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Biomass provides a wealth of renewable and bio-waste resources for bioplastics synthesis. Many of these bio-based
plastics, encompass capacities for biodegradation and bioprocessing with high performance features akin to petroleum-
based plastics. The realisation of bioplastics that exhibit a complete set of mechanical and biodegradability, hold the
promise of delivering material of ecologically sustainable, low carbon footprint circularity.
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| 1. Introduction

Pervasive plastics are leaving an indelible imprint on our planet. As high performance and energy-saving materials,
plastics are ubiquitous and central to socio-economic advancement. Current mainstay plastics are processed from fossil
fuel resources, with production requirements expected to double over the next 20 years. After use, these recalcitrant
plastics are contributing to waste stockpiles and alarming pollution. Recycling technologies, which primarily include
mechanical and thermochemical approaches, does not meet the efficiency levels required to safeguard the planet and
adequately revalorise plastics as new products. The current linear economic model of resource mining, use and
discarding, is now widely recognised as unsustainable. A circular approach, where resources are repurposed cyclically,
akin to biological lifecycles, is essential in achieving a sustainable socio-economic ecosystem.

Nature readily operates elegant and efficient regenerative cycles for natural polymers and end of life bio-based materials.
Such biodegradation and bio-regeneration processes involve microbial, enzymatic and biocatalytic activities for
depolymerisation and repolymerisation. Petroleum-based plastics, with their smooth surface topographies, extensive
hydrophobic chains and lack of bio-accessible organic chemical groups, are strongly bio-inert and largely incompatible
with bioprocessing, leading to their persistence over century timescales within land and water environments. Biomass
provides a wealth of renewable and bio-waste resources for bioplastics synthesis. Many of these bio-based plastics,
encompass capacities for biodegradation and bioprocessing with high performance features akin to petroleum-based
plastics. The realisation of bioplastics that exhibit a complete set of mechanical and biodegradability, hold the promise of
delivering material of ecologically sustainable, low carbon footprint circularity.

Bioplastics to date, however, have not achieved wide acceptability by the industry. Incompatibility with existing sorting
infrastructures and high temperature mechanical recycling implemented for fossil-based plastics, along with raised
production costs, are limiting factors. Technical shortcomings, such as brittleness, lower gas barrier functions and
processing performances, have also played a role in keeping current market penetration levels in the region at just 2%.
Combining high performance for consumer applications and continuous low carbon closed loop regeneration within
plastics poses considerable challenges. At a fundamental structural level, polymeric features associated with good
mechanical and fluid barrier properties are typically prohibitive to biodegradability. Petroleum-based plastics achieve the
required degrees of high mechanical strength combined with flexibility and strong liquid and gas barrier properties by
packing their sleek chemically structured chains into signature crystalline and amorphous regional arrangements. The
tight alignment of chemically simple chains at high degrees of crystallinity also renders these plastics largely incompatible
with biodegradation processes that require bioactivities, including enzymatic hydrolysis. Bioplastics, in contrast, by the
very fact that they are generated from bio-based resources, are inherently more complex with more elaborate chemical
structures. This provides both a means to progress their mechanical performance properties and provides amenability to
bioactivity with higher levels of hydrolysable groups available for post use biodegradation and biodepolymerisation. To
date, equivalent results are readily achievable, and in cases, results outperform particular mechanical properties for
polylactic acid (PLA) and polyhydroxyalkanoates (PHA) bioplastics compared with conventional fossil-based
thermoplastics. The potential to address performance limitations by a combination of bottom up and top-down approaches
using considered chemical structure modifications and blending and composite formations, holds the promise of framing a
new generation of bioplastics that encompass sustainability with performance.

| 2. Bioplastic Production

Biopolymers can be obtained directly from biomass, as in the case of proteins and polysaccharides and synthetic
biopolymers, such as PLA. Biodegradable polymers, including polycaprolactone (PCL), polyglycolic acid (PGA) and
polybutylene succinate-co-adipate (PBSA), are primarily synthesised from petrochemicals. Microbial fermentation of
biopolymers, including PHA and bacterial cellulose (BC), operates under relatively benign low energy conditions, and



hence, is a highly favourable sustainable production route. Various microorganisms can accumulate PHAs as storage
materials when cultivated under different nutrient and environmental conditions. This ability allows their survival under
stressful conditions. The number and size of the PHA granules, the monomer composition, macromolecular structure and
physico-chemical properties vary, depending on the producing microorganisms, the feedstock supplied and the operation
conditions W28 On the other hand, some bacteria can produce BC. This exopolysaccharide is a naturally occurring,
chemically pure, free of hemicellulose, lignin and pectin, which is why BC purification is an easy process demanding low
energy consumption. Nevertheless, production yields are very low, cultivation times are extensive, and thickness of layers
is limited, which are major drawbacks in the conventional BC production process, affecting the range of possible
applications . For the industrial production of bioplastics, three limitations are very important. These include
requirements of specialised growth conditions, expensive precursors, and high recovery costs. Building an increased body
of knowledge on producing microbes’ metabolism, biosynthetic pathways and their regulation is essential in overcoming
these limitations [,

| 3. Biosynthesised Plastics

In recent years, PHA polymers have emerged as one of the most promising biodegradable materials. Unlike commonly
used fossil-based plastics or PLA, which requires the additional step of lactic acid polymerisation, PHAs are the product of
bacterial metabolism and have a function of cytoplasmic inclusions. These materials, thanks to the over 150 monomer
units, can have a variety of polymer properties that can compete with commonly used plastics, such as polyethene or
polypropylene €. Monomer composition is connected to the substrate specificity of PHA synthase, hence the type of
derived PHA is highly connected to the microorganism used for its production. For example, biosynthesis of short-chain
length PHAs (SCL-PHAS) consisting of poly-3-hydroxybutyrate P(3HB) homopolymers is a three-step process regulated
by 3-ketothiolase, acetoacetyl-CoA reductase and the SCL PHA synthase I8, Bacteria, such as Aeromonas caviae and
Pseudomonas stutzeri, are proven producers of PHA synthases with wide substrate specificity. Moreover, these enzymes
have been identified after recombinant expression in Ralstonia eutropha, previously PHA negative. These PHA synthases
can produce copolymers of SCL- and medium-chain length PHAs (MCL-PHA) .. It has been reported that combinatorial
mutations in P. aeruginosa, P. oleovorans, and P. putida resulted in their ability to synthesise PHAs with 3-hydroxybutyrate
(3HB), 3-hydroxyhexanoate (3HHXx), 3-hydroxyocatanoate (3HO), 3-hydroxydecanoate (3HD), or 3-hydroxydodecanoate
(3HDD) monomers LAILUN2AMLS] These structures are presented in Table 1. The development of recombinant strains and
using genetic engineering techniques can lead to improved mechanical and thermal characteristics of PHA materials.
These properties are highly dependent on various factors during upstream and downstream processes. Modification of
PHAs chemical structure, such as the introduction of functional groups or producing blends and copolymers, can also
affect the quality of these materials 4. Traditional chemical synthesis techniques have been successfully used for
creating block copolymers with PHA materials. For example, block copolymers, including PHB blocks balancing with other
materials (poly(6-hydroxyhexanoate), poly(3-hydroxyoctanoate), monomethoxy-terminated poly(ethylene glycol) (MPEG),
and poly(ethylene glycol) (PEG)), have been reported. These structures are presented in Table 2 EILS],

