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Abstract

Today, the development of materials has to involve the consideration of environmental
responsibility and sustainability. Therefore, more environmentally friendly products, which are
biodegradable and derived from renewable resources, have been extensively established. However, in
widespread applications, most bio-based polymers when used alone present limitations on their functions
and are more costly when compared to their petroleum-based counterparts. One of the most effective
ways to enhance the performance of bio-based materials is the incorporation of nanofillers or
nanoreinforcements. Recently, cellulose nanofibers or nanocelluloses (NCs) have been paid a great deal
of attention to, and incorporated within various biopolymer matrices, since NCs are renewable,
biodegradable, carbon neutral, biocompatible, possess extraordinary reinforcing potential, etc. A
significant improvement in key performances of the resulting NC-reinforced nanocomposites has been
demonstrated, showing that they are comparable, or even better, than the more conventional materials
and, thus, are a promising “green” alternative for various applications. Three types of NCs are classified
in this review, including microfibrillated cellulose (MFC), cellulose nanowhisker (CNW), and bacterial
cellulose (BC), and the NC-reinforced “green” composite systems are overviewed separately for each NC
type. The details of their attempted processing techniques, improvements in the nanocomposite
properties, dispersion problems in NCs, and remedies are discussed.
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Introduction

New environmental and waste management policies, together with concerns over the reliable
availability of petrochemicals in the future, have intensely forced the development of environmentally
friendly, sustainable, and degradable products in the past decade [1-3]. Accordingly, biodegradable
polymers and materials obtained from renewable resources have gained much attention. Based on their
sources, biodegradable polymers can be classified into 3 main categories, as illustrated in Figure 1.
Among them, some of the biodegradable polymers, for instance, thermoplastic starch (TPS), poly(lactic
acid) (PLA), and polyhydroxyalkanoates (PHAs), have been extensively developed because of their
similar mechanical properties to those of petroleum-based polymers, and also because of their ability to
be processed by conventional plastics machinery [3-5].

The commercial use of these biodegradable polymers, however, has expanded slowly, due to the
problems of their performances and their cost when compared to those of other common polymers or
plastics such as polyolefins and polyethylene terephthalate (PET) [1]. Particularly, brittleness, low heat
distortion temperature, and low gas barrier properties of biopolymers have strongly limited their uses
[6,7]. Thus, there is an obvious requirement to improve some of their properties, so that they can compete
with the current conventional plastics [4]. To compensate for the inherent inadequate properties of
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biopolymers, the incorporation of reinforcements has been proven to be one of the most effective ways to
thus improve the properties [5,8-12]. Therefore, trends in researches have been harnessed to develop fully
“green” composites, and much effort has been devoted to the use of natural fibers as an alternative to
conventional inorganic fillers (e.g., glass, aramid, or carbon fibers). The advantages of natural fibers over
traditional reinforcing materials are low cost, low density, renewable resource origin, acceptable specific
strength properties, reduced tool wear, reduced dermal and respiratory irritation, good thermal properties,
ease of separation, enhanced energy recovery, carbon dioxide sequestration, and biodegradability [13,14].
Nowadays, natural fiber-reinforced polymer composites with endurable mechanical properties have been
manufactured and widely used in various applications, mainly in the automotive, construction, and
packaging industries [12,15,16]. Deliberately, these “green” composite materials can provide several
positive environmental benefits from raw material utilization, product manufacturing, and utility until
ultimate disposability (fully degraded without releasing toxins into the environment) [17].

Biodegradable o0l duced b
Polymers directl olymers produced by
v y polymers o
extracted from Icro-organism or
5 bacteria
biomass ) I (e.g. polyhydroxyalkanoates
(e.g. polysaccharides, I (PHASs), bacterial cellulose,
proteins) | xanthan)
v

Polymers produced by chemical
synthesis using renewable bio-based
monomers or mixed monomers from

biomass and petroleum
(e.g. PLA, PCL and other bio-polyesters)

Figure 1 Three categories of biodegradable polymers, according to their sources.

