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Abstract This paper provides an overview of recent
progress made in the area of cellulose nanofibre-based
nanocomposites. An introduction into the methods used to
isolate cellulose nanofibres (nanowhiskers, nanofibrils) is
given, with details of their structure. Following this, the
article is split into sections dealing with processing and
characterisation of cellulose nanocomposites and new
developments in the area, with particular emphasis
on applications. The types of cellulose nanofibres covered
are those extracted from plants by acid hydrolysis
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(nanowhiskers), mechanical treatment and those that occur
naturally (tunicate nanowhiskers) or under culturing con-
ditions (bacterial cellulose nanofibrils). Research high-
lighted in the article are the use of cellulose nanowhiskers
for shape memory nanocomposites, analysis of the inter-
facial properties of cellulose nanowhisker and nanofibril-
based composites using Raman spectroscopy, switchable
interfaces that mimic sea cucumbers, polymerisation from
the surface of cellulose nanowhiskers by atom transfer
radical polymerisation and ring opening polymerisation,
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and methods to analyse the dispersion of nanowhiskers.
The applications and new advances covered in this review
are the use of cellulose nanofibres to reinforce adhesives, to
make optically transparent paper for electronic displays, to
create DNA-hybrid materials, to generate hierarchical
composites and for use in foams, aerogels and starch
nanocomposites and the use of all-cellulose nanocompos-
ites for enhanced coupling between matrix and fibre. A
comprehensive coverage of the literature is given and some
suggestions on where the field is likely to advance in the
future are discussed.

Introduction to cellulose structure/property
relationships

Cellulose is probably one of the most ubiquitous and
abundant polymers on the planet, given its widespread
industrial use in the present age, but also in the past for
ropes, sails, paper, timber for housing and many other
applications. By far the most commercially exploited nat-
ural resource containing cellulose is wood. The word
‘material’ in fact derives from the Latin for ‘trunk of tree’.
Indeed, Chaucer writes in the ‘Parson’s Tale’ in 1390

“For he that is in helle hath defaute of light material.
for certes, the derke light that shal
Come out of the fyr that evere shal brenne”

showing quite clearly that the relationship between wood
and material was persisting into the Middle Ages.
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Other plants also contain a large amount of cellulose,
including hemp, flax, jute, ramie and cotton. In addition to
these, there are non-plant sources of cellulose; for instance,
forms produced by bacteria and cellulose produced by
tunicates. Bacterial cellulose (BC) is produced by the gram-
negative bacteria Acetobacter xylinum (or Gluconacetob-
acter xylinum), which manifests itself under special cultur-
ing conditions as a fine fibrous network of fibres [1]. Tunicate
cellulose is produced by sea creatures (e.g. Microcosmus
fulcatus) in the form of rod-like near perfect crystals of the
material [2].

Since cellulose is classed as a carbohydrate (a sub-
stance containing carbon, hydrogen and oxygen), it is
necessary to point out that although this term applies to
a large number of organic compounds, cellulose is
unique in that it can be either synthesised from, or
hydrolysed to, monosaccharides [3]. The repeat unit of
the cellulose polymer is known to comprise two anhy-
droglucose rings joined via a f-1,4 glycosidic linkage
from this unit [4] (called cellobiose) as shown in Fig. 1.
In its native form cellulose is typically called cellulose-I.
This cellulose-I crystal form, or native cellulose, also
comprises two allomorphs, namely cellulose Iz and If
[5]. The ratio of these allomorphs is found to vary from
plant species to species, but bacterial and tunicate forms
are Io and If rich, respectively [6, 7]. The crystal
structures of cellulose allomorphs Io and Iff have been
determined with great accuracy, particularly the complex
hydrogen bonding system [6, 7]. The hydrogen bond
network makes cellulose a relatively stable polymer,
which does not readily dissolve in typical aqueous sol-
vents and has no melting point. This network also gives
the cellulose chains a high axial stiffness [8]. Since high
stiffness is a desirable property for a reinforcement fibre
in a composite, the determination of the crystal modulus
of cellulose will be reviewed later.

Cellulose chains aggregate into the repeated crystal-
line structure to form microfibrils in the plant cell wall,
which also aggregate into larger macroscopic fibres. It is
this hierarchical structure that is essentially deconstructed
in order to generate cellulose nanofibres from plants.
BC and whiskers produced by tunicates already exist in
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Fig. 1 The repeat unit of cellulose
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this form, making them desirable materials for niche
applications.

The study of cellulosic nanofibres as a reinforcing phase
in nanocomposites started 15 years ago [2]. Since then a
huge amount of literature has been devoted to cellulose
nanofibres, and it is becoming an increasingly topical
subject. Different descriptors of these nanofibres are often
referred to in the literature. These include “nanowhiskers”
(or just simply “whiskers”), “nanocrystals” or even
“monocrystals”. These crystallites have also often been
referred to in literature as “microfibrils”, “microcrystals”
or “microcrystallites”, despite their nanoscale dimensions.
The term “whiskers” is used to designate elongated crys-
talline rod-like nanoparticles, whereas the designation
“nanofibrils” should be used to designate long flexible
nanoparticles consisting of alternating crystalline and
amorphous strings."

In essence, the principle reason to utilise cellulose
nanofibres in composite materials is because one can
potentially exploit the high stiffness of the cellulose
crystal for reinforcement. This can be done by breaking
down the hierarchical structure of the plant into individ-
ualised nanofibres of high crystallinity, therefore reducing
the amount of amorphous material present. Since plant
fibres are hierarchically fibrous it is possible to do this,
yielding a fibrous form of the material (nanowhiskers,
nanofibrils), which due to their aspect ratio (length/
diameter) and therefore reinforcing capabilities are
potentially suitable for composite materials. A high aspect
ratio to the fibres is desirable as this enables a critical
length for stress transfer from the matrix to the rein-
forcing phase. This will be discussed in more detail once
the mechanical properties of cellulose nanofibres have
been presented.

It is however not clear what the true crystal modulus of
cellulose is, nor whether this stiffness is really obtainable
from plants, bacteria or tunicates. Establishing a true
value of the crystal modulus of cellulose sets an upper
limit to what is achievable in terms of reinforcing
potential.

The crystal modulus of cellulose was first determined
in 1936 by Meyer and Lotmar [9] using a theoretical
model and bond stiffness constants derived from spec-
troscopic measurements. They obtained a value of ~ 120
GPa, which is close to values that were later

! For the sake of clarity and consistency the term “nanowhiskers”
will be used to describe material hydrolysed from plants, and
“nanofibrils” for material extracted by mechanical means or from
native sources such as bacterial cellulose. The term “nanofibres” will
be used as a general descriptor of both these sub-forms of
reinforcement.

experimentally confirmed for this property [10, 11].
Despite this prediction, Meyer and Lotmar used an
incorrect structure for cellulose, and so when this was
corrected by Lyons, and a value of 180 GPa was obtained
[12]. Lyons however used an incorrect term in his
mathematical expression for bond angle bending. This
was rectified by Treloar [13], who reported a modulus of
56 GPa. This value is now considered to be too low,
probably due to the lack of intramolecular hydrogen
bonding in Treloar’s cellulose structure [13]. Sakurada
et al. [10] reported a value of 138 GPa for the crystal
modulus of cellulose, which was determined using X-ray
diffraction of deformed fibre bundles. This paved the way
for many more measurements and determinations of the
crystal modulus of cellulose using X-ray diffraction [11,
14] and theoretical approaches [15-18], all of which have
obtained values in the range 100-160 GPa. A more recent
determination of the cellulose crystal modulus using
inelastic X-ray scattering (IXS) reported a value of 220
GPa [19]. Such a high crystal modulus for cellulose has
not been reported before, but this may be due to the fact
that the assumption of uniform stress in the crystals of
cellulose, a basic assumption for most crystal modulus
determinations, is not correct [19, 20]. This high value for
the crystal modulus does however call into question the-
oretical approaches, and since they are consistent with
experiment it may be that a more modest value is
appropriate. Nevertheless, this value of the modulus of
crystalline cellulose is quite large compared to other
materials, especially if its comparatively lower density is
taken into account. The moduli of a number of commonly
used engineering materials are reported in Table 1. Also
reported are the specific moduli (modulus/density), which
show that the specific modulus of crystalline cellulose
exceeds engineering materials such as steel, concrete,
glass and aluminium. It is worth pointing out that cellu-
lose has obvious disadvantages compared to traditional
engineering materials; for instance, moisture absorption
and swelling, and enzymatic degradability to name but
two. It is worth pointing out that the microfibrils com-
prising plants do not swell themselves, as it is not ener-
getically favourable for water to penetrate the bulk
material.

