yields of PHA with acceptable economic feasibilities for scaling up is a bottleneck for researchers to tackle. Parameters such as efficient bacterial strains, cheap carbon sources, optimised fermentation and recovery processes are vital for the successful industrial commercialisation of PHA. It has been stated in a study that the carbon source, e.g. glucose, contributes almost to 30% of the total cost of PHA from Escherichia coli [57]. Moreover, it was proved that the cost of producing PHA via syngas fermentation is more economic than producing PHA by sugar fermentation, which ranged from 4 to 6 US$/kg  [58]. PHA synthesis using renewable organic wastes as a carbon source and mixed cultures [59] similarly presents a potential route to successful industrialisation of PHA, as it is important to develop strains that could extent high final cell density in a relatively short period of time and produce high PHA content [60]. Polyhydroxybutyrate (PHB) homopolymers, polyhydroxybutyrate-co-hydroxyvalerate copolymers (PHBV) and other associated linear polyesters, can present substantial opportunities for successful commercialisation. Natural isolates, recombinant bacteria, biomass with different methodologies are being investigated to apply more control over the quality, quantity and economics of poly(3-hydroxybutyrate) (PHB) commercialisation [61].  PHB is brittle, therefore, co-polymerisation of -hydroxybutyrate with  hydroxyvalerate is a strategy used to synthesising a polymer called poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) [62] this is also in line with optimising the performance which leads to wider applications and therefore commercialisation. Additionally, the blending of PHAs can provide robust grounds for expanding their variety of applications. The P(3HB)/PLA blend is one of the most studied blends, which exhibits mechanical properties that are intermediate between the individual components [61,62].
	Polylactic acid (PLA) is biodegradable by hydrolysis to lactic acid, and eventually to water and carbon monoxide. Its biodegradability hugely depends on the molecular weight. This aliphatic polyester is a thermoplastic derived from renewable plant sources. Corn, is the most effective source for providing high-purity PLA [65]. The first full-scale industrial plant capable to produce 140,000 metric tons per year of PLA was started in Blair, Nebraska, USA in 2002 [6]. Lactic acid, (i.e. 2-hydroxy propionic acid), is the basic monomer of PLA. The monomer occurs in two stereo isomers, L-LA and D-LA. Fig. 8 illustrates chemical structures of these two isomers [66].
	/
	Fig. 8 Chemical structure of L(+) and D (-) lactic acid  
	PLA is composed of lactic acid (2-hydroxy propionic acid) building blocks and has high tensile strength and modulus properties. The addition of reinforcing fibres, micro- and/or nano-fillers, and selected additives within PLA matrix is considered as an effective method for obtaining bio-based composites with specific end-use characteristics and improvements of properties. PLA was grafted to glycidyl methacrylate (GMA) as a possible compatibiliser for PLA and bamboo flour [67]. The mechanical performance, phase morphology and thermal decomposition temperature of the PLA-g-GMA composites were improved compared to those composites without this compatibiliser. Amongst PLA blends, poly(butylene adipate)-co-terephthalate (PBAT) and poly(butylene succinate)-co-adipate (PBSA) have hugely helped to combat some of the PLA’s disadvantages [68]. 
	Chitin and chitosan come from the linear polysaccharides family distributed randomly and not blocked together, the residues are linked completely in the β-1, 4-configuration (see Fig. 9). Chitosan is a linear polysaccharide formed by deacetylation of chitin, and is used in agriculture, biomedicine and filtration technologies.
	/
	Fig. 9 Structure of a) chitin and b) chitosan [69]
	After cellulose chitin is one of the most abundant biopolymer. Both chitin and chitosan are linear copolymers of D-GlcN and D-GlcNAc residues 
	Regardless of its enormous availability, the utilisation of chitin has been restricted by its intractability of molecular structure and insolubility [70]. The insolubility of chitin in virtually all common solvents has been a main bottleneck in its appropriate utilisation [69]. Moreover, the corrosive and degradative nature of solvents is problematic and the environmental tolerability of these solvents has to be measured. The high value of viscosities of chitin solutions in certain solvents lead to complications in processing and therefore it needs to be investigated.