Table 1. Chemical structures of monomers described as units of PHA copolymer producing strains.
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Table 2. Chemical structures of polymers commonly found as building blocks in PHA related block copolymers.
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PHAs can also be derived from various substrates, including industrial waste streams 18!, food waste 4, supplemented
solid biodiesel waste, plant oils [, Besides these, seaweeds were found to be great feedstock for PHAs productions 8],
These materials can be produced using different strategies, including batch, fed-batch and continuous processes, and
various conditions could be used for their conduction. Batch cultivations are easy and simple to operate, but production
yields are very low. On the other hand, fed-batch cultivation can provide higher product and cell concentrations (no
substrate inhibition) 19 Continuous cultivation are also considered to be a viable strategy, providing required
concentrations of limiting substrates, such as fatty acids and their derivatives 24, Nevertheless, large scale application is
still impractical with this type of production. Another strategy used for PHA production is solid state fermentation (SSF)—
microbial cultivation on solid support made of appropriate substrates. SSF can be performed with inexpensive cultivation
media, such as substrates, based on agro-industrial residues. This strategy provides disposing of waste, while valuable
compounds are being produced at the same time 2. There are few additional advantages of SSF over submerged
fermentation: Easier aeration, higher substrate concentration, as well as reduced downstream processing steps. However,
keeping conditions constant during the process is the biggest drawback to the market-ready production of PHAs using this
strategy (22,

Bacteria from the genus Komagataeibacter (former Gluconacetobacter) synthesises another interesting, biosynthesised
bioplastic—bacterial cellulose (BC). The BC production is a multi-step, strictly regulated process that involves regulatory
proteins, few enzymes and catalytic complexes. The formation of 1,4-B-glucan chains is the first step in BC synthesis.
This process, together with chains’ assembly and crystallisation, occurs intracellularly. The second step involves
extracting cellulose chains from the cells and their assembly in fibrils 23] The yield and properties of the resulting
material highly depend on the used bacterial strain and conditions of the conducted process, including medium
composition, aeration, shaking, etc. Morphological and physical properties of the resulting material are in correlation to the
cultivation broth composition. BC production can be improved using genetically modified producing strains, isolating novel
strains with the ability to produce BC, and investigating process parameters and their significance. Florea et al. isolated
Komagataeibacter rhaeticus strain able to produce a high yield of BC, while growing in low nitrogen level medium 241, |n
order to increase BC production in limited oxygen conditions, genetically engineered strains have been developed 23],
Hungund et al. reported using ethyl methanesulfonate and ultraviolet radiation for Gluconacetobacter xylinus NCIM 2526
strain improvement that resulted in a significantly higher yield of BC (30%) (28!,

Different strategies can be used to produce BC, including aerated submerged cultivation, static culture and airlift
bioreactors 27, Effects of these conditions on cellulose mechanical properties are presented in Figure 1.
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Figure 1. Young's modulus, crystallinity index and degree of polymerisation of BC depending on cultivation conditions: a
—with shaking, b—without shaking, c—with additional oxygen supply.

Tensile strength, polymerisation degree and crystallinity index are highly influenced by BC structure. Produced in static
conditions, BC forms pellicles on the surface of the medium. This gelatinous membrane can vary in thickness up to few
centimetres depending on substrates’ availability. Produced like this, BC has a significantly higher crystallinity index and
tensile strength than the BC produced in agitated culture. Supply of air in agitated cultures will result in pellets with a
higher crystallinity index. Crucial factors in BC production are the design of the reactor and proper control of conditions
and process. These parameters highly affect the yield and quality of the resulting material. No matter which strategy is
used, pH, oxygen supply, and temperature are essential conditions that should be carefully monitored. These parameters
are mostly strain-dependent, but it was shown that the optimal pH value for cell growth and BC production is usually
between 4.0 and 7.023, while the optimal temperature is in the range 28-30 °C [28],

Despite the great mechanical properties of the resulting material, static culture cannot provide uniformity of the cultivation
broth; hence, cells are not equally exposed to nutrients and the thickness of the BC layer can be uneven. Additionally,
productivity achieved in this strategy is very low, and it demands an extensive period of cultivation 2239, To improve the
productivity of this process, the fed-batch strategy was developed, and a constant BC production rate was achieved for 30
days 1. Submerged cultivations with agitation provide uniformity of nutrients, especially oxygen, resulting in higher yields
in comparison to the static cultivations and making the production process cost-effective. Products of agitated
fermentation depend on applied agitation speed and may include various forms of cellulose: Spheres, pellets, fibrous
suspension B2, As previously mentioned, higher productivity is the biggest advantage of submerged compared to static
cultivation, but drawbacks, such as products’ shape consistency and limited mechanical properties, are issued to
overcome 281, Another problem that can limit BC yield in aerated cultivation is a synthesis of gluconic acid. Due to the high
agitation rates and hydrostatic stresses, the production of the secondary, protective metabolites is favoured over cellulose.
Nevertheless, submerged cultivation of BC was implemented in different types of bioreactors, such as airlift, stirred tank
and rotating disk. Production of this material on a large scale is still an issue, and designing new or improving existing
equipment for this purpose is an important subject of research 24,

| 4. Bioplastic Mechanical Performance

Bio-based polyesters (PLA, and PHASs) exhibit similar mechanical properties and can even exceed conventional plastic
performances. Figure 2 demonstrates the Maximum Tensile Strength (MPa) and maximum Tensile Elongation (%) of
bioplastics compared to petroleum-derived plastics. PLA is one of the most prominent bioplastics in terms of global
consumption. It possesses several desirable properties, such as biocompatibility, biodegradability, composability and low
toxicity to humans. The mechanical properties of PLA are greatly affected by the degree of PLA crystallinity. PLA derived
from 93%, or more L-lactic acid can be semi-crystalline, while it is strictly amorphous when derived from 50-93% L-lactic
acid. Thus, high tensile strength can be observed in films of high L-lactide content. Tensile strength and impact resistance
are also influenced by the degree of crosslinking and the annealing of L-PLA, which increases the stereoregularity of the
chain B8, Comparison of mechanical properties between poly(98% L-lactide) and poly(94% L-lactide) showed a slightly
greater elongation at yield for 98% than 94% L-lactide. However, poly(94% L-lactide) has an elongation at the break
seven times greater than poly(98% L-lactide), indicating more plastic behaviour with 94% of L-lactide [2!,
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Figure 2. Maximum Tensile Strength (MPa) and Maximum Tensile Elongation (%) of bioplastics compared to petroleum-
derived plastics [28],

For racemic mixtures, a study by Chen et al. demonstrated that polymerisation of 50% D-Lactide and 50% L-Lactide
usually results in forming an amorphous polymer of poly (DL-lactide) 27,

As a packaging material, PLA offers high stiffness (greater than polyethene terephtalate (PET) and polystyrene (PS)),
good clarity (similar to PET), relatively low processing temperatures, excellent resistance to fats and grease, and good
breathability suitable for fruits and vegetable storage. Such characteristics make PLA a potential candidate to replace PS,
polyethene (PE) and polypropylene (PP) in the fabrication of disposable cups, salad boxes and cold food packaging 8!,
Nevertheless, PLA brittleness with less than 10% elongation at the break renders it unsuitable as a pure material for
applications that require plastic deformations at higher stress levels 39, Additionally, PLA's poor gas moisture permeability
performance make it unsuitable for many beverage bottle applications 28],

On the other hand, PHAs gained considerable interest as a green alternative to petrochemically derived plastics, as they
are biocompatible, biodegradable and synthesised from renewable resources 494 PHB is the only polymer from the
PHAs family to be produced in large quantities. This material is considered an aliphatic polyester with a linear polymer
chain, composed of monomers of 3-hydroxybutyrate with a chromophoric carbonyl group. Being a member of the PHAs,
PHB is also characterised by having a methyl (CH3) as an alkyl replacing group, which provides it with a hydrophobic
charge. The regularity of the polymerised PHB chain has a direct influence on its degree of crystallinity that, in turn, is
influenced by the synthesis route used. Isotactic PHB, which has chiral carbon in absolute configuration R, is obtained
through bacterial fermentation, while syndiotactic PHB is synthesised through a synthetic route from monomers with
setting R and S. As isotactic PHB presents a more regular structure, it will allow a higher crystallinity than syndiotactic 42,
Favourable PHB properties in terms of melting point, strength, modulus and barrier properties promotes it as a substitute
for PP, low density polyethene (LDPE), polyvinyl chloride (PVC) and PET in packaging applications. Differences in
chemical structures between PLA, PHB and previously mentioned commonly used plastics are shown in Figure 3.
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Figure 3. Chemical structures of biodegradable: Polylactic acid (PLA) and polyhydroxybutyrate PHB); and
nonbiodegradable polymers: Polyethene terephatalate (PET), polyvinyl chloride (PVC), polypropylene (PP), polystyrene

(PS).