Table 1 Moduli of engineering materials compared to cellulose

Material Modulus  Density Specific modulus  Reference
(GPa) Mg m™) (GPaMg™' m’)
Aluminium 69 2.7 26 [279]
Steel 200 7.8 26 [279]
Glass 69 25 28 [279]
Crystalline 138 1.5 92 [10]
cellulose
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Table 2 Mechanical properties of some common plant fibres, namely,
Young’s modulus, specific Young’s modulus, breaking strength and
breaking strain

Fibre type  Young’s  Specific Young’s  Breaking Breaking
modulus  modulus strength strain (%)
(GPa) (GPaMg™'m®)  (GPa)

Flax 27.0 18.0 0.81 3.0

Jute 25.8 17.2 0.47 1.8

Hemp 32.6 21.7 0.71 2.2

Ramie 21.9 14.6 0.89 3.7

Data taken from Morton and Hearle [280] with the conversion from N
tex ! to GPa being made using a density of cellulose of 1.5 Mg m >
from Table 1

The crystalline modulus of cellulose is hard to achieve
in reality for a micron-sized fibre. Plant fibres often have
moduli well below the crystalline value. Typical values of
the modulus of a range of cellulose fibres are given in
Table 2. When the density of the fibres is taken into
account and specific modulus is determined (assuming a
density of cellulose of 1.5 Mg m™>), then the values
approach those of glass and other engineering solids. Many
authors have published values for the modulus of plant
fibres, some closer to the crystal modulus of cellulose
quoted in Table 1. It is however difficult to obtain an
accurate modulus for plant fibres, given their often irreg-
ular and variable cross-sections and the presence of voids
in the form of lumens. It is beyond the scope of this article
to fully review this aspect of natural fibre mechanics, but it
is acknowledged that higher values than those quoted in
Table 2 have been reported. Plant fibres are known to have
variable mechanical properties, and another reason for
extracting nanofibers and nanofibrils from the cell wall of
plants is that they are thought to have more consistent
properties.

One way therefore to obtain fibres that have a modulus
that approaches that of pure crystalline cellulose is to break
down the structure of the plant into the elementary nano-
fibrils, or crystals (nanowhiskers), that make up the fibre.
Another approach is to source material that already has
these structural forms. Two examples of this latter
approach are to use microbial or BC, or to take whiskers of
cellulose from an animal source (such as tunicates, a sea
creature). BC fibrils are produced by a family of bacteria
referred to as G. xylinum, under special culturing condi-
tions [21]. The fibrils are generally in the form of a fine
non-woven mesh or network, and have been reported to
have moduli in the range 78—114 GPa [22, 23]. Some of the
first reports of the use of BC for composite materials
appeared in the mid-1990s [24, 25], but there has recently
been a resurgence of this research area. Notable examples
of this come from Japan at Kyoto University [26] and from

the UK at Imperial College [27-30], both of whom have
contributed to this article.

Microfibrillated cellulose (MFC), where fine nano-sized
fibrils are extracted from plants by mechanical processing
and/or homogenisation, was first reported in the early
1980s [31]. Since then, and in more recent times, a large
number of papers have been published on this topic, the
full scope of which is beyond this review although an
overview of the physical properties of nanofibrils from this
source will be given in the section “An overview of cel-
lulose whisker and nanofibre properties (Grenoble Institute
of Technology (INPG), International School of Paper,
Grenoble, France)”. Notable recent examples of research
into these materials have been by groups in Japan at Kyoto
University [32], in Sweden at KTH [33], in the USA at
Virginia Tech [34], and in Austria at BOKU, all of whom
have made contributions to this article.

The existence of highly crystalline cellulose nanowhis-
kers has been known for some time. They can be extracted
from plant material via a controlled acid hydrolysis, which
more readily hydrolyses the amorphous regions of the
cellulose, leaving high aspect ratio (length to diameter
ratio) crystals of pure cellulose. The first report of cellulose
crystals, produced in solution, was by Ranby and Noe in
1961 [35]. This was followed by the first report of the
production of cellulose nanowhiskers by acid hydrolysis
[36]. Nanowhiskers of cellulose can also be extracted from
the mantle of tunicates, a sea creature [37]. Tunicate
nanowhiskers are reported to have moduli of ~ 140 GPa
[17], but acid hydrolysed nanowhiskers are thought to have
much lower moduli (50-100 GPa) [38]. The first report of
the use of cellulose nanowhiskers in composite materials
was by Favier et al. in 1995 [2]. They investigated the
percolation of nanowhiskers extracted from tunicates.
Since then a large number of groups have reported on the
use of cellulose nanowhiskers and their use in composites,
some of whom have contributed to this article; namely
from Argentina at INTEMA, within the UK at the Uni-
versity of Manchester and the University of Nottingham,
and from the USA at Case Western Reserve University,
Virginia Tech and at Oregon State University.

The relative mechanical advantage of using cellulose
nanofibres (nanowhiskers, nanofibrils) over conventional
fibres is best shown graphically. Figure 2 shows Halpin-
Tsai micromechanical predictions for unidirectional poly-
propylene matrix composites filled with 50 vol% of uni-
directional cellulose fibres as a function of different fibre
aspect ratios and Young’s moduli. The Halpin-Tsai model
[39, 40] is a short-fibre composite model which predicts all
the elastic constants of composite materials as a function of
the aspect ratio of the filler when the constituent properties
and the volume fractions of the two phases (matrix and
reinforcement) are known.



//doc.rero.ch

http

140 GPa

70 ~ 9,=50 vol%

60 1 120 GPa
50
E 100 GPa
[0} 40 1 80 GPa
A
o 4
w 30 60 GPa
20 40 GPa
10
0 t | T
1 10 100 1000

Aspect ratio (L/d)

Fig. 2 Model plots of the Halpin-Tsai equation (Eq. 1) for a range of
fibre moduli showing the predicted composite modulus (E.) as a
function of the aspect ratio of the fibre reinforcement. The model
assumes a unidirectional composite sample, with no fibre—fibre
interactions and a polypropylene matrix

The Halpin-Tsai equation can be written as

En 1-—ng;
with

(&)
’7—@ (2)

where E., Er and E,, are respectively the composite, rein-
forcement and matrix Young’s moduli; ¢ is the filler
volume fraction and { a shape factor. The shape factors
relative to fibres reinforcement has been chosen to be
(0.55‘)1'8, in accordance with a previous study [41], where s
is the aspect ratio. For a more extensive introduction to the
model, the reader is referred to the relevant scientific lit-
erature [39, 40]. The model supposes a perfect interface
between matrix and fibre, but does not account for fibre—
fibre interactions, which can take place in high loading
cellulose composite/nanocomposites (i.e. percolated net-
works). Young’s modulus of cellulose fibres can vary
according to the source, and fibre dimensions. A modulus
of 40-60 GPa is usually found for natural bast fibres like
flax and hemp (see Table 2), while it potentially increases
up to 80 GPa for single cells [42] and certainly in the range
of 100-140 GPa for nanofibrils and nanowhiskers [17, 23].
Due to the intrinsic higher performances of nano-sized
fillers, cellulose nanowhiskers are predicted to enhance
stress transfer and therefore the final composite modulus
(more than 3-fold) when compared with traditional micron-
sized cellulose fibres. It is clear from these data why the
recent interest in studying nano-cellulose composite has
occurred. Nevertheless, such effects can only be realised
for fibres of a high-enough aspect ratio. Cellulose nanofi-
bres with an aspect ratio smaller than 10 would not have

any major benefits when compared with conventional
micron-sized filaments. Only nanofibres with aspect ratios
bigger than 50 can guarantee an efficient reinforcement
effect. For aspect ratios larger than 100, Young’s moduli
reach a plateau, which correspond to the upper-limit case
for reinforcement. For example, single flax fibres, which
are around 25 mm long and 20 pm thick, will have an
aspect ratio of 1250, which is well above the critical value.
Since cellulose nanowhiskers generally have lower aspect
ratios, typically between 10 and 30, there is a need for
longer nanofibres of this type.