	Chitin and chitosan are utilised as biopolymer matrix and nano-filler for the manufacture of bio and nano-composites due to their renewability, biodegradability, distinctive biological and physicochemical characteristics. They also have huge structural possibilities for chemical and mechanical alterations which enable novel properties, functions and applications. The essential aspects of chitin and chitosan such as their preparation, crystallography, extent of N-acetylation, and some other properties are presented in a review paper [71], with discussion on their chemistry and elemental modification reactions, e.g. acylation, alkylation. On the other hand, Julkapli et al. [72] review the applications of chitosan based composites in the area of drug delivery, tissues engineering, and food packaging. 
	2.8. Silk proteins  
	Silks could represent a good potential as sustainable, environmentally friendly and commercial biopolymers source [73]. Silk fibres are composites made of silk protein and other accompanying molecules such as glycoproteins and lipids. Several animals produce silk-based composite materials which can be utilised for a variation of task specific applications. Out of all the natural silk-producing animals, mulberry silkworms (Bombyx mori) have the highest economic value, as it is possible to rear them in captivity [74]. Silkworms produce polyamino acid-based (silk protein) cocoons to protect themselves during their metamorphosis into moths. Humans have been harvesting silk fibres from these cocoons for centuries to yield textiles due to their characteristic luster, moisture absorbance and good strength [74]. A number of reviews have concentrated on the structure and properties of spider silks, with the main focus on dragline silks and also their applications for composite materials [73,75–78]. Spider silks have been a focus of research due to their outstanding mechanical and biophysical properties. Moreover, recent breakthroughs in genetic engineering have led to the synthesis of recombinant spider silks, leading to unravel of fundamental knowledge of structure to function to property relationships. Comprehensive understanding of the silk’s primary structural elements and their contributions to the physical and biological properties of this biopolymer are important in order to maximise its potential. 
	3. Biopolymer-based bio-composites
	3.1. Addressing the limitations of biopolymer-based bio-composites

	Many parameters must thoroughly be investigated for a better understanding of performance mechanisms of biopolymer-based bio-composites, such as the volume fraction, characteristics, orientations and pre-treatments of natural fibres, and processing parameters of composite, all of which contribute to the interfacial quality and hence the overall performance of composites. The chemical incompatibility between a hydrophobic biopolymer matrix and hydrophilic biofibre results in a poor interfacial bonding quality. This then translates into an inefficient stress transfer under load and therefore low mechanical strength/stiffness and physical properties.
	Most biopolymers are water sensitive, in that they absorb water and may even be water soluble, causing their properties to deteriorate. This is normally overcome by blending them with polymers or plasticisers to enhance their performance. The inherent biodegradability of biopolymer means that it is essential to control the environment in which the biopolymers are used, in order to prevent their premature degradation. This could be accomplished via the control of moisture, nutrients or microorganisms. Moreover, some biopolymers are not thermally stable, which limits their application. Some of drawbacks with the biofibres are the tendency to form aggregates during processing and their poor resistance to moisture which could lead to dimensional instability and hence deterioration of composites. The moisture in biofibres can lead to poor process-ability. The most common way to reduce the moisture absorption of biofibres is through the process of alkalisation [79]. Alkalisation partially dissolves the hemicellulose, the most hydrophilic part of biofibre structures, which subsequently leads to the reduction of the biofibres to absorb moisture. Alternatively, polymer coatings can also reduce the moisture absorption. Doherty et al. [80] enhanced moisture absorption properties of biofibres by applying a natural, lignin-based coating. This, however, might only be effective for short term protection against moisture. Exposed biofibres could also undergo photochemical degradation caused by ultraviolet light, although this can be overcome by bonding chemicals to the cell wall or by adding a polymer to the cell matrix. The production of thermoplastic composites with biofibres and/or fillers is limited by the temperatures and processing times that they can be exposed to, before experiencing significant degradation. This limits the biopolymer matrices to lower melt temperature ones such as: PLA (i.e. [81,82]), poly(butylene adipate-co-terephtha-late) (PBAT) (i.e. [83,84]) and PHAs (i.e. [85–87]). In order to increase the thermal stability of biofibres, attempts have been made to coat and/or to graft them with monomers. Grafting is possible as the lignin of biofibres can react with the monomers. Mohanty et al. [88] showed that grafting of acrylonitrile on jute improved the thermal stability as the degradation temperature increased from 170 to 280˚C. Most importantly for construction sector, the fire performance of biopolymer-based bio-composites is additional technical bottleneck for its commercialisation. Although, substantial work has been done with the intumescent systems (coatings or additives) which have potentials fire barrier treatments. When intumescent materials are heated beyond a specific temperature, they begin to foam and expand, forming a cellular, charred surface that protects the underlying material from the heat flux or flame. 