Nevertheless, as a bioplastic, PHB has drawbacks, such as being brittle, hard and thermally unstable, making it
challenging to use for applications like injection moulding in food industries 344 As a pure material, PHB is highly
crystalline (around 80%), resulting in the previously mentioned brittle nature and low elongations. The brittle nature of
PHB is associated with a secondary crystallisation of the amorphous phase at ambient temperature. Another important
issue is the glass temperature (Ty) of PHB. The Ty is close to room temperature resulting in secondary crystallisation



taking place during storage, which, combined with a low nucleation density feature, leads to large spherulite formations
which can grow over long durations leading to inter-spherulitic cracks 3. Generally, spherulites are formed when PHB is
crystallised from the melt, with band spacing between them depending on the crystallisation temperature 451, Cracks are
always present within spherulites in melt-crystallised PHB, and subsequent growth of the cracks leads to failure of the
polymer. Two distinct types of crack exist in PHB spherulites, which can run either radially or circumferentially within the
spherulites. Radial cracks occur more frequently in films crystallised at lower temperatures, while circumferential cracks
occur when PHB is crystallised at high temperatures 481, Another problem with PHB processing is the narrow processing
window. The melting temperature of PHB is around 180 °C, therefore, processing temperature should be at least 190 °C.
However, thermal degradation at this point happens rapidly, drastically reducing the acceptable residence time in the
processing equipment to a few minutes only 44,

However, notwithstanding the limitations of PLA and PHAs, these bioplastic polymers have the potential to be fine-tuned
to extend their application range comparable to fossil-based thermoplastics.

| 5. Bioplastic Barrier Performance

Inadequate fluid and gas barrier properties strongly impedes the utilisation of biopolymers in applications, such as the
food-packaging sector. The established utilisation of PET and polyolefin family polymers in packaging applications is due
to their combination of low cost, transparency, good barrier (to oxygen and water vapours), and mechanical
characteristics. The oxygen permeability of PET (0.04 barrer) is much stronger than that of the recently developed
biopolymers 48 Among previously mentioned biopolymers, the most widely used—PHB stand apart having significant
gas barrier properties (0.01 barrer), which are comparable to benchmark polymers, such as PET ¥4, However, PHB'’s
brittle mechanical nature precludes its suitability for food packaging applications. PLA, while having tunable mechanical
properties, has oxygen permeability levels in the region of 0.26 barrer, restricting its use within several food-packaging
applications Y. As an approach to overcoming these barrier limitations, the addition of fillers to block the gas and
moisture molecular pathways through the polymers, on a nano-micro scale level, is an attractive option 211,

An ideal filler should have a high surface area, aspect ratio and suitable chemical compatibility to provide enhanced
mechanical and gas barrier properties at low filler content. The filler geometrical characteristics are an important factor in
reducing gas permeability. The higher the aspect ratio, the greater the surface activity, which leads to an increase in
mechanical properties, as well as gas barrier properties of the polymer matrix.

In terms of the orientation of fillers inside the polymer matrix, the Nielson model is commonly used. This is an ideal case
where the orientation of the filler is perpendicular to the direction of diffusion and is generally not readily achievable. The
modified version of the Nielson model is proposed by Bharadwaj by introducing the orientation parameter (S) 22, If S = 0,
designates perfect orientation and the Bharadwaj model will be reduced to the Nielson model, and maximum permeability
reduction will be observed as indicated in Figure 4. Different models based on volume fraction and aspect ratio have also
been developed to compare theoretical data with experimentally investigated gas barrier results 53],
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Figure 4. Effect of filler addition on gas barrier properties of nanocomposites: (a) Poor barrier properties in pristine
polymer, due to direct diffusion pathways for gas molecules, (b) improved barrier properties in hanocomposites due to
longer diffusion pathways.

Another aspect to be considered while studying the bioplastics’ barrier properties is the dispersion and interchain
compatibility of fillers within the bioplastics’ matrices. Well exfoliated nano-fillers in polymer matrices give optimal
reinforcement and contribute to other material performance characteristics 2. A major issue with the dispersion of fillers
in polymers is their hydrophilic nature, which causes inefficient compatibility with the hydrophobic polymer phase.
Therefore, treatments are adopted to promote better interactions and good dispersion between the polymer phase and the
fillers B4, Moreover, the structural characteristics of the filler define the contribution imparted to the mechanical and gas
barrier properties of polymers. The structural format of fillers dramatically impacts the gas barrier properties of their host



polymers B8l This is due to the higher crystallinity, which increases the effective path of diffusion and impedes the
passage of gas molecules through the polymers rendering them suitable for packaging applications.

Figure 5 demonstrates the effect of fillers addition on the barrier properties, especially the oxygen (O,) permeability of
commonly used petroleum-based plastics and biopolymers. The data is compiled by converting oxygen permeability
values from different units into a single unit (barrer). The addition of smaller amounts of fillers in biopolymers has
drastically reduced the permeability of oxygen, fulfilling the criteria of ideal gas barrier material (LDPE, PET, and high
density polyethene (HDPE)). Among biopolymers, PHAs showed more hindrance to the passage of gas molecules in their
pristine polymers as compared to mentioned petroleum-based polymers. Functionalised graphene oxide (Gr-O) proved to
be the best filler. The impressive reduction of oxygen permeability by Gr-O could be related to the strong interfacial
adhesion between Gr-O and PHA polymer matrix (58],
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Figure 5. Effect of nanofillers on oxygen permeability of various biopolymers.

| 6. Bioplastic Processing and Formulation

Blending and composite formation is an established route for achieving improved technical and processing performance
within polymer engineering. Blending PHAs, in particular, PHB with other polymers, offers opportunities to improve
processability by lowering the processing temperature and reducing the brittle nature of these biopolymers. The physical,
chemical and molecular architectural aspects dictate the enhancement of the polymer blend achievable through
compounding techniques and introduced additives. Plasticiser additives can improve polymer viscosity and improve chain
mobility during processing. Thermal stabilising additives can be used to eliminate premature degradation of polymers
during processing, such as antioxidants, which guard against the presence of oxygen in the processing environment.
Compatibiliser additives can improve miscibility between polymers by inducing flexible physical dipole-dipole interactions,
or hydrogen bonding B2, Nanocomposite additives, such as nanocrystals and nanofibres, can significantly improve the
mechanical strength and gas barrier properties of the polymers if they are well dispersed in the biopolymer matrices.
Natural fibres as an example of nanocomposite have been recently introduced as the main component in fibre reinforced
biopolymer composites B8l The intermolecular hydrogen bonds connecting the polymer chains of natural fibres provide a
linear crystalline structure with a tensile strength reaching 15 GPa 9. Such great strength is also accompanied by other
advantages, as low cost, abundance, biodegradability, easy recyclability and fabrication of low weight composite materials
58] All these properties made natural fibres perfect candidates as fillers in biopolymer composites and can compete with
glass or carbon fibres. Accordingly, several studies were performed to evaluate the effect of incorporating natural fibres in

biopolymer composites to improve the composite’s mechanical and barrier properties. Among natural fibres, cellulose €4
[611(62][63][641[651(66]  hemp [BZICAITOIZUIZ2IZS  Kenaf ZAIZSIZEIIIIE] ang flax [ZBUIBLIBBBAIESIBEIBTIEE \were the most

studied ones. It is worth mentioning that nanocomposites of natural fibres or crystals added as fillers without plasticiser or
compatibiliser, results in their poor dispersion and decrease the quality of polymer composite. Alternatively, plasticisers of
hydrophilic nature, when mixed with biopolymers or their blends, tend to increase the wettability and O, permeability and
deteriorate the barrier properties of the polymer composite.