Cellulose is the major constituent of natural fibers and the most abundant biopolymer on earth.
Besides plants, it is also presented in other living species such as bacteria and animals. Cellulose is a
linear polymer composed of B-1,4 linked glucopyranose units, in which each unit contains 3 alcoholic
hydroxyl groups, allowing hydrogen bonds to form between their chains [15,18]. This bonding leads to
the formation of bundles of crystalline nanofibrils, also called “cellulose microfibrils”, which have a
small width (2 - 20 nm), a high aspect ratio (> 300), and a high crystal modulus (130 - 150 GPa) of
cellulose I polymorph. Because of their reinforcing potential and their wide applicability in products,
considerable interest and effort have been drawn to the use of cellulose in fully degradable and renewable
“green” composite and nanocomposite production [18-21].

“Green” nanocomposite materials

Nanocomposite describes a 2 or more constituent material where one of the phases has at least one
dimension of less than 100 nm [19]. Since Toyota researchers in the late 1980s found that mechanical,
thermal, and barrier properties of nylon-clay composite material improved substantially by reinforcing it
with less than 5 % of nanoclay, extensive research works have been performed in the study of
nanocomposites for various applications [22]. Several researches have reported very unusual properties of
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such nanocomposite materials, which are very different from their microscale counterparts. The
improvements in mechanical properties, their stability towards UV-VIS, thermal, and chemical attacks,
self-extinguishing behavior, processability, oxygen and water vapor barrier, and tunable biodegradability
have been demonstrated in many nanocomposite systems [1,4,10,22-24].

Undoubtedly, for biobased and biodegradable polymers, the integration of nanofillers or
nanoreinforcements would bring significant opportunities to lessen their drawbacks and enhance the final
product key performance for use. Some of the most extensively studied renewable reinforcements in this
field are, of course, nanocelluloses, since they exhibit a number of interesting properties, such as
renewability, biodegradability, biocompatibility, a wide variety of sources, non-food agricultural based
economy, carbon neutrality, low density, and high specific strength and modulus [4]. Certainly, the use of
nanocellulose to reinforce biopolymers creates completely biobased formulation nanocomposites that are
fully renewable and degradable; so called “green” nanocomposite materials. [10,22]. This approach
results in “green” materials with various attractive properties which encouraging their use in a wide range
of applications, hence, leading towards their large-scale production and the sustainability of these NC-
reinforced nanocomposites, as depicted in Figure 2.

~

Bio-based & biodegradable
polymers
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Figure 2 Application of nanoreinforcements, leading towards sustainability of bio-based materials.

Nanoreinforcement: Nanocelluloses (NCs)

Several nanofillers have been recognized as possible reinforcements for enhancing polymer
performance. Among the various existing nanoreinforcements, the ones that have attracted most attention
in the biobased polymers field are nanoclay-based nanocomposites. It has been extensively reported in the
scientific literature that the addition at low contents of nanolayered clay particles to biopolymers can have
a major enhancing effect on several properties of the composite material [22]. Nevertheless, a minor
disadvantage of nanoclays on polymers has been reported, in that there is a reduction in transparency
[25].

More recently, nanocelluloses (NCs) have also received a great deal of interest for incorporation
into biopolymer matrices. Many researches have studied nanocomposite materials reinforced by NCs and
discovered a significant improvement in mechanical properties, thermal stability, and/or gas barrier
performance of the resulting products, while high transparency is retained [10,12,15,26]. Currently, the 3
main forms of nanoreinforcements obtained from cellulose that have been extensively studied are
microfibrillated cellulose (MFC), cellulose nanowhiskers (CNW), and bacterial cellulose (BC).
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Microfibrillated cellulose (MFC)

Microfibrillated cellulose (MFC) comes in the form of fine nano-sized fibrils, expanded to high-
volume, with a web-like structure of a considerably high surface area [27]. It can be obtained by
mechanical treatment, primarily a combination of shearing and impact forces, of pulp fibers through the
refining and high-pressure homogenizing processes. In these procedures, cellulose fibers in the plant cell
wall are fibrillated or split into smaller fibrils and microfibrils, in which the latter have diameters in the
range of the nano-scale [1]. The repeated mechanical forces on cellulose fibers promote a high degree of
microfibrillation; however, the processes are quite energy and time consuming [2]. Depending on the
pretreatment, process, and source of cellulose, individual fibrils can be about 5 - 10 nm in diameter, with
a long length (varying from 100 nm to several micrometers) (Figure 3(a)) [1,11,28]. Sometimes,
enzymatic pretreatment using endoglucanase is firstly performed to increase the efficiency of the refining
and homogenizing process [29].