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	It has been argued that the micro porosity could be the most influential factor for the formation of robust interfacial bonds. Similarly, it can be argued that the correct functional chemistry can have the same level of importance. Performance of biopolymer-based bio-composites strongly depends on the interface quality between the biofibres and the biopolymer [89,90]. There are various theories of adhesion proposed that could be both complementary and contradictory, i.e. mechanical interlocking, electrostatic theory, theory of weak boundary layer, thermodynamic (wettability), diffusion theory and chemical bonding theory [91]. The wettability of biofibres can be regarded as an essential precursor to bonding, where biofibre and biopolymer establish an intimate contact for the superior quality interface. Insufficient biofibre wetting translates into interfacial defects, which then acts as stress concentrators. Biofibre wettability can influence the toughness, tensile and flexural strength of composites. Physical and chemical pre-treatments can improve the wettability of the biofibre, and hence the interfacial quality (i.e. strength). This can be attained for example by bleaching, grafting of monomers, acetylation, corona or plasma pre-treatments. Some pre-treatments of biofibres focus on the removal of non-cellulosic constituents from the surface to provide an intimate contact, i.e. removal of impurities and waxes, which can increase the roughness and the chances of mechanical entanglement as predominant bonding mechanisms. Others focus on separating the large biofibre bundles into smaller bundles to provide greater surface area for biopolymer matrix interaction [92]. Biopolymer (PHB) composite, reinforced with sugarcane bagasse biofibres subjected to steam explosion pre-treatment showed a significant increase in the maximum stress compared to untreated biofibres. The surface morphology of untreated biofibres impeded the bonding with PHB, whereas the pre-treated biofibres were much more compatible with PHB and led to a homogeneous composite [93].
	Interfacial tailoring/optimisation may also be considered from the biopolymer matrix side. The focus would be on interfacial effects caused by bulk modification of the biopolymer matrices through nano-fillers dispersion, and possible nano-structuring within the biopolymer matrix [94]. Interfacial bonding quality would also increase by using nano-sized forms of cellulose, i.e. bacterial cellulose, micro fibrillated cellulose and cellulose whiskers [13]. Improvements in mechanical performance can be achieved by the aforementioned approaches, though, additional cost and complexity to the mix formulation of biopolymer-biofibre composites would inevitably be encountered. 
	Graupner [95], showed that the addition of lignin has a promoting influence on the adhesion between biofibre and matrix. Tensile strength and Young’s modulus were improved (by 9% and 19% respectively compare to samples without lignin), although the impact properties were decreased [95]. The presence of lignin causes embrittlement of the composites. Oksman et al. [96] reported similar results in their work. By adding lignin to biopolymer-based bio-composites, an improved connection between biofibre and matrix and between the single biofibre layers of the multilayer web could be achieved, resulting in reduced delamination.
	Xiong et al. [97] reported template-guided assembly of silk fibroin on cellulose nanofibers which can result in well-ordered and stable periodic silk fibroin-cellulose nanofiber  nanostructures that allows for the fabrication of ultrathin nanocomposite membranes with enhanced mechanical robustness and added functionalities.
	Coupling agent acts as a bridge between the biofibre and biopolymer matrix to create the chemical bond and promote interfacial bonding in composites. They facilitate the hydroxyl groups at one end to react with the fibre surface and another functional group at the other end to bond with the polymer matrix [98]. The mechanism of coupling agent may be illustrated in Fig. 10. The coupling agent is chemically bonded with the hydrophilic fibres and blended by wetting in the polymer chain [99]. 
	/
	Fig. 10 Coupling mechanism between hydrophilic fibre/filler and hydrophobic biopolymer matrix
	Biopolymers, such as chitin, chitosan and zein, have been used as coupling agents for bio-composites production. The benefits of chitin, chitosan and zein are their wide availability, non-toxicity, biocompatibility and lower price in comparison to synthetic coupling agents. Zein, extracted protein from corn, possesses many functional groups on its molecular chain, which makes it suitable as a coupling agent. Polar groups such as carboxyl and amino groups in zein react with the hydroxyl group of biofibres via hydrogen bonds, while the alkyl and aryl groups react with a polymer matrix through hydrophobic interactions [100]. Lysine-based diisocyanate (LDI) is another example of bio-based coupling agent which has proved to enhance the tensile properties, water resistance, and interfacial adhesion of bio-composite from PLA and poly (butylene succinate) (PBS) with bamboo fibre as reinforcements [101]. LDI reacts with hydroxyl or carboxyl groups in PLA or PBS, leading to the establishment of urethane bonds that can be completely hydrolysed into raw materials. The polyurethane synthesised from LDI, glycerol, and ascorbic acid can be biodegraded in aqueous solution and yield the non-toxic breakdown products of lysine, glycerol, and ascorbic acid [102]. 