Thus, to obtain better performance of nanocomposites with plasticisers or compatibilisers in biopolymer composites, both
additives should be used together. The addition of nanocomposites with plasticisers improves the interfacial adhesion
between the nanocomposites and the polymer matrix, allowing better dispersion and consequently provides a more
tortuous path for gas and water and increase the barrier properties. Other approaches were introduced to improve the
dispersion of the nanocomposites of natural fibres or crystals in polymer matrices. These include physical and chemical
treatments of the nanocomposites before mixing with biopolymers. Bio-based coatings were also applied to natural fibres
reinforced biocomposites as a means of inducing the hydrophobicity, and thus, improve the barrier properties of the
biocomposite.



6.1. Blends and Composites

As previously mentioned, the processability and formability of PHB represent a drawback in industrial applications;
blending with PLA provides a potential route to facilitating its introduction in the market, while also improving PLA
properties at the same time. Several studies on PLA-PHB blends have been conducted in recent years, with the results
typically showing a slightly higher Young's modulus than neat PHB and neat PLA B9, Blends with PHB content of 50% or
higher have shown lower values of tensile stress and elongation at the break in comparison to pure PLA 29 However,
above 60% PLA content has been reported to increase elongation at the break by up to 12%, with values even
comparable to typical thermoplastics achieved on the addition of plasticisers [BABABUBAG3] Fyrthermore, the PLA-PHB
75:25 blend demonstrated higher mechanical performance than neat PLA, and greater impact resistance than the
homopolymers on their own B4, jandas et al. reported the incorporation of PHB within PLA matrix in different ratios
resulting in intermediate properties for the blends. The ductility of PLA increased consistently as PHB concentrations
increased from 10 to 30 wt%. The maximum increase in percentage elongation was observed in the 70:30 ratio,
suggesting some degree of molecular interaction between the macromolecules of PLA and PHB within the blend (Figure
6). However, tensile modulus and tensile strength were considerably decreased in the case of the blends, compared to
pure PLA, as well as a corresponding decrease in stiffness. Blends prepared at 70:30 ratio were used for trial with
compatibilisers and preparation of blend composites, due to the optimum elongation at the break and impact strength
exhibited 7],
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Figure 6. Young's Modulus (MPa) vs. elongation at the break (%) of PLA, PHB and their blends, reported by Jandas et al.
(black squares) B4, Armentano et al. (blue triangles) 22 and Arrieta et al. (red circles) 24,

6.2. Compatibilisers and Plasticisers

Facilitation of processability and improved flexibility in PLA/PHB blends is achievable using plasticisers 24, Plasticisers
are available as cost-effective, readily available materials on the market and are also generally of natural origin and
include: Oxypropylated glycerin (or laprol), glycerol, glycerol triacetate, 4-nonylphenol, 4,40-dihydroxydiphenylmethane,
acetyl tributyl citrate, salicylic ester, acetylsalicylic acid ester, soybean oil, epoxidised soybean oil, dibutyl phthalate,
triethyl citrate, dioctyl phthalate, dioctyl sebacate, acetyl tributyl citrate, di-2-ethylhexylphthalate, tri(ethylene glycol)-bis(2-
ethylhexanoate), triacetine, and fatty alcohols with or without glycerol fatty esters. Blends of PEG (2-5%) and PHB
produced by solvent casting technique has been demonstrated to increase the elongation at the break by up to about four
times compared with the original neat PHB. This behaviour was attributed to a plasticising effect of PEG, which acts to
weaken the intermolecular forces between the adjacent polymer chains. The changes in free volume reduced the melting
temperatures of the system and are also associated with an accompanying reduction in tensile strength 231,

As shown in Figure 7, compatibilisers, such as maleic anhydride, have been applied to PLA and PLA/PHB blends to
impart additional flexibility and improve the blend’s young’'s modulus by the induction of flexible physical interactions,
including dipole-dipole or hydrogen bonding B4, For industrial purposes, considerable attention needs to be paid to the
selection of suitable plasticisers or compatibilisers as most tend to negatively impact other mechanical properties, such as
lowering barrier properties of bioplastic blends, which can restrict their use in packaging applications B,
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Figure 7. Young's Modulus (MPa) vs. Elongation (%) of PLA, PHB and their blends using MA as a compatibiliser, together
with OMMT and C30B nanoclays 4.

6.3. Natural Fillers

The use of naturally sourced fibre-based fillers, with their considerable tensile strength and high sustainability, presents a
key route to facilitating polymer circularity. The hydrophilic nature of bare natural fibres with no surface treatment requires
an address, due to the incompatibility with hydrophobic biopolymer. Biopolymer composites reinforced with untreated
natural fibres typically exhibit non-uniform fibre dispersion with interfaces promoting crack formation. These material
defects can lead to premature mechanical failure of the composites B8IEAI96] These defects are attributable to the natural
fibre hydrophilicity, which hinders proper mixing with the biopolymer hydrophobic matrix causing poor fibre/matrix
interfacial bonding B2, While high susceptibility of moisture absorption by the hydrophilic natural fibres can support the
growth of fungi and bacteria and deteriorate the physical and mechanical properties of the bio-composites 58, this fact
can be a highly useful feature that can be availed of post use for achieving biocyclability.

Different approaches are available to enhance the interfacial adhesion between the fibres and matrix, resulting in the
fabrication of biocomposites with better mechanical and barrier properties. Among these solutions is the surface
modification of natural fibres. Surface modification can result in increasing the sites of reaction, offering new functionality
to the fibre surface and enhancing surface roughness by removing impurities B3, Such modification will lead eventually to
the improvement in mechanical properties and reduction of the water absorption of the fabricated biocomposite. The
techniques applied to modify the natural surface fibres before inclusion in biopolymer matrices include physical, chemical,
biological treatments and their combinations. Some examples of physical treatment techniques are calendaring,
stretching, hybrid yarns production and thermal treatments; while chemical techniques include, alkali swelling, silane
modifications, graft copolymerisation, and treatment with isocyanate, mercerisation 4.

A representative selection of the recently applied surface modifications for natural fibres reinforced biocomposites are
given in Table 3.

Table 3. Surface treatment of natural fibres reinforced bio-composites.

Outcomes
Natural Biopolymer
Process Fibre Matrix Mechanical Ref.
Used Interfacial Adhesion . Barrier Properties
Properties
Treatment with
compatibilisers;
Polyglycerol polyglycidyl
ether (SR-4GL), Cellulose Improved interfacial Inhibited
Trimethylol propane fibres PLA adhesion between degradation of [es]
polyglycidyl ether (SR- fibres and PLA and the PLA matrix

TMP), and (Polyglycerol
polypropyleneoxide (SC-
P1000)




Outcomes
Natural

Process Fibre zlac?:it))(lymer Mechanical Ref.
Used Interfacial Adhesion . Barrier Properties
Properties
Improved water
resistance,
reduced oxygen
STEFAC TM 8170, Cellulose Enhanced and UV-light (0]
surfactant modification fibres PLA/PHB mechanical transmission, as
performance well as
appropriate
disintegration in
compost
Reduction in the
crystallinity of
PHB (up to 6%
reduction),
Alkali treatment K_enaf PHB makln_g it more [
fibre ductile, and
improvement of
the flexural
modulus by up to
11%.
Improvement to
fibre/matrix
adhesion with 2%
w/w silane content,
yet further
improvement of the Improved
Silane treatment Flax fibre PLA X . mechanical e
fibre-matrix .
interface can be properties
partially resolved
by silane/alkali
treatment
combination.
T, values of
fabricated bio-
composites were
. Flax lowered by 10 °C 82
Alkali treatment fibres PLA for 10% NaOH 2]
treatment and 15
°C for 30% NaOH
treatment
Improved interfacial
Treatment with ethylene Flax PHB adhesion strength Improved thermal [88]
plasma fibres in the bio- resistance

composite

Combinations of natural materials with petroleum-based plastics is an option that is also under development. While
facilitating the high mechanical performance, considerations are required when using this approach as further dilemma’s
may be posed regarding factors, such as continued resource depletion dependencies and degradation and
biodegradation pathways, which potentially lead to increased microplastics production.