Plants Plants & sea animal [ Bacteria J
. Acid/ alkali/
Reiining & enzyme Cultivation

homogenizing

hydrolysis

&
e

(b)

Figure 3 Schematic structures of (a) microfibrillated cellulose (MFC), (b) cellulose nanowhiskers (CNW)
and (c) bacterial cellulose (BC).

Cellulose nanowhisker (CNW)

The main method for preparation of cellulose nanowhisker (CNW) is the acid hydrolysis of
cellulose sources using strong acids such as hydrochloric and sulfuric acids. This harsh chemical process
basically removes the amorphous regions present in the fibrils, leaving the crystalline regions intact as a
fine crystal (Figure 3(b)). After acid hydrolysis, variation of the CNW dimension is of 4 - 20 nm in
diameter and 50 - 500 nm in length, with an aspect ratio in the range of 6 - 40 [7,18,25,26]. Various
sources of plants, sea animal (tunicate) and, more recently, agro-wastes have been investigated as sources
for CNW preparation [30,31].

In general, sulfuric acid hydrolysis has been often used, since it can provide negative charges of the
sulfate groups on the surfaces of CNWs. This can effectively hinder their agglomeration and allow a well-
dispersion of CNWs within polymer matrices, which maximizes the reinforcing effect [12,32,33].
Alkaline and enzymatic hydrolysis by using sodium hydroxide and cellulase, respectively, were also
attempted for CNW extraction [30,34]. Nevertheless, for industrial practices, all of these preparation
procedures are considered time consuming, with very low yields and high costs, are commercially
unavailable, and/or mostly involve the use of harsh chemicals [35].
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Bacterial cellulose (BC)

Apart from plants, which are the main producers of it, cellulose can also be produced by several
microorganisms, particularly Gluconacetobacter xylinus bacteria [36]. Cellulose derived from bacteria, so
called “bacterial cellulose (BC)”, has the advantage of being a pure-cellulose network free from wax,
lignin, hemicellulose, and pectin, which are present in plant-based cellulosic materials. Furthermore, BC
exists naturally as nanosized ribbon-shaped fibers (between 24 - 86 nm in diameter and several
micrometers in length) (Figure 3(c)), possessing a high degree of crystallinity and mechanical strength
[10,16]. Since BC naturally occurs as nanosized fibers, there is no need for the tedious size-reducing steps
as per the previous MFC and CNW preparations; however, cultivation of BC is typically a batchwise
process, with low yield and high cost, and is time-consuming,.

Nanocellulose-reinforced “green” composites

Despite all the difficulties and inconveniences in the preparation and extraction of NCs, during the
last decade, a number of research groups have started preparing and investigating various systems of
biodegradable polymer nanocomposites reinforced by all NC types. However, since NCs have strong
hydrophilic characters and considerably high energetic surfaces, the common problem encountered is
their tendency to flocculate through hydrogen bonding. Therefore, gaining the full reinforcing potential of
NCs by means of their uniform dispersion and distribution within the less polar polymer matrix is usually
challenging, especially in the design for composite processing [15,37]. The next parts of this section
review each “green” nanocomposite, classified by the different types of reinforcing NCs; MFC, CNW,
and BC, respectively.

“Green” nanocomposites: MFC reinforcement

Earlier, MFC was incorporated into hydrophilic biopolymers such as polyvinyl alcohol (PVA)
[2,38], TPS [39,40], wood fibers [41], and pectin and carboxymethyl cellulose (CMC) [42,43]. Due to the
similarity in their nature, a homogeneous dispersion and excellent reinforcing effect of MFC on the
tensile properties of these nanocomposites were reported (see Table 1). The typical 3 tensile values were
presented in the table, including tensile strength (o), tensile strain (¢) and Young’s modulus (£), which
can be calculated as follows;

og=F/A (1)
where F is the force (N), and 4 is the original unreformed cross-sectional area (m?);

Al
e=7T @)

where Al is the change in length (m), and /, is the original length (m);
E=o/¢ 3)