	Silane is a multifunctional molecule which is used as a coupling agent to modify fibre surfaces. The effectiveness of silane is dependent on a number of parameters including hydrolysis time, organo-functionalised silane, temperature, and pH. It undergoes several stages of hydrolysis, condensation and bond formation during the treatment process of the biofibre [103]. Silane chemical structure could be represented as R-Si-X3, where R is the functional organic group and X is the hydrolysable group that forms silanols in the presence of moisture [98,104]. Silanols and hydroxyl groups of biofibres could then form covalent bonds of –Si-O-C [105,106]. The functionality of the R group plays a major role in the reactivity of silane towards biopolymer matrix. Trialkoxysilanes have been applied extensively for biopolymer-based bio-composites to enhance the interfacial bonding quality [98]. The physical blending of the silane-treated biofibres with thermoplastic matrices improves their mutual adherence through inter-molecular entanglement, or acid–base interactions. Aminosilanes, especially (3-aminopropyl) triethoxysilane (APS), are used as coupling agents between biofibres and biopolymer-PLA [98,107–109]. For example, silane treatment was used for kanaf fibres reinforced PLA laminated composites [108], where the compatibility between kenaf fibre and biopolymer matrix was enhanced. An improved interfacial interaction (Fig. 11b) resulted in high mechanical performance of pre-treated fibres (alkali-NaOH 5% w/v for 2 hours at room temperature, followed by silane 5% wt APS). Fig 11a shows the aggregation at the surface and fibre breakage and pull out which is an indication of poor fibre/matrix adhesion. 
	/
	Fig. 11 Micrographs of impact fracture surface of PLA composite (PLA/fibres= 60/40 wt%): (a) untreated fibres and (b) alkali followed by silane treated fibres [108]
	Additionally for other biopolymers apart from PLA, the use of the silane coupling agent, as the adhesion promoter, has been proved, where an improvement of the storage modulus of PHB–flax bio-composites of up to 106% was observed [110]. The various methods to pre-treat biofibres with silane can be divided into: i) fibre surface pre-treatment and ii) cell wall modification. Spraying is a simple method to pre-treat the biofibre surface with a silane solution, although, this only leads to a coating where the inner cell walls structure is not affected. Silane solution and initiator can directly be pumped into an extruder during extrusion process [111]. The extruded composites can subsequently be exposed to high humidity and temperature environment in order to facilitate the hydrolysis and condensation processes of the silane. Nonetheless, this strategy can be long process for the hydrolysis and condensation stages. In comparison, for the impregnation strategy, the penetration of silanes into cell walls depends significantly on the molecular size of silane. Incomplete hydrolysis processes may lead to a fast condensation of silanols, and hence prematurely increasing the molecular size of the silanes, where as a results, the diffusion of silanes into the cell walls becomes very limited. The bulking pre-treatment of biofibre cell walls can change their characteristics and stimulate the performance enhancement of the resultant bio-composites. In comparison to the surface treatment, i.e. spraying, the impregnation process can cause problems for fine and short fibres/fillers, as they may aggregate and therefore, not be evenly mixed in the solution.
	Maleated coupling agents lead to the effective interaction of maleic anhydride (MA) with the functional surface of biofibres [112]. MA is grafted to the equivalent biopolymer being used as the matrix for compatibility improvements. Issaadi et al. [113] studied the effects of MA grafted PLA on morphology, thermal and barrier properties of PLA/graphene oxide (GO) nanocomposites. The nanocomposite containing 3 wt% GO and 3 wt% MA grafted PLA yielded the highest elastic modulus. This proves the better distribution of GO as a result of coupling agent, which in turn also led to better thermal and barrier properties. Petersson et al. [114], used MA grafted PLA as coupling agent for layered-silicate nanocomposites. The outcome of using MA grafted PLA differed amongst the two layered silicates because of the alteration in the organic pre-treatment. The bentonite layered silicate showed a more distinct improvement in exfoliation and an upsurge in the mechanical properties because of the addition of MA grafted PLA, in comparison with a hectorite layered silicate.