This article contains contributions to the field of cellu-
lose nanocomposites in the areas of processing and char-
acterisation and applications and new advances in the
subject. It is intended that a flavour of current research
taking place internationally will be given, rather than a
general overview of the area of research. For other reviews
of cellulose nanocomposites, the reader is referred to an
article by Samir et al. [43] and another by Kamel [44].
Before each research contribution is reported, a detailed
overview of nanowhisker and nanofibril properties will be
given by Alain Dufresne at INP, Grenoble, France, who is a
pioneer in this research area.

An overview of cellulose whisker and nanofibre
properties (Grenoble Institute of Technology (INPG),
International School of Paper, Grenoble, France)

As already mentioned, native cellulose present in macro-
scopic fibres, like for instance plant fibres, consists of a
hierarchical structure. This hierarchical structure is built up
by smaller and mechanically stronger entities consisting of
native cellulose fibrils. These fibrils interact strongly and
aggregate to form the natural or native cellulose fibres. The
lateral dimension of these fibrils depends on the source of
the cellulose but it is typically of the order of a few
nanometres. The fibrils contain crystalline cellulosic
domains but also noncrystalline domains located at the
surface and along their main axis. The noncrystalline
domains form weak spots along the fibril. These fibrils
display high stiffness and are therefore suitable for the
reinforcement of nanocomposite materials.

There are numerous methods to prepare nanofibres from
natural cellulose fibres. The properties of these nanofibres
will now be outlined in more detail. One method consists of
submitting plant fibres to strong acid conditions combined
with sonication. It leads to the hydrolysis of noncrystalline
domains, and rod-like nanofibres called cellulose nano-
whiskers result from this treatment. The dimensions of these
resultant nanowhiskers depend on the source of the cellu-
lose, but their length generally ranges between 100 and
300 nm. Some typical transmission electron microscope
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Fig. 3 Transmission electron microscope images of cellulose whis-
kers, obtained from acid hydrolysis of a microcrystalline cellulose
[45], b tunicate [46], ¢ cotton [47], d ramie [48], e sisal [49], f straw
[50], g bacterial cellulose [51] and h sugar beet [52]. Reproduction of
images a, b, ¢, e and h from [45], [46], [47], [49] and [52] with
permission from American Chemical Society (© American Chemical
Society 2000, 2004, 2005, 2009); reproduction of image d from [48]
with permission from Springer (© Springer 2008); reproduction of
image f from [50] with permission from Wiley (© Wiley 1996);
reproduction of image g from [51] with permission from Springer
(© Springer 2002)

images of these nanowhiskers are reported in Fig. 3, taken
from a number of publications [45-52].

By omitting the hydrolysis step and only submitting
the fibres to high mechanical shearing forces, disintegra-
tion of the fibres occurs, leading to a material called

microfibrillated cellulose (MFC). A combination of high
mechanical shearing forces and mild enzymatic hydrolysis
can also be used to prepare MFC [53]. These nanofibrils
ideally consist of individual nanoparticles with a lateral
dimension around 5 nm. Generally, MFC consists of
nanofibril aggregates, whose lateral dimensions range
between 10 and 30 nm, or more.

Among the many plant fibres used for the preparation
of nanowhiskers, cotton constitutes the main source. The
main reason is the high cellulose content of cotton that
results in a higher yield when preparing cellulose nano-
whiskers and avoids intensive purification of cellulose.

The main problem associated with making effective
nanocomposites from cellulose nanofibres is related to their
homogeneous dispersion within a polymeric matrix.
Because of the high stability of aqueous suspensions of
cellulose nanowhiskers, water is the preferred processing
medium. Hydrosoluble polymers are therefore well adapted
for the processing of cellulose nanowhisker reinforced
nanocomposites [46, 54—64]. Solid nanocomposite films
can be obtained by mixing, casting and evaporating the
aqueous polymer solution and the aqueous suspension. A
first alternative consists in using an aqueous dispersed
polymer, e.g. latex [50, 65-75]. After mixing and casting
the two aqueous suspensions, a solid nanocomposite film
can be obtained by water evaporation and particle coales-
cence. A second alternative consists of using non-aqueous
systems. This means that the nanofibres can be dispersed in
a suitable organic medium with respect to the polymeric
matrix. For instance, it is possible to coat the surface of
nanofibres with a surfactant [45, 76]. The chemical modi-
fication of a nanofibres’ surface is another way to obtain
dispersions in organic solvents. It generally involves
reactive hydroxyl groups from the surface of polysaccha-
rides [77-79]. Grafting of polymeric chains to the surface
of polysaccharide nanofibres, using the grafting onto [80,
81] or grafting from [48, 82-84] techniques, have been
reported. Recently, it was also shown that cellulose nano-
whiskers can be dispersed in dimethylformamide, dimethyl
sulfoxide or N-methyl pyrrolidine without additives or any
surface modifications [85-87]. A solvent exchange proce-
dure can also be used. Other possible processing techniques
for the production of nanocomposites are filtration of sus-
pensions of whiskers to obtain a film, and then immersion
of this film in a polymer solution [26, 32, 88-94].

Although short fibres are being widely used for the
processing of thermoplastic polymers and composites, very
few studies have been reported concerning the processing
of cellulose nanowhisker reinforced nanocomposites by
melt extrusion methods [94]. An attempt to prepare nano-
composites based on cellulose nanowhiskers obtained from
microcrystalline cellulose (MCC) and poly lactic acid
(PLA) processed by a melt extrusion technique was
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recently reported [94]. The suspension of nanowhiskers
was pumped into the polymer melt during the extrusion
process. An attempt to use polyvinyl alcohol (PVA) as a
compatibilizer to promote the dispersion of cellulose
nanowhiskers within the PLA matrix has also been reported
[95].

Processing and characterisation of cellulose
nanocomposites

Elastomeric composites with cellulose whisker
reinforcement (INTEMA, Universidad Nacional de Mar
del Plata, Mar del Plata, Argentina)

Among the many applications of polyurethanes, the group
at INTEMA, in collaboration with the group of Dr. Auad
(Auburn University, USA), have explored the use of seg-
mented polyurethanes as thermally triggered smart mate-
rials. In order to separate the nanowhiskers that form the
microfibrils entangled in the structure, the acid hydrolysis
method has been utilized. The exact details of the method
were based on those reported by Dong et al. [96].

The negative surface charge induced during the prepa-
ration of cellulose nanowhiskers allows a quite stable
dispersion in water [96-98]. This result initially led
researchers in the area to prepare composites for which
matrix and filler could be dissolved/suspended in water
such as latex [2, 99, 100], starch [66, 98, 101] and
poly(ethylene oxide) (PEO) [57, 59, 60]. Further interest to
extend the use of the nanowhiskers to other matrices has
resulted in a study of surface modifications [59] and the use
of surfactants [76] as stabilizing agents.

Mirta Aranguren and co-workers at INTEMA have
expanded these options by producing a stable cellulose
nanowhisker suspension in dimethylformamide to be sub-
sequently incorporated in different polyurethane (PU)
matrices. This approach, which had been reported previ-
ously only by Dufresne’s group [85], involves freeze drying
of the initial aqueous suspension of the nanowhiskers, and
then further redispersion in DMF. Berglund and co-workers
[102] used a slightly different approach to produce high-
strength cellulose—polyurethane elastomer nanocomposites.