Later on, the reinforcing ability of MFC in other biopolymers which are less hydrophilic, i.e., PLA
[1,44-46], chitosan [8], and cellulose acetate butyrate (CAB) [47], were investigated. However,
difficulties in MFC dispersion in the hydrophobic matrices were found. To solve this problem, the
preparation process of the nanocomposites, therefore, had to be well-designed and more complicated,
with several steps needed to ensure good MFC dispersion. One inspiring example, Nakagaito ef al. used a
papermaking-like process, followed by compression molding to elaborately prepare the PLA/MFC films
[1]. A dramatic improvement in the mechanical and thermal properties of these nanocomposites was
presented, with MFC contents of 10 wt% and more. Furthermore, the addition of MFC was reported to
improve toughness and also decrease oxygen transmission in some other PLA-based nanocomposite
materials [28]. MFC was also observed to act as a nucleating agent, increasing the crystallization rate and
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crystallinity of PLA, while decreasing the processing time [44,48]. In contrast, another work reported that
adding MFC was found to decrease crystallinity in PVA systems [2,38].

If MFC was poorly dispersed in some systems, their agglomerates within a matrix phase were
usually observed; in particular, the nanocomposites that were processed by melt mixing or compounding;
however, after several additional steps in processing, for instance, (1) MFC/PLA master batch
preparation, (2) extrusion compounding the master batch and PLA, and (3) injection molding of the
nanocomposites, this problem could be somewhat relieved, and some improvements in the material
properties were observed [45] (see Table 1). Recently, another modification, using liquid feeding of MFC
together with a plasticizer, was reported by Herrera et al. [46]. PLA-based films, with well-dispersed
MFC, were successfully prepared by a co-rotating twin-screw extruder (attached with liquid feeding) and
then compression molding. Interestingly, a positive effect on this film’s toughness was also found in the
presence of MFC together with the plasticizer. It was suggested that the combination of slippage of the
nanofiber—matrix interface and a massive crazing effect led to the PLA toughening.

“Green” nanocomposites: CNW reinforcement

In 1995, Favier et al. showed that a well-dispersion of the tunicin whiskers in styrene butyl acrylate
copolymer matrix led to an unusual reinforcing effect within the nanocomposite materials [32]. With a
very high surface area of the nano-sized whisker, the percolation threshold (by the hydrogen-bonding
system) could be reached with the additional content as low as 1.5 wt%. This was expected to be
responsible for the unusual increase in mechanical properties of their nanocomposite system. Since then,
CNW has received a great deal of interest and been integrated in many biopolymer matrices. CNW was
also added into hydrophobic PLA, either by extrusion compounding or solution casting [19,20,49,50].
However, poor dispersion and CNW aggregation were apparent in most of the subsequent composite
structures, and minimal enhancement in mechanical properties was observed. One more problem usually
found in using CNWs is their low thermal stability as a result of the prior acid treatment, which also led to
an inferior thermal stability of the nanocomposites in many cases. Gas barrier properties of some PLA-
based films, however, have been reported to increase in the presence of CNW [49].

Afterwards, a higher potential for CNW dispersibility in melts of PLA and polypropylene (PP), via
the use of a spray freeze drying technique to produce porous CNW agglomerate structures, was reported
by Kamal and Khoshkava [51]. Furthermore, a good adhesion between CNW and PLA was also found to
be achievable in the work of Martine-Sanz et al. [52] via electrospinning PLA fibers onto the CNW film
and then hot pressing to melt and homogenize the PLA phase and create the sandwich structure of
PLA/CNW/PLA films. A pronounced increase in the mechanical properties of these PLA/CNW films,
together with a great reduction in water and oxygen permeability, was demonstrated. It should be noted
that reported performances of this nanocomposite film were comparable to, or even better than, those of
the conventional packaging plastics, such as PET. Also, after the elaborated processing steps in the work
of Oksman et al. [19], an impressive mechanical property improvement was obtained (Table 1).