6.4. Bio-Coatings

The application of bio-based coatings to biocomposites and natural fibre reinforced biocomposites is a promising
approach proposed to overcome the significant water uptake propensities of natural fibres and increase the moisture
resistance of bioplastics for fluid barrier property application requirements. Exposure to long term
environmental/hygroscopic ageing necessitates the induction of a higher level of hydrophobicity in chemically modified
natural fibre reinforced bio-composites and bioplastics in general. Introducing bio-based coatings to natural fibres
reinforced biocomposites, ensures the environmentally friendly and biodegradable nature of fibres. Besides, bio-based
coatings are obtained from renewable resources and have superior hydrophobic characteristics [€2. For instance,
polyurethane (PU) coatings were first introduced as bio-based coating resins in the 1950s 28], PU coatings mainly provide
their composites with high solvent resistance, hydrolytic stability, resistance to acid—base conditions and weather-ability
621 Currently, most of the industrially produced PUs are petroleum-based polyols. Thus, renewable resources, such as
vegetable oil [RMLAI0I]  canola oil 202, soybean oil LORILOIIL0S] g castor oil LOSIILO7IL08] are thoroughly investigated
and were able to produce PU coating of competing properties to that of petroleum-based ones.

Polyfurfuryl alcohol (PFA) is another attractive type of bio-based coatings that can be used for barrier property application
requirements. PFA has a low cost manufacturing process and can be obtained from natural resources as the agricultural
residue of wheat, birch wood, hazelnut shells, corn, rice hulls, oat and sugar cane 2, In addition, PFA's hydrophobicity,
great heat distortion temperature and resistance to chemical erosion make it an excellent candidate as a coating material
for bioplastics and natural fibres reinforced biocomposites.



Despite such potentials of PU and PFA as bio-based coatings, there is almost no work presented in the literature on the
application of PU and PFA as coatings for natural fibre reinforced composites or biocomposites, except for a recent study
done by Mokhothu et al. 299, This study proposed using PU and PFA as bio-based coatings to composites containing
flame-retardant treated natural fibres (flax) and phenolic resin. For three days, uncoated and coated samples were
subjected to 90 °C and 90% relative humidity. Analysis was performed to the relative moisture content and mechanical
properties and compared with the commercially available water-resistant product (FIRESHELL® (F1E)). Concerning the
mechanical properties, PFA coated samples showed the highest modulus value (1.93 GPa) after being subjected to
environmental conditioning with respect to uncoated (1.59 GPa); PU (1.05 GPa) and F1E (0.98 GPa) coated composites.
Besides, the PFA and PU coated samples showed high stress at the break and a decreased elongation at the break in
comparison to F1E coated ones. The moisture content of the conditioned PFA and PU coated composites was
significantly reduced by 75% and 30%, respectively, when compared to uncoated and F1E coated composites 109,

References

1. Madison, L.L.; Huisman, G.W. Metabolic Engineering of Poly(3-Hydroxyalkanoates): From DNA to Plastic. Microbiol.
Mol. Biol. Rev. 1999, 63, 21-53.

2. Koller, M.; Marsélek, L.; Dias, M.M.D.S.; Braunegg, G. Producing microbial polyhydroxyalkanoate (PHA) biopolyesters
in a sustainable manner. New Biotechnol. 2017, 37, 24-38.

3. Koller, M. A Review on Established and Emerging Fermentation Schemes for Microbial Production of Polyhydroxy-
alkanoate (PHA) Biopolyesters. Fermentation 2018, 4, 30.

4. Rajwade, J.M.; Paknikar, K.; Kumbhar, J.V. Applications of bacterial cellulose and its composites in biomedicine. Appl.
Microbiol. Biotechnol. 2015, 99, 2491-2511.

5. Sudesh, K.; Abe, H.; Doi, Y. Synthesis, structure and properties of polyhydroxyalkanoates: Biological polyesters. Prog.
Polym. Sci. 2000, 25, 1503-1555.

6. Muneer, F; Rasul, |.; Azeem, F.; Siddique, M.H.; Zubair, M.; Nadeem, H. Microbial Polyhydroxyalkanoates (PHAS):
Efficient Replacement of Synthetic Polymers. J. Polym. Environ. 2020, 28, 2301-2323.

7. Ciesielski, S.; Mozejko-Ciesielska, J.; Pisutpaisal, N. Plant oils as promising substrates for polyhydroxyalkanoates pro-
duction. J. Clean. Prod. 2015, 106, 408—-421.

8. Shuai, X.-T.; Jedlinski, Z.; Luo, Q.; Farhod, N. Synthesis of novel block copolymers of poly(3-hydroxybutyric acid) with
poly(ethylene glycol) through anionic polymerisation. Chin. J. Polym. Sci. 2000, 18, 19-23.

9. Fu, J.; Sharma, P.; Spicer, V.; Krokhin, O.V.; Zhang, X.; Fristensky, B.; Wilkins, J.A.; Cicek, N.; Sparling, R.; Levin, D.B.
Effects of impurities in biodiesel-derived glycerol on growth and expression of heavy metal ion homeostasis genes and
gene products in Pseudomonas putida LS46. Appl. Microbiol. Biotechnol. 2015, 99, 5583-5592.

10. Noda, |.; Lindsey, S.B.; Caraway, D. Nodax™ Class PHA Copolymers: Their Properties and Applications. In Beneficial
Microorganisms in Food and Nutraceuticals; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany,
2010; pp. 237-255.

11. Kunioka, M.; Doi, Y. Thermal degradation of microbial copolyesters: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and
poly(3-hydroxybutyrate-co-4-hydroxybutyrate). Macromolecules 1990, 23, 1933-1936.

12. Avella, M.; Martuscelli, E.; Raimo, M. Review Properties of blends and composites based on poly(3-hydroxy)butyrate
(PHB) and poly(3-hydroxybutyrate-hydroxyvalerate) (PHBV) copolymers. J. Mater. Sci. 2000, 35, 523-545.

13. Qiu, Y.-Z.; Han, J.; Guo, J.-J.; Chen, G.-Q. Production of Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) from
Gluconate and Glucose by Recombinant Aeromonas hydrophila and Pseudomonas putida. Biotechnol. Lett. 2005, 27,
1381-1386.

14. McAdam, B.; Fournet, M.B.; McDonald, P.; Mojicevic, M. Production of Polyhydroxybutyrate (PHB) and Factors
Impacting Its Chemical and Mechanical Characteristics. Polymers 2020, 12, 2908.

15. Ravenelle, F.; Marchessault, R.H. One-Step Synthesis of Amphiphilic Diblock Copolymers from Bacterial Poly([R]-3-
hydroxybutyric acid). Biomacromolecules 2002, 3, 1057-1064.

16. Amaro, TM.M.M.; Rosa, D.; Comi, G.; lacumin, L. Prospects for the Use of Whey for Polyhydroxyalkanoate (PHA) Pro-
duction. Front. Microbiol. 2019, 10, 992.