One paramount condition for producing composites that
take full advantages of the nano-size of the reinforcements
is obtaining a good dispersion in the polymer. A cryogenic
(liquid nitrogen) electron microscope image of cellulose
nanowhiskers in polyurethane is shown in Fig. 4. It is clear
from this image that a good dispersion of whiskers is
achieved. The dispersion of the nanowhiskers in the
unreacted liquid mixture of the polyol and isocyanate
was studied through the rheological characterisation of
these suspensions in the linear viscoelastic range (small

Fig. 4 A cryogenic electron microscope image of cellulose nano-
whiskers dispersed in polyurethane [105]. Reproduction of image
from [105] with permission from Wiley (© Wiley 2008)

deformations). Room temperature measurements on the
non-catalysed system confirmed that the system does not
react in these conditions during the time of the test. This was
also confirmed by the Newtonian behaviour (constant vis-
cosity) of the solution without the presence of nanowhiskers
[86]. The suspensions, on the contrary, become strongly
shear-thinning by adding minimum amounts of cellulose
crystals. Analysis of the storage modulus of the suspension
(Fig. 5) shows that a discernable change occurred with an
increasing nanowhisker concentration; from a Newtonian
liquid (zero storage modulus for the solution without
nanowhiskers) to a viscoelastic liquid and finally to a vis-
coelastic solid (cellulose nanowhisker concentrations up to
2.5 wt%). At a frequency of 1 rad s, a 2800-fold incre-
ment in modulus of the suspension resulted from increasing
the nanowhisker concentration from 0.25 to 5 wt%,
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Fig. 5 Frequency sweep response of a mixture polyol-isocyanate and
different percentages of cellulose nanowhiskers before reaction [86].
Reproduction of image from [86] with permission from Materials
Research Society (© Materials Research Society 2006)
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indicative of the formation of structure in the liquid, due to a
pervading network of nanowhiskers. At 5 wt% (volume
fraction = 0.033), a concentration that would be considered
fairly low for typical fillers, the low frequency viscosity is
almost 6000 times that of the unfilled liquid mixture. A
simple calculation showed that the uncured suspensions
displayed a percolation behaviour with a threshold con-
centration of 0.88 wt% [86]. A polymerization reaction has
also been carried out in the presence of the nanowhiskers,
where their surface hydroxyl groups became covalently
bonded to the matrix. The interfacial reaction was con-
firmed by FTIR spectroscopy [86].

Among the many applications of polyurethanes, the
group at INTEMA have explored the use of segmented
polyurethanes as thermally triggered smart materials.
These materials have the ability of “remembering” their
original shape after being deformed and of recovering from
it, as a response to an external stimulus [103]. Because of
this capability, they are also referred to as “shape mem-
ory” polymers. This particular behaviour is the result of the
two-phase molecular structure of segmented polyurethanes.
One phase, called the soft segment phase, consists of a long
chain diol that gives extensibility to the PU and can crys-
tallize by cooling. This phase is responsible for fixing a
transient shape and recovering the original one. The other
phase, called the hard segment phase, is formed by the
isocyanate and a short diol. Extensive hydrogen bonding
occurs in this phase, which can also be crystalline. Hard
segments are responsible for fixing the original shape.
Based on the good dispersion of the cellulose nanowhiskers
in a polyurethane network (as discussed previously), the
INTEMA group also investigated the effect of reinforcing a
shape memory PU with these nanofibres. The efficiency of
the dispersion allows the original transparency of the
polymer in the composite films produced to be maintained.

Segmented polyurethanes (SPU) were synthesized to
allow the introduction of the cellulose nanowhiskers before
the PU reaction (SPU1), so that they became covalently
attached to the polymer, and also after the reaction
(SPU1%#), where only physically strong interactions are
possible. In both cases, the reinforcement was dispersed in
DMF by ultrasonication before being used.

The sequence of incorporation of the cellulose nano-
whiskers has notable consequences on the behaviour of the
segmented PU [104]. For the SPU1 experiment, the addi-
tion of cellulose nanowhiskers gave typical results for the
reinforcement of elastomers; an increase in modulus and a
reduced elongation at break (Table 3). In SPU1*, only
physical interactions between the nanowhiskers and the
polymer were present, which can be broken and re-built
during the tensile test. The elongation at break is remark-
ably less affected by the reinforcement than in the case of
SPU1 (971 and 142%, respectively).

Table 3 Tensile properties of the SPU and nanocomposite films:
effect of cellulose incorporation sequence

Modulus (MPa) Elongation

at break (%)

SPU, 0 wt% cell 4.54 £ 0.32 2165
SPUI, 1.0 wt% cell 6.56 £ 1.06 142 + 28
SPUT#, 1.0 wt% cell 591 £ 0.50 971 £ 260

* Cellulose was incorporated after the PU had been reacted

More striking was the effect of the formation of covalent
bonds between the cellulose and the PU on the shape
memory behaviour of the resultant films. While the neat
SPU and SPU1* showed shape memory behaviour, SPU1
did not have this capability. Cellulose covalently bonded to
the matrix interferes, mainly, with the formation of the hard
domains, which are responsible for fixing the original
shape, thus erasing the functional property of the polymer.

From these results, it was clear that the cellulose
nanowhiskers should be added to already synthesized PU if
shape memory properties are to be maintained. Subsequent
work was continued on composites prepared with a com-
mercial SPU (IROGRAN PS455-203, Hunstman) and
nanowhiskers. The shape memory behaviour of this system
was studied through thermo-mechanical cyclic experi-
ments. The samples were deformed at T, a temperature
above the soft segment melting temperature (7y,s) and
below the hard segment melting temperature, so that the
material exhibited rubber elasticity. After being deformed
at T and subsequently cooled below T}, ; under constraint,
the deformed shape is fixed. When reheating at T, the
original shape is substantially recovered due to the elastic
energy stored during the deformation process.

All the nanocomposite films displayed shape memory
properties (Fig. 6), with percentages of recovery of the
order of 95% (with reference to the second and subsequent
cycles). Although the rigidity of the composites was
markedly improved by the addition of nanowhiskers
(addition of just 1 wt% of cellulose nanowhiskers increased
the tensile modulus by 54% and reduced creep by 36%),
extensibility of the composites was not substantially
reduced. On the other hand, the improved rigidity did not
have a significant effect on the recovery of the material.
The shape memory behaviour continued to be controlled by
the polymer properties under the testing conditions [105].

Interfacial micromechanics of cellulose whisker
nanocomposites (University of Manchester,
Manchester, UK)

Work is underway at Manchester by Stephen Eichhorn and
co-workers to investigate the reinforcing capabilities of
cellulose nanowhiskers and nanofibrils in composite
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Fig. 6 Thermo cycling (shape memory behaviour) of a neat SPU
(commercial) and b SPU containing 1 wt% nanocellulose [105].
Reproduction of image from [105] with permission from Wiley
(© Wiley 2008)

materials, by directly measuring stresses within the nano-
fibres using Raman spectroscopy. This experimental
approach relies on the measurement of a shift in the position
of characteristic peaks within the Raman spectrum of cel-
lulose when these nanocomposite materials are deformed.
The materials that have been investigated so far are cellu-
lose nanowhiskers produced by extraction from tunicates,
acid hydrolysis of cotton and also sheets of BC. In order to
deform the nanowhiskers, the group has been dispersing and
embedding them in an epoxy resin beam and applying

deformation using a 4-point bending rig [17, 38]. The
4-point bending of these samples can be performed to place
the whiskers in both tension and compression. Sheets of BC
have been deformed in tension using a customised defor-
mation rig that can be placed under the Raman spectrometer
microscope.

The use of Raman spectroscopy to follow the defor-
mation of polymer fibres and composites began in the
1970s with the discovery that peaks within the spectrum
obtained from polydiacetylene single crystals changed
position with the application of tensile deformation [106].
Following on from this, Galiotis et al. [107, 108] showed
that it was possible to monitor this local deformation in
both single Kevlar fibres, and when the same fibres were
embedded in a composite material. This has led to a large
number of papers on a variety of composites and fibre
types, all of which have been recently reviewed [109]. In
recent times this technique has been used to follow the
deformation mechanisms in cellulose fibres and composites
[110-118], and most recently cellulose nanocomposites
[17, 23, 38].