In more hydrophilic biopolymers, e.g., PVA [18,53,54], ethylene vinyl alcohol copolymer (EVOH)
[55], TPS [30,56-60], hydroxypropyl methyl cellulose (HPMC) [61], regenerated cellulose [62], natural
rubber [63,64], gelatin [65,66], and agar [67,68], the nanocomposites with CNW were mostly prepared by
a film casting technique from aqueous suspension. Well-dispersion of CNW (particularly at < 5 wt%
addition), strong interaction between CNW and these polymer matrices, and high reinforcing effect were
observed (see Table 1 for an example). For higher CNW loading systems (e.g., 10 wt%), Santos ef al.
found that sonication treatment could significantly enhance CNW dispersibility in the gelatin matrix [65].
Therefore, a great improvement in mechanical, thermal, and gas barrier properties in some of these film
materials were gained, while good transparency could also be retained. However, a higher degree of water
vapor permeability was reported in some CNW reinforced films [53,63] and, in ductile polymer like
HMPC, the films combined with CNW were found to be more brittle [61].

“Green” nanocomposites: BC reinforcement
BC was first intended to be used as a modifier to enhance properties of fibrous paper-like sheets.
The composites were prepared by blending BC with various micro-size pulps (e.g., apple, radish, birch,
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pine, and softwood) and then hot pressed [69-71]. The BC contents in these sheets ranged from 1 wt% to
as high as 100 wt%. It was found that, with increasing BC content, density, tear index, tensile index, burst
index, and stiffness of these sheets were heightened, while their porosity and water absorption were
reduced.

Soon after, BC drew attention as a reinforcement in other biopolymers, for instance, PVA [9,72,73],
TPS [12,74,75], PLA [76-78], poly(hydroxyl butyrate) (PHB) [79], polycaprolactone (PCL) [80],
regenerated cellulose [81], chitosan [82], xyloglucan [83], novo aloe vera [84], and hyaluronan [85]. The
bionanocomposites were created by many techniques, such as film casting, in situ BC cultivation in media
containing polymer solution, partial dissolution of BC fibers, polymer solution impregnation,
compounding, and injection or compression molding. With these preparation methods, BC contents in
some of these nanocomposites were as high as 50 - 80 wt% [72,80,84], resulting in considerably high
mechanical properties of these BC-reinforced materials, approaching that of the neat BC sheet (Table 1).
Since BC is highly biocompatible, some systems have also been developed for use in the biomedical
field, for example, as a wound dressing material and as a drug controlled release host [82,85]. It should be
noted that it is very important to clarify the impurities contained in these composite materials prior to use
in such a field.

On the other hand, for systems incorporated with the low BC contents (< 10 wt%) such as in some
of the starch-based materials [12,75], all performances of these nanocomposites were found to be visibly
advanced due to a great reinforcing capability of BC and good adhesion between them. In addition, the
light transmittance of some BC-reinforced PLA films was observed to be maintainable at the adequate
level applicable for uses in food packaging and so on [77].

Approaches for solving NCs’ agglomeration problem

In most researches on biopolymers, PLA is now considered to be the most attractive choice.
However, a poor dispersion of NCs in the PLA matrix (and other hydrophobic polymers), and a weak
interfacial adhesion between the 2 phases due to the difference in their nature, has often been reported. No
improvement in the properties of the prepared nanocomposite materials was usually shown as a
consequence. This problem has been paid attention to by many researchers, and it has been found that it
can be solved by various approaches.

The addition of compatibilizers such as maleic anhydride (MA) [35], poly(ethylene glycol) (PEG)
[86], and carbohydrate derived copoly(lactide) [87] has been formerly used to enhance the interaction
between NCs and polymer matrices. Improvement in NC dispersion in the polymer phase and, hence, an
increase in the mechanical properties of some nanocomposites were reported (a few examples are shown
in Table 2). However, the thermal properties of some of these materials seemed to be diminished by the
presence of compatibilizers [35].

Various surface modifications of NCs via grafting reactions have also been reported. Grafting
CNWs with poly(glycidylmethacrylate) [5], n-octadecyl-isocyanate [88], amino-terminated PEG [21],
butyl acrylate hydrophobic monomer [89], PLA-chains [90], lactic acid oligomers [37], and long alkyl
chain amine [91] have been attempted. Better CNW dispersibility and stronger adhesion with the polymer
matrices were obtained, leading to nanocomposites with enhanced mechanical performances (see Table
2). Good transparency and improved barrier properties towards water vapor and/or oxygen in these films
were also reported in some works [37,88,89,92]. Nevertheless, the thermal properties and/or transparency
of some of these nanocomposite films were observed to decrease [5,21,90].