	Blending PLA with MA grafted wheat starch was carried out with a lab-scale co-extruder, where the interfacial adhesion between PLA and starch was significantly improved and hence, mechanical properties increased in comparison to the virgin composites of PLA/starch [115]. MA grafted PHA was used for evaluating the thermal properties and biocompatibility of composites of PHA and hyaluronic acid (HA) [116]. The lower melt torque of the MA grafted PHA and HA composites facilitated their processing. The water resistance of PHA grafted MA and HA was also higher. It was reported that the glass transition temperature and crystallinity of PLA films diminished with adding of the MA, due to chain branching as a results of the grafting reaction between PLA and MA, leading to a upsurge in the segmental mobility of the PLA chain [117].
	Isocyanates function is by the establishment of covalent bonds between the hydroxyl groups of biofibres and the functional groups, i.e. N=C=O via urethane linkage. Some of the most common isocyanate coupling agents are shown in Table 2 [118]. 
	Table 2 Isocyanate coupling agents for bio-based polymer composites
	Isocyanates coupling agents, such as methylene diisocyanate (MDI), toluene diisocyanate (TDI), 4-4ʹ-methylenedicyclohexyl diisocyanate (hydrogenated MDI), and hexamethylene diisocyanate have been used [119–121]. These coupling agents however, have found limited use because their ultimate hydrolysis products, i.e. their corresponding diamines, such as 4,4’- methylenedianiline and 2,4-diaminotoluene are a cancer suspect agent or produce hepatitis [101]. Isocyanates are prone to hydrolysis in the presence of moisture, which requires blocked isocyanates to be implemented for stopping hydrolysis reaction prior to the reaction with biofibre’s hydroxyl groups [122]. In corn starch-PLA composites, isocyanates groups react with hydroxyl or carbonyl groups of PLA along with the hydroxyl groups of corn starch to form urethane linkages [123]. The use of isocyanate coupling agents has shown to enhance the mechanical properties and reduce the water uptake of composites such as methylenediphenyl diisocyanate (MDIC) pre-treated wheat starch-PLA [120,123] and MDIC-pre-treated pine fibre-polystyrene [122].
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	An additional route to enhance properties such as creep and stiffness is through the incorporation of inorganic fillers, e.g. calcium carbonate, calcium sulphate, and mica. The influence of talc (magnesium silicate) on the engineering properties of PHBV-wood composites resulted in an almost 200% improvements in both the Young’s and flexural modulus, as a consequence of enhanced compatibility between PHBV and wood due to addition of talc [124]. Nanoclay can have a positive influence on the mechanical properties, scratch resistance, glass transition temperature and stiffness, in addition to influencing the thermal and flammability properties of the biopolymer-based bio-composites [125]. The incorporation of citric acid as a crosslinker with montmorillonite nanoclay resulted in an increase in the mechanical properties by more than 10%  [126]. Bioamidie™ which is a bio-additive also resulted in significant enhancement in the mechanical properties where the tensile modulus of biopolymer-based bio-composites was improved by 26% and the impact strength by 20% (Izod test) as the interface generated a strong network [127].
	Plasticisation is often used for biopolymers to improve their process-ability. It’s one route to overcome the brittleness and low impact resistance of the biopolymers [128]. Plasticisers exchange the intermolecular bonds among biopolymer chains to bond between the macromolecules and the small molecular weight compound, hence, promoting conformational changes and leading to increased deformability. Both the glass transition and the processing temperature of the material decrease, therefore enabling the melt processing of heat-sensitive biopolymers, like PHB, at lower temperatures [129]. Several compounds have been identified as possible plasticisers for PLA, e.g. different esters [128,130], glycerol [131], poly(ethylene glycol) (PEG) [132], citrates [128] and oligomeric lactic acid [131]. 
	Triacetin was attempted as a plasticiser for PLA and kenaf composites where tensile strength and stiffness was improved with the addition of 5% triacetin. Interestingly, the strength deteriorated after addition of more than 5% [133], on the other hand, the effect was not significant below 5%, as observed in another study with biofibre reinforced PLA composites [134].
	Fig. 12a shows the fibre pull out of samples without triacetin, whereas Fig.12b illustrates plasticised PLA/kenaf composites where crazes were evident. 
	/
	Fig. 12 Fracture surfaces of PLA/kenaf bio-composites at 30 wt%: (a) un-plasticised and (b) plasticised with 5% triacetine [133]. 