The Raman spectrum of cellulose is dominated by a
highly intense carbonyl (C-O) stretch mode, located
approximately at 1095 cm™". It is the position of this band
that has been mostly used to follow the local microme-
chanics of cellulose fibres, although other bands such as
one located at 895 cm™', assigned to heavy atom modes
(COC, COH) [119], have been used to follow the
mechanics of cellulose fibre—polymer interfaces [115, 116].
The Raman band located at 1095 cm™' has been assigned
to the carbonyl stretch (C—O) mode of the ring [119] and
the glycosidic stretching mode (—-C-O-C-) [117, 120].
Typical shifts in the Raman band located at 1095 cm ™", as
a function of tensile deformation for cellulose nanowhis-
kers extracted from tunicates, are shown in Fig. 7a [17].
The shift plateaus at high strain due to the debonding of
nanowhiskers from the matrix [17]. The shift in the peak
position of the Raman band located at 1095 cm™ !, before
debonding occurs, was found to be highly sensitive to the
application of tensile deformation, which indicates that the
molecular chains of the cellulose structure are being
deformed. The rate of shift of this band with respect to
strain has been related to the modulus of the whiskers. By
assuming that the whiskers have a uniform stress micro-
structure, it is possible to show, using an analysis by
Krenchel [121] for a 2D random in-plane distribution of
reinforcing elements, that they have a modulus of 143 GPa
[17]. A recent AFM bending experiment on single tunicate
whiskers has confirmed this value [122]. Similar band
shifts have been obtained for cellulose whiskers produced
by acid hydrolysis of cotton, as shown in Fig. 7b [38].
Using the same analysis as used for the tunicate whiskers,
moduli of 57 GPa (2D networks) and 105 GPa (3D
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networks) were obtained. These values are significantly
lower than for tunicate whiskers, which may be an indi-
cation of a lower crystallinity for these nanowhiskers,
possibly induced by the chemical processing route. This
low value for the modulus may also arise due to the smaller
aspect ratio of cellulose nanowhiskers produced by acid
hydrolysis compared to tunicate whiskers, and hence an
inferior stress-transfer efficiency.

BC nanofibrils, as already discussed in the section “An
overview of cellulose whisker and nanofibre properties
(Grenoble Institute of Technology (INPG), International
School of Paper, Grenoble, France)”, have a completely
different morphology to the nanowhisker form. The nano-
fibrils of this form of cellulose generally form a network
structure, rather like that seen in paper. The modulus of BC
nanofibrils has been previously measured using an AFM
cantilever method, yielding a value of 78 GPa [22].
Figure 7c shows a shift recorded in the position of the
1095 cm ™! band as a function of strain applied to a fibrous
network of BC fibrils [23]. After confirming that the BC
samples comprised a random 2D network of fibres, it was
possible to show that the modulus of an individual fibril
was 114 GPa [23]. This value, although higher than the one
obtained by the AFM method, is lower than the crystal
modulus of cellulose (~ 138 GPa) [10] and tunicate cel-
lulose whiskers. The reason for this lower value was
thought to be because BC has a lower crystallinity (about
80%) than tunicate cellulose nanowhiskers [23].

Exploiting hydrogen bonding for the processing
of cellulose nanocomposites (Case Western Reserve
University, Cleveland, USA)

Jeff Capadona, Stuart Rowan and Christoph Weder at Case
Western University, USA, have been investigating the
ability to switch hydrogen bonding in cellulose nanocom-
posites, to render them flexible when immersed in water.
Owing to their strongly interacting surface hydroxyl
groups, cellulose nanowhiskers have a significant tendency
for self-association [123]. This is, in principle, a very
desirable feature for the formation of load-bearing perco-
lating architectures within a host polymer matrix: the
spectacular reinforcement observed for polymer/cellulose
nanowhisker nanocomposites can be attributed to the for-
mation of rigid nanowhisker networks in which stress
transfer is facilitated by hydrogen-bonding among the
nanowhiskers [17]. However, these same nanowhisker—
nanowhisker interactions can also cause nanowhisker
aggregation during the nanocomposite fabrication; this, of
course, limits the extent of mechanical reinforcement
[124, 125]. Good dispersion during processing is achieved
when nanowhisker self-interactions are “switched off” by
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competitive binding with a hydrogen-bond-forming sol-
vent. Since water disperses most types of cellulose nano-
whiskers well, the mixing of aqueous polymer solutions or
emulsions with cellulose nanowhisker suspensions and
subsequent film casting has for a long time been the primary
method to process polymer/nanowhisker nanocomposites
[43]. Furthermore, several “solubilizing schemes” have
been explored to improve nanowhisker dispersibility in
organic media, including the use of surfactants [125, 126],
silylation [77], grafting of PEO [127] or maleated polypro-
pylene [125] and acylation [128]. However, these surface
modifications usually also reduce the interactions among the
nanowhiskers and thereby the macroscopic mechanical
properties of the corresponding nanocomposites. Turbak
and co-workers have shown that stable suspensions of
tunicate nanowhiskers with negatively charged sulfate
groups, commonly produced by hydrolysis of the native
cellulose with sulfuric acid [43, 123, 129], can also be pro-
duced in dimethylsulfoxide (DMSO) [130], N,N-dimethyl
formamide (DMF) [85, 86], N-methyl pyrrolidine (NMP)
[87], formic acid [87] and m-cresol [87] for example by
lyophilization of aqueous whisker dispersions and re-dis-
persion of the resulting aerogel in the organic solvent [87].
Gray has produced similar cellulose nanowhisker disper-
sions in polar organic solvents using whiskers obtained from
cotton [131]. Cellulose nanowhiskers without surface
charges [132, 133], prepared by hydrolysis with HCI, do not
disperse as well in aprotic solvents (DMSO, DMF, NMP);
however, formic acid and m-cresol have been shown to also
disperse non-charged nanowhiskers properly [87].

The ability to break hydrogen bonds and disperse cellu-
lose nanowhiskers in hydrogen-bond-forming organic sol-
vents opens the door for the fabrication of nanocomposites
with a broad range of polymer matrices. For example, Weder
and co-workers [134] reported nanocomposites derived
from tunicate nanowhiskers and (semi)conducting m-con-
jugated polymers, including doped polyaniline (PANI) and a
poly(p-phenylene ethenylene) (PPE) derivative with qua-
ternary ammonium side chains. These materials were solu-
tion-cast from formic acid. Measurements of electrical
conductivity, photoluminescence, and mechanical proper-
ties reveal that the nanocomposites synergistically combine
the electronic characteristics of the conjugated polymers
with the outstanding mechanical characteristics of the cel-
lulose scaffold. Rowan and Weder reported percolating
nanocomposites with polystyrene or an ethyleneoxide/epi-
chlorohydrin copolymer (EO-EPI) matrix and systemati-
cally investigated such materials prepared with either
tunicate or cotton nanowhiskers [135]. In the rubbery regime
of these materials, which were prepared by solution-casting
from DMF, the shear moduli (G') increased by over two
orders of magnitude at a nanowhisker content of ~20% v/v
(Fig. 8). This spectacular reinforcement is related to the
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Fig. 8 Shear moduli G’ of cellulose whisker nanocomposites with
EO-EPI as a function of composition. The nanocomposites were
fabricated by either solution casting (open symbols) or the template
approach (filled symbols) and shear moduli G’ were determined by
DMTA at 25 °C. Data are for nanocomposites comprising cellulose
whiskers isolated from tunicate whiskers (circles), cotton (squares)
and microcrystalline cellulose (triangles), respectively. Solid lines
represent predictions by the percolation model (Eq. 3). Reproduction
of image with permission from AAAS (© AAAS 2008)

formation of a percolating nanofibre network in which stress
transfer is facilitated by hydrogen-bonding between the
nanowhiskers. The mechanical properties can be predicted
by a percolation model, which expresses G, as [136, 137]

(1 — 2‘70 + ler)GgG; + (1 — Xr)lpG?

G = X6t (%G, )
with

N\ 04
v =X, (’f_ ff) )

where X, is the volume fraction of the rigid (r, nanowhis-
ker) component, G, and G, are the shear moduli of the neat
soft (s, polymer) and rigid constituents, and y is the vol-
ume fraction of nanowhiskers. Figure 8 shows that Eq. 3
matches excellently with the experimentally determined G,
values of EO-EPI nanocomposites comprising nanowhis-
kers isolated from tunicates and cotton [135].