A number of researchers have focused on surface modification of NCs via acetylation (using acids
or anhydrides) [11,15,92-94], silylation (using various types of silanes) [26,95,96], chemical treatment
with tert-butanol [50], or functionalization with methyl adipoyl chloride [97]. These approaches have
appeared to be very interesting, since some of these works reported an improvement in all key
performances of the resulting nanocomposites [11,92,97] (see Table 2). In addition, an effective
enhancement of CNW dispersion in PLA and PLA/PHB blend systems was also observed when a CNW
surface was functionalized with an acid phosphate ester of ethoxylated nonylphenol (a commercial
surfactant) [98-103]. The good dispersion of CNWs in these systems was confirmed by a high light
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transmission in the visible region and by good film transparency. For the blended system, the modified
CNWs also contributed to an increase in the interfacial adhesion between PLA and PHB, which
consequently enhanced the thermal properties of the materials. In addition, the films developed in these
researches were formed simply after a melt blending. However, masterbatches were first prepared to
improve CNW dispersion in the polymer melts. Interestingly, it was found that both the stiffness and
stretchability of the obtained nanocomposite films were increased, while water vapor permeability and
oxygen and UV-light transmission were reduced [101-103]. The migration levels for these films were also
well below the European legislative limits required for their use as food packaging materials [99,100]
(Table 2). Considering all results together, it was suggested that these films are very promising for
industrial application as short-term flexible food packaging.

Table 1 Tensile properties and processing steps of some selected NC-reinforced “green” nanocomposites.

Tensile properties

Sample s (MPa) £(%) E (MPa) Processing steps Ref.
TPS 8.8 23.0 455 = Melt compounding using twin-screw extruder [40]
TPS/MFC 5 % 11.8 8.9 623 = Compression molding into thin films
TPS/MFC 10 % 16.4 8.8 915
PVA 34.1 331.0 248 = Mechanical stirring & sonication for mixing PVA & MFC [2]
PVA/MEC 1 % 433 34.7 687 = Film casting at room temperature
PVA/MEC 5 % 53.5 252 1033 = Hot pressing to form the final composites
PLA 58.9 34 2900 = PLA & MFC Master batch preparation using acetone:chloroform [45]
PLA/MEC 1 % 63.1 2.8 3300 = Master batch film casting & crushing into particles
PLA/MFC 5 % 712 2.7 3600 = Compounding (twin-screw extrusion) & Injection molding into specimens
TPS 2.8 44.9 112 = Ultrasonication for mixing and dispersion CNW in starch solution [30]
TPS/CNW 3 % 17.4 9.1 520 = Composite film casting at 35 °C
PVA 38.5 61.0 2522 = PVA solution preparation [18]
PVA/CNW 1 % 42.1 96.1 2570 = Mixing CNW suspension into PVA solution
PVA/CNW 3 % 46.0 74.3 2940 = Composite film casting
PLA 40.9 1.9 2900 = Swelling CNW in DMAc/0.5 % LiCl & Extrusion compounding with PLA [19]
PLA/CNW 5 % 77.9 2.7 3900 = Compression molding into composite sheets
TPS 25 36 20 = Shredding BC pellicle into a slurry using a home blender [75]
TPS/BC 10 % 8.0 17 170 = Mixing BC suspension with starch solution & Film casting at 40 °C
PVA 60.1 83.2 2200 = Shredding BC pellicle into a slurry using a home blender [72]
PVA/BC 51 % 130.9 2.6 6000 = Mixing BC slurry with PVA solution & Composite film casting
PLA 27.7 23.5 2000 = PLA film & BC strip preparation [76]
PLA/BC 18 % 115.2 3.4 4000 = Compression molding the PLA/BC/PLA sandwich into composite films
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Table 2 Tensile and barrier properties of some selected modified NC-reinforced “green” nanocomposites.

Tensile properties

Barrier properties

Sample Appma(cllilslt;:,-:g:g; meNe o (MPa) €(%) E (MPa) (xlol,;(l:]’;";l"';;'i;“‘;;l Pa) (x1 oll;li((g) e Pa) lzrilggrf(gﬂ)“ Ref.