	A suitable strategy to modify the biopolymers can be the plasticisation and physical blending. The chemical modifications of the components or reactive compatibilisation are often used to achieve holistic property combinations needed for a specific applications. An example of chemical modification is the copolymerisation of PHB. With changing co-monomer type and amount, the characteristics and performance of PHA can be altered to a fairly wider range [135]. 
	Composites that incorporate cellulosic materials as a filler are extremely vulnerable to burning as a result of the hydrocarbons that will ignite indirectly during combustion, while the biopolymer matrix will begin to degrade with an increase in temperature into various volatile gases that may react with oxygen and further contribute to the combustion behaviour [125]. The most common method to render cellulosic fibres fire retardant is by using P-containing compounds, such as phosphoric acid (PA), tributyl phosphate (TBP), triallyl phosphate (TAP), triallyl phosphoric triamide (TPT), ammonium polyphosphate (APP) , monoammonium phosphate (MAP) and diammonium phosphate (DAP) , also the  addition of intumescent zeolites, natural clays, organoclays and zinc borates have been investigated to design flame retardant polymer nanocomposites which drastically enhance fire performance [79,136]. The implementation of APP to produce biopolymer-based bio-composites has shown to significantly improve the flame retardancy and limit oxygen index measurements with minimal influence on the mechanical properties [96]. The addition of APP showed no significant changes to microstructure (Fig. 13) suggesting that the APP is well dispersed into the biopolymer-based bio-composite and did not inhibit the interfacial bonding.
	/
	Fig. 13 Micrographs of impact fracture surface of fiber-reinforced PLA biocomposites (a) untreated fibers (b) fibers treated with APP
	The addition of nanoclay into short biofiber reinforced PLA composites witnessed higher thermal stability with lower weight loss rate than that of the pure PLA and improved fire behaviour due to the inorganic nature of clay particles as well as nano dispersion, which leads to more homogeneity between the biofibre and the clay, thus inhibiting access to oxygen and preventing combustion process from being sustained [126].
	Mould, mildew, and stains can impede the performance of biopolymer-based bio-composites and this has driven manufacturers to consider antifungal biocides that protect either the biopolymer component and maintain its surface appearance or that preserve the biofibre component from decay and moisture absorption. The inclusion of coupling agents and compatibilisers (additives) can lead to a slower moisture uptake of biopolymer-based bio-composites [137], as a result of stronger interfacial bonds and the limiting of moisture pathways. An increase in micro cracks translates into additional pathways for moisture, enzymatic, and microbial ingress which leads to biofiber swelling, increased damage at the biofiber-matrix interface, propagation of cracking, and further accelerating degradation.
	A common method to enhance the durability of thermoplastic composites has been through the addition of anti-microbial agents such propertiespoly-diallyl-dimethyl - ammonium chloride (PolyDADMAC), cetyltrimethylammonium bromide (CTAB), and silver (Ag) which can be easily implemented into biocomposites to enhance the anti-microbial properties and increase their life span [138]. The addition of silver base inorganic filler tended to markedly increase the degree and rate of biodegradation in which the degradation of PLA involved the hydrolysis reaction and subsequent enzymatic-biodegradation by microorganism [139], however, due to a lack of diffusivity with silver, tiiclosan, which is a bacterial and antifungal agent found in some consumer products, including toothpaste, soaps, and surgical cleaning treatments acted as a more efficient anti-bacterial promotor for PLA/wood composites [140]. 
	6. Conclusions and future prospective
	Considerable research efforts have been made to narrow the performance gap between biopolymer-based bio-composites and their synthetic counterparts by improving the compatibility, i.e. interfacial bonding quality. The blending of biopolymers can represent a relatively cheaper and faster strategy to tailor the properties of biopolymer-based bio-composites, changing glass transition temperature, improving fracture resistance, flexibility, process-ability and other properties like optical characteristics or flammability. The chemical structure of biopolymers could open up possibilities for their reactive modification, such as copolymerisation, grafting, trans-esterification and the use of coupling agents to achieve biopolymers and blends with improved characteristics. With the intention of tailoring biopolymer-based bio-composites to fit the requirements of structural or functional materials, an in-depth investigation into a wide range of coupling agents and additives must be carried out while at the same time, novel processing protocols must be developed and assessed for industrially feasible pre-treatments of biofibres and manufacturing of biopolymer-based bio-composites.
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