To produce cellulose nanocomposites with hydrophobic
polymers, Weder and Rowan introduced a template
approach to nanocomposite fabrication [135]. The process
is based on the formation of a three-dimensional template
scaffold of well-individualized nanowhiskers, which is
subsequently filled with a polymer of choice (Fig. 9a). The
first step is the formation of a nanofibre template through a
sol/gel process. For cellulose nanowhiskers this involves
the formation of an aqueous nanowhisker dispersion, which
is converted into a gel through solvent-exchange with a
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Fig. 9 a Schematic of the template approach to well-dispersed
polymer/cellulose whisker nanocomposites. i A non-solvent is added
to an aqueous whisker dispersion in the absence of any polymer.
ii Solvent exchange promotes the self-assembly of a nanofibre gel.
iii The gelled nanofibre scaffold is imbibed with a polymer by
immersion in a polymer solution, before the nanocomposite is dried

water-miscible solvent, for example acetone, that “turns”
the hydrogen bonding between the nanowhiskers back on.
That is to say replacing the water with a weaker hydrogen
bonding solvent (e.g. acetone) results in the reestablish-
ment of hydrogen bonding between the whiskers. This
nanofibre template, which displays a percolating network
structure (Fig. 8b), is then filled with a matrix polymer by
immersing the gel into a polymer solution, in a solvent that
does not disperse the nanowhiskers, and subsequent drying
and shaping. Weder and Rowan demonstrated that this
technique, which is somewhat different from other recently
developed “impregnation schemes” [32, 93], is applicable
to cellulose nanowhiskers isolated from tunicates, cotton,
MCC and other nanofibres, such as carbon nanotubes [135,
138]. To evaluate the template approach, cellulose nano-
whisker nanocomposites with EO-EPI were studied in
detail (Fig. 8). Gratifyingly, the materials prepared by the
template approach show identical mechanical properties to
materials prepared by solution casting from DMF, indica-
tive of the formation of percolating networks. It was pre-
viously difficult to incorporate cellulose nanowhiskers into
non-polar polymers such as polypropylene or polybutadi-
ene without surface modification or surfactants. Thus,
probably the most important feature of the template
approach is its capability to access percolating nanocom-
posites of otherwise immiscible components. This was
demonstrated for polybutadiene/tunicate nanowhisker
nanocomposites, which exhibit the mechanical properties
predicted by the percolation model [135].
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(iv) and compacted (v). b Scanning electron microscopy image of a
cellulose whisker aerogel, prepared by supercritical extraction of a
whisker acetone gel (Fig. 2a, ii) (scale bar = 200 nm). Reproduction
of images a and b from [135] with permission from Nature Publishing
Group (© Nature Publishing Group 2007)

Recognizing that switching the interactions among
nanowhiskers in a solid nanocomposite through an external
stimulus could be a way to create a new type of mechan-
ically adaptive material, Weder and Rowan took the con-
cept of controlling nanowhisker—nanowhisker interactions
one step further and introduced a new family of morphing
materials, in which a chemical stimulus causes a significant
and reversible stiffness change [139, 140]. The material’s
design mimics the structural concepts at play in the dermis
of sea cucumbers (Fig. 10) [140]. These creatures have the
fascinating ability to rapidly and reversibly alter the stiff-
ness of their skin when threatened. This dynamic
mechanical behaviour is achieved through a nanocompos-
ite architecture, in which rigid, high-aspect-ratio collagen
fibrils reinforce a viscoelastic matrix (Fig. 10). The stiff-
ness of the tissue is regulated by controlling the fibrillar
interactions (through either non-covalent [141, 142] or
covalent [143] bonds) and therewith the stress transfer,
among adjacent collagen fibrils by locally secreted pro-
teins. Rowan and Weder prepared and studied chemo-
responsive materials, which mimic this architecture and
whose morphing mechanical characteristics are very simi-
lar to those of the biological model [144, 145]. For
example, they demonstrated that nanocomposites based on
a rubbery poly(ethylene oxide) copolymer and a percolat-
ing network of tunicate nanowhiskers can exhibit a
reversible, 40-fold modulus reduction upon exposure to a
chemical regulator that switches off the hydrogen bonds
among the nanofibres. This can be done through the
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Fig. 10 a Pictures of a sea cucumber in soft and stiff state and
b schematic of the switching mechanism in this biological model and
the proposed biomimetic nanocomposites. The stress transfer among
rigid, percolating nanofibres, and therewith the overall stiffness of the
material, is controlled by a stimulus. Reproduction of images a and b
from [139] with permission from AAAS (© AAAS 2008)

addition or removal of water, which acts as a chemical
regulator that changes the hydrogen bonding between the
whiskers within the polymer matrix, and at the same time
presumably also impacts the whisker/matrix interactions.
True to the intended design, the uptake of a small amount
of water causes a dramatic modulus reduction (e.g. from
800 to 20 MPa for a composite comprising 19 vol%
nanowhiskers); the original stiffness is restored when the
composites are dried. Control experiments and analyses
using mechanical models support the conclusion that the
stiffness change is due to the designed mechanism of
altered nanowhisker-nanowhisker interactions, rather than
alternative effects such as plasticization of the matrix.

Polymerisation from the surface of cellulose whiskers
(University of Nottingham, UK)

Polymers can be grown from cellulose nanowhiskers
directly using the surface hydroxyl groups as initiating
sites, or the surface can be modified to introduce different
initiator sites needed for controlled polymerisation tech-
niques such as atom transfer radical polymerisation
(ATRP) or reverse addition fragmentation radical poly-
merisation (RAFT). Wim Thielemans at the University of
Nottingham is currently working on the surface modifica-
tion of cellulose nanowhiskers and has recently reported on
this approach, as have some other authors.

Surface initiated polymerisation techniques have been
used extensively to graft polymers from the surface of
macroscopic cellulose fibres [146—-154]. Extending these
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techniques to cellulose nanowhiskers is a logical step.
Indeed, surface initiated polymerisation from the surface of
cellulose nanowhiskers is currently receiving a large
amount of attention and numerous presentations at con-
ferences have been given [155-159]. However, to date,
only four publications have appeared in the literature:
Habibi et al. [48] reported the ring opening polymerisation
of e-caprolactone using the surface hydroxyl groups as
initiator sites, while both Yi et al. [82] and Morandi et al.
[83] reported the grafting of polystyrene using surface
initiated ATRP after grafting of an isobutyryl bromide
moiety to the surface of the nanowhiskers to introduce the
necessary initiator sites. Xu et al. [160] reported on the
grafting of 6-[4-(4-methoxyphenylazo) phenoxy] hexyl-
methacrylate (MMAZO) from the surface of cellulose
nanocrystals using ATRP after similarly grafting an iso-
butyryl bromide moiety to the surface of the nanowhiskers
to introduce the necessary initiator sites. Simplified reac-
tion schemes are given in Fig. 11.

Grafting of poly(e-caprolactone) (PCL) from the surface
of ramie cellulose nanowhiskers was performed in toluene
using stannous octoate (Sn(Oct)2) as the catalyst [48]. The
authors reported a final PCL content of 85 wt% in the
modified nanowhiskers. However, as the modified nano-
whiskers were not extracted but purified by a solubilisation—
centrifugation sequence, “contamination” of the modified
nanowhiskers by physically absorbed polymer chains could
not be excluded. The PCL-grafted cellulose nanowhiskers
were subsequently shown to increase the mechanical prop-
erties of PCL-cellulose nanowhisker composites more than
unmodified cellulose nanowhiskers, indicating great
potential in nanocomposite reinforcement applications.

Surface initiated ATRP from the surface of cellulose
nanowhiskers requires a two-step reaction: grafting of the
initiator bearing a C-Br or C-Cl bond followed by
polymerisation initiated by the addition of vinyl mono-
mers and the catalyst Cu(I)Br (or Cu(I)Cl if using a C-C1
terminated initiator). An equilibrium between Cu(I)Br and
Cu(Il)Br, (or between Cu(I)Cl and Cu(I)Cl,), the latter
formed by extraction of bromide (or chloride) from the
initiator giving rise to a radical, results in controlled
polymer chain growth. For surface-initiated polymerisa-
tion, a dissolved sacrificial initiator is sometimes used, in
addition to the surface initiator groups. The use of a
sacrificial initiator allows the graft length to be tailored by
changing the initial ratio [monomer]/[sacrificial initiator]
and the final conversion (given that the amount of initi-
ating sites on the nanowhiskers is negligible compared to
the amount of sacrificial initiator) [149]. In addition, the
non-grafted polymer chains formed through polymerisa-
tion from the sacrificial initiator allows for direct deter-
mination of the grown polymer using standard polymer
characterisation techniques to verify whether controlled
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Fig. 11 Reaction scheme for the surface initiated polymerisation
from the surface of cellulose nanowhiskers a by ring-opening
polymerisation of e-caprolactone, initiated from the surface hydroxyl
groups and b by ATRP through grafting of 2-bromoisobutyryl