PLA - 50.9 23 4500 - - - [35]

PLA/CNW 5 % Maleic anhydride 51.7 2.1 4800 - - -

PLA - 63.1 1.7 4080 - - - [87]

PLA/MFC 5 % Carbohydrate derived 67.4 1.9 4710 - - -
copoly(lactide)

PLA - 45.0 20 910 - - - [11]

PLA/CNW 2 % Acetic anhydride 55.0 12 970 - - -

PLA - 483 31.1 1100 - - - [26]

PLA/CNW 2 % n-dodecyldimethylchlorosilane ~ 53.8 7.1 1400 - - -

PLA - 40.0 43 - 2.9* 22° - [88]

PLA/CNW 2.5 % n-octadecyl-isocyanate 51.0 5.6 - 3.2¢ 24°

PLA - 453 4.1 2410 2.15° - - [5]

PLA/CNW 3 % Poly(glycidyl methacrylate) 55.2 4.1 2790 1.62° - -

PLA - 45.4 5.9 1363 1.73¢ 1.59* - [37]

PLA/CNW 5 % Lactic acid oligomers 30.2 1.9 1661 1.31¢ 1.28° -

PLA - 15.2 40 1170 - 1.9° - [92]

PLA/MFC 3 % Acetic acid and anhydride 33.1 189 1200 - 2.6° -

PLA - 16.5 278 1205 - - 0.06° [100]

PLA/CNW 3 % Acid phosphate ester of 25.7 210 800 - - 0.11°

ethoxylated nonylphenol

“tested at * 0 %RH, ° 50 %RH, © 75 %RH, ¢ 80 %RH; ¢ the EU migration limits for food contact materials = 60 mg kg™ (ethanol 10 %

v/v)
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Figure 4 Researches in NC-reinforced “green” composite materials in the last decade.

Summary

Nanocelluloses, classified into 3 types in this review, being microfibrillated cellulose, cellulose
nanowhisker, and bacterial cellulose, have attracted a great deal of interest in their use as reinforcements
in various biobased and biodegradable polymers. Due to the NCs’ extraordinary reinforcing capacity,
renewability, biodegradability, biocompatibility, and so on, many attractive characters are, therefore,
integrated into these NC reinforced “green” composite materials. Hence, they are now considered to be
promising alternatives, or interesting new choices, for widespread applications, particularly in the
packaging and biomedical fields.

In fact, the physical and mechanical properties of these composites could be explained in terms of
the properties of each composite material based on their compositions, method of processing, dispersion
of nanofillers, and chemical or physical bonding between phases within the materials. For all NCs (MFC,
CNW, and BC), it should be noted that their reinforcing capacity (at similar NC content) to enhance
mechanical properties in nanocomposite systems are quite similar. When NCs are incorporated into more
hydrophilic polymers, a good NC dispersion, and their impressive reinforcing effects, is usually
demonstrated. Among the most studied biopolymers, PLA is currently of greatest interest. Nonetheless,
the difference in polarity between hydrophobic polymers and hydrophilic NCs is well known; thus, their
poor dispersion in the polymer matrix, and weak interaction between them, were often found. Several
approaches, such as the use of a well-designed processing technique, the addition of compatibilizers, and
the surface modification of NCs (via acetylation, silylation, grafting or using surfactant, etc.) have been
experimented with, in an attempt to solve this problem. Some of these approaches were proven to be very
effective in enhancing NC dispersion and strengthening the interfacial adhesion with a matrix phase. This
led to a great enhancement in the mechanical, thermal, and gas barrier properties of the resulting “green”
nanocomposite materials, while also retaining their high optical transparency. In many systems, it has
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been shown that the performance of these newly created materials can easily compete with conventional
polymers and, thus, they can be considered for use as promising “green” alternatives.

However, a challenge still remains for all aspects in the large-scale manufacturing of these NC-
reinforced “green” composite materials. Firstly, in the preparation of all types of NCs, the processes are
costly, time-consuming, and sometimes involve harsh chemical treatments. Secondly, there are only a few
feasible biobased and biodegradable polymers that are commercially available at present. Thirdly, an
industrially prevalent technique for the processing of a well-dispersed NC within polymer matrices has
been only limitedly successful and reported. Therefore, in order to drive forward a wider commercial
opportunity and sustainability of these “green” nanocomposite materials, further researches and
developments in all involved technologies must be carried out concurrently.
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