17. Colombo, B.; Favini, F.; Scaglia, B.; Sciarria, T.P.; D'Imporzano, G.; Pognani, M.; Alekseeva, A.; Eisele, G.; Cosentino,
C.; Adani, F. Enhanced polyhydroxyalkanoate (PHA) production from the organic fraction of municipal solid waste by
using mixed microbial culture. Biotechnol. Biofuels 2017, 10, 1-15.

18. Rajendran, N.; Sharanya, P.; Sneha Raj, M.; Ruth Angeeleena, B.; Rajam, C. Seaweeds can be a new source for bio-
plastics. J. Pharm. Res. 2012, 5, 1476-1479.

19. Chee, J.Y,; Tan, Y.; Samian, R.; Sudesh, K. Isolation and Characterization of a Burkholderia sp. USM (JCM15050)
Capable of Producing Polyhydroxyalkanoate (PHA) from Triglycerides, Fatty Acids and Glycerols. J. Polym. Environ.
2010, 18, 584-592.



20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Koller, M.; Salerno, A.; Dias, M.; Reiterer, A.; Braunegg, G. Modern biotechnological polymer synthesis: A review. Food
Technol. Biotechnol. 2010, 48, 255-269.

Pandey, A. Solid-state fermentation. Biochem. Eng. J. 2003, 13, 81-84.

Sindhu, R.; Pandey, A.; Binod, P. Solid-state fermentation for the production of Poly(hydroxyalkanoates). Chem.
Biochem. Eng. Q. 2015, 29, 173-181.

Reiniati, I.; Hrymak, A.N.; Margaritis, A. Recent developments in the production and applications of bacterial cellulose
fibers and nanocrystals. Crit. Rev. Biotechnol. 2017, 37, 510-524.

Florea, M.; Hagemann, H.; Santosa, G.; Abbott, J.; Micklem, C.; Spencer-Milnes, X.; Garcia, L.D.A.; Paschou, D.;
Lazenbatt, C.; Kong, D.; et al. Engineering control of bacterial cellulose production using a genetic toolkit and a new
cellulose-producing strain. Proc. Natl. Acad. Sci. USA 2016, 113, E3431-E3440.

Liu, M.; Li, S.; Xie, Y.; Jia, S.; Hou, Y.; Zou, Y.; Zhong, C. Enhanced bacterial cellulose production by
Gluconacetobacter xylinus via expression of Vitreoscilla hemoglobin and oxygen tension regulation. Appl. Microbiol.
Biotechnol. 2018, 102, 1155-1165.

Hungund, B.; Gupta, S. Strain improvement of Gluconacetobacter xylinus NCIM 2526 for bacterial cellulose production.
Afr. J. Biotechnol. 2010, 9, 32.

Neves, N.M.; Reis, R.L. (Eds.) Biomaterials from Nature for Advanced Devices and Therapies; Wiley: Hoboken, NJ,
USA, 2016; pp. 384-399.

Volova, T.G.; Prudnikova, S.; Sukovatyi, A.G.; Shishatskaya, E. Production and properties of bacterial cellulose by the
strain Komagataeibacter xylinus B-12068. Appl. Microbiol. Biotechnol. 2018, 102, 7417-7428.

Lin, S.-P.; Calvar, I.L.; Catchmark, J.M.; Liu, J.-R.; Demirci, A.; Cheng, K.-C. Biosynthesis, production and applications
of bacterial cellulose. Cellulose 2013, 20, 2191-2219.

Shah, N.; Ul-Islam, M.; Khattak, W.A.; Park, J.K. Overview of bacterial cellulose composites: A multipurpose advanced
material. Carbohydr. Polym. 2013, 98, 1585-1598.

Hsieh, J.-T.; Wang, M.-J.; Lai, J.-T.; Liu, H.-S. A novel static cultivation of bacterial cellulose production by intermittent
feeding strategy. J. Taiwan Inst. Chem. Eng. 2016, 63, 46-51.

Ul-Islam, M.; Khan, S.; Ullah, M.W.; Park, J.K. Bacterial cellulose composites: Synthetic strategies and multiple
applications in bio-medical and electro-conductive fields. Biotechnol. J. 2015, 10, 1847-1861.

Singhsa, P.; Narain, R.; Manuspiya, H. Physical structure variations of bacterial cellulose produced by different
Komaga-taeibacter xylinus strains and carbon sources in static and agitated conditions. Cellulose 2018, 25, 1571—
1581.

Parte, F.G.B.; Santoso, S.P.; Chou, C.-C.; Verma, V.; Wang, H.-T.; Ismadji, S.; Cheng, K.-C. Current progress on the
production, modification, and applications of bacterial cellulose. Crit. Rev. Biotechnol. 2020, 40, 397-414.

Auras, R.; Harte, B.; Selke, S. An Overview of Polylactides as Packaging Materials. Macromol. Biosci. 2004, 4, 835—
864.

Zhao, X.; Cornish, K.; Vodovotz, Y. Narrowing the Gap for Bioplastic Use in Food Packaging: An Update. Environ. Sci.
Technol. 2020, 54, 4712-4732.

Chen, S.-Q.; Lopez-Sanchez, P.; Wang, D.; Mikkelsen, D.; Gidley, M.J. Mechanical properties of bacterial cellulose
synthesised by diverse strains of the genus Komagataeibacter. Food Hydrocoll. 2018, 81, 87-95.

Jem, K.J.; Tan, B. The development and challenges of poly (lactic acid) and poly (glycolic acid). Adv. Ind. Eng. Polym.
Res. 2020, 3, 60-70.

Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread
appli-cations—A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367-392.

Visakh, P.M. CHAPTER 1. Polyhydroxyalkanoates (PHASs), their Blends, Composites and Nanocomposites: State of the
Art, New Challenges and Opportunities. In Polyhydroxyalkanoate (PHA) Based Blends, Composites and
Nanocomposites; Green Chemistry Series; Royal Society of Chemistry: Cambridge, UK, 2014; pp. 1-17.

Goh, L.-K.; Purama, R.K.; Sudesh, K. Enhancement of Stress Tolerance in the Polyhydroxyalkanoate Producers
without Mobilization of the Accumulated Granules. Appl. Biochem. Biotechnol. 2014, 172, 1585-1598.

Dos Santos, A.J.; Valentina, L.V.0.D.; Schulz, A.A.H.; Duarte, M.A.T. From Obtaining to Degradation of PHB:Material
Properties. Part I. Ing. Cienc. 2017, 13, 269-298.

El-Hadi, A.M.; Schnabel, R.; Straube, E.; Miiller, G.; Henning, S. Correlation between degree of crystallinity,
morphology, glass temperature, mechanical properties and biodegradation of poly (3-hydroxyalkanoate) PHAs and
their blends. Polym. Test. 2002, 21, 665-674.

Smith, M.K.M.; Paleri, D.M.; Abdelwahab, M.; Mielewski, D.F.; Misra, M.; Mohanty, A.K. Sustainable composites from
poly(3-hydroxybutyrate) (PHB) bioplastic and agave natural fibre. Green Chem. 2020, 22, 3906—-3916.

Barham, P.J.; Keller, A.; Otun, E.L.; Wills, H.H.; Holmes, P.A. Crystallization and morphology of a bacterial
thermoplastic: Poly-3-hyd roxybutyrate. J. Mater. Sci. 1984, 19.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Barham, P.J.; Keller, A. The relationship between microstructure and mode of fracture in polyhydroxybutyrate. J. Polym.
Sci. Part B Polym. Phys. 1986, 24, 69-77.

Janigova, |.; Laciik, I.; Chodak, I. Thermal degradation of plasticized poly(3-hydroxybutyrate) investigated by DSC.
Polym. Degrad. Stab. 2002, 77, 35-41.