polymerisation conditions were obtained. Yi et al. [82]
first grafted 2-bromoisobutyryl bromide to cotton nano-
whiskers, followed by styrene polymerisation without the
use of a sacrificial initiator. The final polystyrene content
on the nanowhiskers, purified through soxhlet extraction,
was determined to be 64 wt%. The grafted polymer,
removed from the surface through acid hydrolysis of the
ester linkage of the initiator, was found to exhibit a rel-
atively low polydispersity (PDI = 1.21), showing good
control of the polymerisation reaction. Through an
investigation of the liquid crystalline phases of solutions
of polystyrene-cellulose nanowhiskers, it was proved that
the chiral nematic ordering of the cellulose nanowhiskers
in solution is due to their shape, and not to the chiral
nature of their surface. The same group also reported on
successful grafting of poly(MMAZO) using ATRP with-
out sacrificial initiator to the surface of the nanowhiskers
derived from the acid hydrolysis of filter paper after
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bromide to introduce initiator sites followed by the controlled
polymerisation of styrene. The grafted PCL chains are shown to
have different length due to the uncontrolled nature of ring-opening
polymerisation

derivatisation using 2-bromoisobutyryl bromide [160].
Grafting was confirmed by FTIR spectroscopy, TGA and
DSC, and the grafting percentage was determined to be
around 75% based on DSC data. However, no indication
of the grafted chain lengths or control over the poly-
merisation was reported. The grafted nanowhiskers were
subsequently tested for their liquid crystalline behaviour
as a solution in chlorobenzene. A lyotropic nematic phase
was seen to appear, with turbidity observed at room
temperature for concentrations above 5.1 wt%. Morandi
et al. [82] first studied various reaction conditions for the
grafting of the initiator, 2-bromoisobutyryl bromide, to
the surface of nanowhiskers, followed by a series of
polymerisations resulting in polystyrene brushes with
different graft lengths. By controlling the grafting density
of the initiator they were able to control the grafting
density of the final polymer chains, while control over the
polymerisation allowed them to control the length of the
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polymer chains. A maximum surface modification with
initiator up to 70% was achieved, as well as a polystyrene
content up to 22 wt%. The control over the polymer chain
length and grafting density is important when the surface
properties need to be specifically tailored. They subse-
quently used polystyrene-grafted nanowhiskers to absorb
1,2,4-trichlorobenzene, a persistent organic pollutant,
from water, opening up an interesting new application of
surface modified cellulose nanowhiskers.

Analysis of dispersion of cellulose nanofibres
and TEMPO oxidation to induce this dispersion
(Virginia Tech, USA)

One of the main challenges in the use of cellulose nano-
whiskers for polymer reinforcement is achieving a uniform
distribution in a matrix material. Analysis of the nano-
whisker distribution in cellulose nanocomposites by
transmission electron microscopy is hampered by the lim-
ited contrast between the organic nanowhiskers and the
organic matrix. Maren Roman at the Department of Wood
Science and Forest Products, Virginia Tech, has developed
a method for fluorescent labelling of cellulose nanowhis-
kers [161], potentially enabling the use of fluorescence or
laser scanning microscopy to analyze particle distribution
in cellulose nanocomposites, as has recently been applied
to clay nanocomposites [162, 163].

Labelling was achieved via a three-step reaction
(Fig. 12) involving activation of the surface hydroxyl
groups with epichlorohydrin followed by opening of the
oxirane ring with ammonium hydroxide. The thus aminated
crystal surface was then reacted with fluorescein-5'-iso-
thiocyanate (FITC) resulting in a label density of one FITC
moiety per 27 nm?. The FITC-labelled cellulose nano-
whiskers showed pH-sensitive absorbance in the blue and
blue-green transition regions of light, resulting in a yellow
appearance (Fig. 12). The fluorescence emission maximum
of FITC occurs at 518 nm.

Fig. 12 Reaction scheme for (a) 2
the labelling of cellulose
nanowhiskers with fluorescein-
5'-isothiocyanate and image

When analyzing particle dispersions in nanocomposites
by fluorescence microscopy [162, 163], the degree of
particle agglomeration is deduced from the homogeneity of
fluorescence intensity across the specimen. Agglomerates
are discernible by their higher local fluorescence intensity.
Laser scanning microscopy with its ability to produce a
series of thin (0.1-1.5 pum) optical sections of the fluores-
cent specimen, which can then be stacked to produce a 3D
representation, offers the possibility to analyse the disper-
sion of fluorescent particles in nanocomposites in the x-, y-,
and z-direction. Thus, fluorescent labelling of cellulose
nanowhiskers in combination with fluorescence or laser
scanning microscopy may become a valuable tool in the
optimization of processing conditions for minimal
agglomeration in cellulose nanocomposites.

Adequate dispersion and distribution of fibre reinforce-
ment leads to optimum performance of the composite. The
mechanical properties are also dictated by the length of the
particle and more importantly the aspect ratio of the
nanofibre. To this end, great effort has gone into describing
the length and diameter of acid hydrolyzed cellulose
nanowhiskers. Atomic force microscopy [164] and trans-
mission electron microscopy [165] studies have quantita-
tively revealed average length and diameter of cellulose
nanowhiskers. From these studies, nanowhiskers from
wood have average lengths reported in the range between
105 and 150 nm and diameters 4.9—12 nm. Aspect ratios of
the nanowhiskers are between 10 and 30. Other nanoscale
celluloses like MFC maintain the length of the nanofibril
providing higher aspect ratios. MFC is derived from
unraveling the microfibril structure of the cell wall using
severe mechanical treatment [166, 167]. This material has a
unique mesh containing tens of nanometre diameter fibrils
appearing to have micrometer lengths.

Since the original studies in the 1980s, MFC was pro-
duced with pretreatment stages that lower the energy
requirement by loosening the hydrogen bonds amongst
nanofibrils with enzyme and chemical treatments

showing aqueous suspensions of
(A) cellulose nanowhiskers (0.8
wt%) and (B) FITC-labelled
cellulose nanowhiskers (0.5
wt%). Reproduction of images
a and b from [161] with
permission from American
Chemical Society (© American
Chemical Society 2007)
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[168, 169]. Recently, renewed interest in this material,
which has dimensions of carbon nanotubes, has led to the
development of low energy methods for isolation by such
equipment as a blender or even a magnetic stir plate [170,
171]. Isogai and co-workers [172] showed that after cel-
lulose pulps are oxidized in a heterogeneous suspension
with 2,2,6,6 tetramethyl-1-piperidinyloxy (TEMPO) as a
catalyst, the accessible primary hydroxyls on the surface of
the microfibrils become modified with anionic carboxylate
groups. As a result, the nanofibrils within the fibres can
become unwound by mechanical agitation with repulsive
forces between ionized carboxylates overwhelming the
myriad of hydrogen bonds holding the nanofibrils together.
Solutions of nanofibrils (3—5 nm diameter) are directly
produced from the TEMPO-mediated oxidized pulp using
mechanical agitation from a blender [173].

Scott Renneckar of Virginia Tech has a research pro-
gram focussed on the nanoscience of cellulose and wood-
based materials. Working with Johnson et al. [174], they
have shown that TEMPO-oxidized pulp can be isolated by
sonication without blending. A novel method to compare
the effect of surface area on the mechanical reinforcement
potential in thermoplastic composites was reported within
that study; the sonication time of the TEMPO-oxidized
pulp was varied influencing the yield of the nanofibrils. At
20 min of sonication, 98% of the pulp was converted into
nanofibrils that had a width between 3 and 5 nm, according
to TEM measurements (Fig. 13) [174]. These nanofibrils
showed better reinforcement of hydroxypropylcellulose,
relative to acid hydrolyzed nanowhiskers, and 20-pass
MEFC (isolated without pretreatment).