Shim, S.H.; Kim, K.T;; Lee, J.U.; Jo, W.H. Facile Method to Functionalize Graphene Oxide and Its Application to
Poly(ethylene terephthalate)/Graphene Composite. ACS Appl. Mater. Interfaces 2012, 4, 4184-4191.

Papadopoulou, E.L.; Basnett, P.; Paul, U.C.; Marras, S.; Ceseracciu, L.; Roy, |.; Athanassiou, A. Green Composites of
Poly(3-hydroxybutyrate) Containing Graphene Nanoplatelets with Desirable Electrical Conductivity and Oxygen Barrier
Properties. ACS Omega 2019, 4, 19746-19755.

Dhar, P.; Gaur, S.S.; Soundararajan, N.; Gupta, A.; Bhasney, S.M.; Milli, M.; Kumar, A.; Katiyar, V. Reactive Extrusion of
Polylactic Acid/Cellulose Nanocrystal Films for Food Packaging Applications: Influence of Filler Type on
Thermomechanical, Rheological, and Barrier Properties. Ind. Eng. Chem. Res. 2017, 56, 4718-4735.

Azeem, M.; Jan, R.; Farrukh, S.; Hussain, A. Improving gas barrier properties with boron nitride nanosheets in poly-
mer-composites. Results Phys. 2019, 12, 1535-1541.

Bharadwaj, R.K. Modeling the Barrier Properties of Polymer-Layered Silicate Nanocomposites. Macromolecules 2001,
34,9189-9192.

Moggridge, G.; Lape, N.K.; Yang, C.; Cussler, E. Barrier films using flakes and reactive additives. Prog. Org. Coat.
2003, 46, 231-240.

Cui, Z.; Martinez, A.P.; Adamson, D.H. PMMA functionalized boron nitride sheets as nanofillers. Nanoscale 2015, 7,
10193-10197.

Gitari, B.; Chang, B.P.; Misra, M.; Navabi, A.; Mohanty, A.K. A comparative study on the mechanical, thermal, and water
barrier properties of PLA nanocomposite films prepared with bacterial nanocellulose and cellulose nanofibrils.
BioResources 2019, 14, 1867-1889.

Xu, P.; Yang, W.; Niu, D.; Yu, M.; Du, M.; Dong, W.; Chen, M.; Lemstra, P.J.; Ma, P. Multifunctional and robust
polyhydroxyalkanoate nanocomposites with superior gas barrier, heat resistant and inherent antibacterial
performances. Chem. Eng. J. 2020, 382, 122864.

Jandas, P.J.; Mohanty, S.; Nayak, S.K. Morphology and Thermal Properties of Renewable Resource-Based Polymer
Blend Nanocomposites Influenced by a Reactive Compatibilizer. ACS Sustain. Chem. Eng. 2013, 2, 377-386.

Kick, T.; Grethe, T.; Mahltig, B. A Natural Based Method for Hydrophobic Treatment of Natural Fiber Material. Acta
Chim. Slov. 2017, 64, 373-380.

Lu, N.; Oza, S.; Tajabadi, M.G. Surface Modification of Natural Fibers for Reinforcement in Polymeric Composites. In
Surface Modification of Biopolymers; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015; pp. 224-237.

Zhijiang, C.; Yi, X.; Haizheng, Y.; Jia, J.; Liu, Y. Poly(hydroxybutyrate)/cellulose acetate blend nanofiber scaffolds:
Prepa-ration, characterization and cytocompatibility. Mater. Sci. Eng. C 2016, 58, 757—-767.

Panaitescu, D.M.; Nicolae, C.A.; Gabor, A.R.; Trusca, R. Thermal and mechanical properties of poly(3-hydroxybutyrate)
reinforced with cellulose fibers from wood waste. Ind. Crop. Prod. 2020, 145, 112071.

Mokhothu, T.H.; John, M.J. Review on hygroscopic aging of cellulose fibres and their biocomposites. Carbohydr.
Polym. 2015, 131, 337-354.

Joffe, R.; Pupure, L.; Berthold, F.; Varna, J. Micro-structure and Mechanical Properties in PLA Reinforced with
Cellulosic Fiber Sheets Made by Wet Forming Method. In Proceedings of the 8th International Conference on
Composites Testing and Model Identification (CompTest 2017), Leuven, Belgium, 5-7 April 2017.

Masmoudi, F.; Bessadok, A.; Dammak, M.; Jaziri, M.; Ammar, E. Biodegradable packaging materials conception based
on starch and polylactic acid (PLA) reinforced with cellulose. Environ. Sci. Pollut. Res. 2016, 23, 20904-20914.

Kyutoku, H.; Maeda, N.; Sakamoto, H.; Nishimura, H.; Yamada, K. Effect of surface treatment of cellulose fiber (CF) on
durability of PLA/CF bio-composites. Carbohydr. Polym. 2019, 203, 95-102.

Piekarska, K.; Sowinski, P.; Piorkowska, E.; Hague, M.M.U.; Pracella, M. Structure and properties of hybrid PLA nano-
composites with inorganic nanofillers and cellulose fibers. Compos. Part A Appl. Sci. Manuf. 2016, 82, 34-41.

Hu, R.; Lim, J.-K. Fabrication and Mechanical Properties of Completely Biodegradable Hemp Fiber Reinforced
Polylactic Acid Composites. J. Compos. Mater. 2007, 41, 1655-1669.

Pommet, M.; Juntaro, J.; Heng, J.; Mantalaris, A.; Lee, A.; Wilson, K.; Kalinka, G.; Shaffer, M.S.P.; Bismarck, A. Surface
Modification of Natural Fibers Using Bacteria: Depositing Bacterial Cellulose onto Natural Fibers To Create Hierarchical
Fiber Reinforced Nanocomposites. Biomacromolecules 2008, 9, 1643—-1651.

Xu, Z.; Yang, L.; Ni, Q.; Ruan, F.; Wang, H. Fabrication of high-performance green hemp/polylactic acid fibre
composites. J. Eng. Fibers Fabr. 2019, 14.

Michel, A.; Billington, S. Characterization of poly-hydroxybutyrate films and hemp fiber reinforced composites exposed
to accelerated weathering. Polym. Degrad. Stab. 2012, 97, 870-878.



71.

72.

73.

74.

75.

76.

77

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

Keller, A. Compounding and mechanical properties of biodegradable hemp fibre composites. Compos. Sci. Technol.
2003, 63, 1307-1316.

Sawpan, M.A.; Pickering, K.L.; Fernyhough, A. Characterisation of hemp fibre reinforced Poly(Lactic Acid) composites.
Int. J. Mater. Prod. Technol. 2009, 36, 229.

Smoca, A.; Kukle, S.; Zelca, Z. Properties of Hemp Fibres Reinforced PLA Composites. Key Eng. Mater. 2019, 800,
205-209.

Avella, M.; Buzdarovska, A.; Errico, M.E.; Gentile, G.; Grozdanov, A.; Bogoeva-Gaceva, G. Poly(3-hydroxybutyrate-co-
3-hydroxyvalerate)-based biocomposites reinforced with kenaf fibers. J. Appl. Polym. Sci. 2007, 104, 3192—-3200.

Hassan, A.; Isa, M.R.M.; Ishak, Z.A.M. Improving thermal and mechanical properties of injection moulded Kenaf Fibre-
reinforced Polyhydroxy-butyrate composites through fibre surface treatment. BioResources 2019, 14, 3101-3116.

Buzarovska, A.; Bogoeva-Gaceva, G.; Grozdanov, A.; Avella, M. Crystallization behavior of polyhydroxybutyrate in
model composites with kenaf fibers. J. Appl. Polym. Sci. 2006, 102, 804—809.

. Graupner, N.; Mussig, J. A comparison of the mechanical characteristics of kenaf and lyocell fibre reinforced poly(lactic

acid) (PLA) and poly(3-hydroxybutyrate) (PHB) composites. Compos. Part A Appl. Sci. Manuf. 2011, 42, 2010-2019.
Kuciel, S.; Liber-Knec, A. Biocomposites based on PHB filled with wood or kenaf fibers. Polimery 2011, 56, 218-223.

Bayart, M.; Gauvin, F.; Foruzanmehr, M.R.; Elkoun, S.; Robert, M. Mechanical and moisture absorption characterization
of PLA composites reinforced with nano-coated flax fibers. Fibers Polym. 2017, 18, 1288-1295.

Georgiopoulos, P.; Kontou, E.; Georgousis, G. Effect of silane treatment loading on the flexural properties of PLA/flax
unidirectional composites. Compos. Commun. 2018, 10, 6-10.

Karsli, N.G.; Aytac, A. Properties of alkali treated short flax fiber reinforced poly(lactic acid)/polycarbonate composites.
Fibers Polym. 2014, 15, 2607-2612.

Aydin, M.; Tozlu, H.; Kemaloglu, S.; Aytac, A.; Ozkoc, G. Effects of Alkali Treatment on the Properties of Short Flax Fi-
ber-Poly(Lactic Acid) Eco-Composites. J. Polym. Environ. 2011, 19, 11-17.

Shanks, R.A.; Hodzic, A.; Ridderhof, D. Composites of poly(lactic acid) with flax fibers modified by interstitial polymeri-
zation. J. Appl. Polym. Sci. 2006, 99, 2305-2313.

Foruzanmehr, M.; Vuillaume, P.; Elkoun, S.; Robert, M. Physical and mechanical properties of PLA composites
reinforced by TiO2 grafted flax fibers. Mater. Des. 2016, 106, 295-304.

Ventura, H.; Claramunt, J.; Rodriguez-Pérez, M.; Ardanuy, M. Effects of hydrothermal aging on the water uptake and
tensile properties of PHB/flax fabric biocomposites. Polym. Degrad. Stab. 2017, 142, 129-138.

Chilali, A.; Assarar, M.; Zouari, W.; Kebir, H.; Ayad, R. Mechanical characterization and damage events of flax fabric-
reinforced biopolymer composites. Polym. Polym. Compos. 2019, 28, 631-644.

Rytlewski, P.; Stepczynska, M.; Moraczewski, K.; Malinowski, R.; Karasiewicz, T.; Sikorska, W.; Zenkiewicz, M. Flax
fibers reinforced polycaprolactone modified by triallyl isocyanurate and electron radiation. Polym. Compos. 2019, 40,
481-488.

Lee, S.G.; Choi, S.-S.; Park, W.H.; Cho, D. Characterization of surface modified flax fibers and their biocomposites with
PHB. Macromol. Symp. 2003, 197, 089-100.

Arrieta, M.P.; Samper, M.D.; Aldas, M.; Lépez, J. On the Use of PLA-PHB Blends for Sustainable Food Packaging
Applications. Materials 2017, 10, 1008.

Zhang, M.; Thomas, N.L. Blending polylactic acid with polyhydroxybutyrate: The effect on thermal, mechanical, and
biodegradation properties. Adv. Polym. Technol. 2011, 30, 67-79.

Armentano, |.; Fortunati, E.; Burgos, N.; Dominici, F,; Luzi, F.; Fiori, S.; Jimenez, A.; Yoon, K.; Ahn, J.; Kang, S.; et al.
Processing and characterization of plasticized PLA/PHB blends for biodegradable multiphase systems. Express Polym.
Lett. 2015, 9, 583-596.

Armentano, |.; Fortunati, E.; Burgos, N.; Dominici, F,; Luzi, F.; Fiori, S.; Jiménez, A.; Yoon, K.; Ahn, J.; Kang, S.; et al.
Bio-based PLA_PHB plasticized blend films: Processing and structural characterization. LWT 2015, 64, 980-988.

Abdelwahab, M.; Flynn, A.; Chiou, B.-S.; Imam, S.; Orts, W.; Chiellini, E. Thermal, mechanical and morphological
characterization of plasticized PLA-PHB blends. Polym. Degrad. Stab. 2012, 97, 1822-1828.

Arrieta, M.P.; Samper, M.D.; Lopez, J.; Jiménez, A. Combined Effect of Poly(hydroxybutyrate) and Plasticizers on
Polylactic acid Properties for Film Intended for Food Packaging. J. Polym. Environ. 2014, 22, 460-470.

Rodrigues, J.A.F.R.; Parra, D.F.; Lugao, A.B. Crystallization on films of PHB/PEG blends. J. Therm. Anal. Calorim.
2005, 79, 379-381.

Ali, A.; Shaker, K.; Nawab, Y.; Jabbar, M.; Hussain, T.; Militky, J.; Baheti, V. Hydrophobic treatment of natural fibers and
their composites—A review. J. Ind. Text. 2018, 47, 2153-2183.

Lalit, R.; Mayank, P.; Ankur, K. Natural Fibers and Biopolymers Characterization: A Future Potential Composite
Material. Stroj. Cas. 2018, 68, 33-50.



98

99

100.

101.

102.

108.

104.

105.

106.

107.

108.

109.

. Awasthi, S.; Agarwal, D. Influence of cycloaliphatic compounds on the properties of polyurethane coatings. J. Coat.
Technol. Res. 2007, 4, 67-73.

. Alagi, P.; Choi, Y.J.; Hong, S.C. Preparation of vegetable oil-based polyols with controlled hydroxy! functionalities for
thermoplastic polyurethane. Eur. Polym. J. 2016, 78, 46—60.

Miao, S.; Wang, P.; Su, Z.; Zhang, S. Vegetable-oil-based polymers as future polymeric biomaterials. Acta Biomater.
2014, 10, 1692-1704.

Deka, H.; Karak, N. Bio-based hyperbranched polyurethanes for surface coating applications. Prog. Org. Coat. 2009,
66, 192-198.

Kong, X.; Liu, G.; Curtis, J.M. Novel polyurethane produced from canola oil based poly(ether ester) polyols: Synthesis,
characterization and properties. Eur. Polym. J. 2012, 48, 2097-2106.

Tan, S.; Abraham, T.; Ference, D.; Macosko, C.W. Rigid polyurethane foams from a soybean oil-based Polyol. Polymer
2011, 52, 2840-2846.

Ismail, E.A.; Motawie, A.; Sadek, E.; Ismail, E.A.; Motawie, A.; Sadek, E. Synthesis and characterization of
polyurethane coatings based on soybean oil-polyester polyols. Egypt. J. Pet. 2011, 20, 1-8.

Datta, J.; Glowinska, E. Effect of hydroxylated soybean oil and bio-based propanediol on the structure and thermal
properties of synthesized bio-polyurethanes. Ind. Crop. Prod. 2014, 61, 84-91.

Fu, C.; Zheng, Z.; Yang, Z.; Chen, Y.; Shen, L. A fully bio-based waterborne polyurethane dispersion from vegetable
oils: From synthesis of precursors by thiol-ene reaction to study of final material. Prog. Org. Coat. 2014, 77, 53-60.

Thakur, S.; Karak, N. Castor oil-based hyperbranched polyurethanes as advanced surface coating materials. Prog.
Org. Coat. 2013, 76, 157-164.

Gurunathan, T.; Mohanty, S.; Nayak, S.K. Isocyanate terminated castor oil-based polyurethane prepolymer: Synthesis
and characterization. Prog. Org. Coat. 2015, 80, 39-48.

Mokhothu, T.H.; John, M.J. Bio-based coatings for reducing water sorption in natural fibre reinforced composites. Sci.
Rep. 2017, 7, 1-8.

Retrieved from https://encyclopedia.pub/entry/history/show/28399