With AFM, Li and Renneckar [175] investigated the
length and thickness of TEMPO modified wood pulp fibre
that underwent extensive sonication and found nanofibrils
with unique dimensions. After 30 min of sonication, the
nanofibrils had an average thickness value of 1.38 nm and

Fig. 13 Nanocellulose
prepared by TEMPO-mediated
oxidation of pulp; a atomic
force microscopy height image
of nanocellulose deposited on
mica, b 4% concentration of
nanocellulose foam after
blending oxidized pulp for

18 min
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length of 580 nm. If the sonication time was increased to 4
h, the average thickness of the nanofibrils decreased to
0.74 nm and length to 260 nm. Interestingly, there was no
correlation between length and thickness on individual
nanofibrils and the average aspect ratio of these materials
maintained a value around 500 [175]. This aspect ratio is
remarkable for wood-based cellulose nanofibres and pro-
vides insight into the better composite performance high-
lighted by Johnson et al. [34].

Applications and new advances in cellulose
nanocomposites

Reinforcing adhesives using cellulose nanofibres
(BOKU, Vienna, Austria)

Adhesive bonding is a routine processing step in the wood
industry. Potential routes for performance improvements of
wood adhesives focus very much on polymer chemistry
[176] but currently little attention is paid to the role of
fillers. The example of reinforced epoxy, an adhesive
typically not used in the wood industry, shows that the
addition of fibrous filler primarily improves the toughness
of an adhesive bond [177-184]. Confirming results
achieved in modelling studies [185, 186], a comparative
study of a broad variety of wood adhesives [187-189]
indicated a strong correlation between the toughness of an
adhesive and the ultimate shear strength of corresponding
wood adhesive bonds. Urea-formaldehyde resins (UF) are a
widely used class of low-priced wood adhesives, which are
well known for their pronounced brittleness and their ten-
dency to develop microcracks (Fig. 14) which limits their
mechanical performance. The combination of low price
and poor mechanical performance makes UF an ideal
candidate for studying the effect of added filler.

(b)

=
nm
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Fig. 14 Light microscope image of beech wood bonded with urea
formaldehyde. Vertical cracks in the cured urea formaldehyde bond
line are a typical result of the brittleness of this frequently used wood
adhesive

A team led by Wolfgang Gindl and Josef Keckes on
nanocellulose research has been investigating the rein-
forcement of adhesives. For this purpose, a 5% suspension
(cellulose/water) of dissolving grade beech pulp obtained
from Lenzing R&D was fibrillated by 20 passes through a
laboratory refiner and, after diluting the suspension to 0.5%
cellulose content, 10 passes through an APV-Gaulin high-
pressure homogeniser at a pressure of 450 bar. Thereafter,
the suspension was vacuum-dried to increase the cellulose
content to 3.2%. A higher cellulose content would have
been desirable in the wood adhesive, but this was limited
by the rapidly increasing viscosity of the suspension with
the decreasing water content. Lap-joint shear test speci-
mens according to EN 302 [190] were prepared with beech
wood using the following different adhesives:

e pure UF (W-Leim Spezial, Dynea);

e UF reinforced with untreated pulp fibres (5% cellulose
per unit weight cured UF);

e UF reinforced with homogenised pulp fibres (5%
cellulose per unit weight cured UF);

and tested to failure in a universal testing machine at a
speed of 1.66 x 107> m s~'. The overall deformation in
the overlapping region of the EN 302 specimens was
recorded by means of a Zwick Macrosense clip-on
deformation sensor.

The results of the mechanical tests (9 specimens each) are
shown in Fig. 15. With a shear strength of 10.3 £ 0.9 MPa,
the UF used in the present study is well within the range
of bond strengths observed for a variety of wood adhesives
in a previous study. The addition of 5% untreated pulp
fibres had no significant effect on the shear strength, which
was 9.9 + 0.8 MPa. In strong contrast, the addition of
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Fig. 15 Shear stress of different lap-joint specimens plotted over
deformation (the deformation is only nominal because it comprises
axial and shear contributions from both the wood and the adhesive)

5% refiner-treated and high-pressure homogenised cellulose
resulted in a significant increase of shear strength to a value
of 13.8 £ 1.4 MPa. The stress—strain curves shown in
Fig. 15 indicate a significantly higher deformation at failure
for the specimens reinforced with homogenised pulp fibres,
suggesting that the UF adhesive was possibly toughened by
the addition of fibrillated cellulose. This assumption is
supported by the fact that cracks, which are frequent in
conventional UF bond lines (Fig. 14), were not found when
cellulose-reinforced UF was used.

The value of 13.8 MPa for the shear strength measured
for cellulose-reinforced UF adhesive bonds is higher than
the average shear strength of 10 MPa observed for struc-
tural adhesives such as phenol-resorcinol-formaldehyde,
melamine—urea—formaldehyde, and one-component poly-
urethane [187]. This indicates that the addition of fibril-
lated cellulose to UF significantly improves the mechanical
performance of wood adhesive bonds, thus opening up new
fields of application for UF, which is currently used only in
the non-structural field.

Optically transparent cellulose nanocomposites
for electronic displays (RISH, Kyoto University, Kyoto,
Japan)

Flexibility is an essential characteristic not only for future
electronic devices such as displays and solar cells, but also
as materials suitable for roll-to-roll production processes.
Roll-to-roll processing enables the continuous deposition
of functional materials such as metal wiring, transparent
conductive films and gas barrier films on a roll of optically
transparent flexible plastics, allowing a simple and inex-
pensive processing suitable for the manufacture of flexible
electronic devices. Most plastics however have a large
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coefficient of thermal expansion (CTE), of the order of
50 ppm K™', and flexible plastics in particular exhibit
extremely large CTEs exceeding 200 ppm K~'. Functional
materials deposited on plastic substrates could therefore
break or be damaged by the temperatures involved in the
assembly and in the mounting processes due to the mis-
match of the coefficients of thermal expansion from the
different materials. Hence, the development of flexible
transparent plastics with a low coefficient of thermal
expansion, similar to glass (8 ppm Kﬁl), is essential to
realize roll-to-roll processing. In this context, the rein-
forcement of transparent plastics by nano-sized fibres is
considered to be an ideal way, since elements with diam-
eters less than one-tenth of the visible light wavelength are
free from light scattering, allowing optically transparent
composites.

Hiroyuki Yano and colleagues at RISH, Kyoto Univer-
sity, have demonstrated experimentally the advantage of
nanoscale reinforcements using cellulose nanofibres (bun-
dles of cellulose microfibrils) [26]. They obtained trans-
parent composites by reinforcing various types of resins
(Fig. 16a), even at fibre contents as high as 70 wt%, using
BC nanofibres 10 nm thick and 50 nm wide. Because BC
nanofibres are bundles of semi-crystalline extended cellu-
lose chains, the resulting nanocomposites are not only
highly transparent, but also exhibit a low CTE comparable
to silicon (4 ppm K~') and mechanical strength compara-
ble to mild steel. Due to the nanofibre size effect, high
transparency was obtained against a wide distribution of
resin refractive indices from 1.492 to 1.636 at 20 °C, being
also less sensitive to refractive index variations caused by
the elevation of ambient temperature up to 80 °C [191].
Moreover, they have succeeded in depositing an electro-
luminescent layer on these transparent BC nanocomposites,
as shown in Fig. 16b.

They also reported that the addition of only 7.4 wt% of
BC nanofibres, which deteriorated light transmittance by

Fig. 16 a Flexible transparent nanocomposites reinforced with
bacterial cellulose (BC) nanofibres and b luminescence of an OLED
deposited onto the transparent BC nanocomposite. Reproduction of
image a from [26] and b from [193] with permission from Wiley
(© Wiley 2005 and 2008)

only 2.4%, was able to reduce the CTE of an acrylic resin
from 86 to 38 ppm K~' [192]. Subsequently, they suc-
ceeded in the production of composites possessing an ultra
low CTE of 4 ppm K™ at a fibre volume fraction of 5%
[193]. The flexibility and high thermal stability were
attained by reinforcing a low Young’s modulus transparent
resin with low CTE and high modulus cellulose nanofibres
forming an in-plane network layered structure of BC. In
addition, they showed that acetylation significantly reduces
the hygroscopicity of BC nanocomposites, while main-
taining optical transparency and thermal stability [194,
195]. It was also demonstrated that acetylation prevents the
thermal deterioration of the composites [194].

The successful reinforcement of transparent plastics
with BC engendered a new interest in plant cellulose
microfibrils. Iwamoto et al. [196] attempted the fibrillation
of pulp fibres by using a grinding treatment. The grinding
treatment resulted in the successful fibrillation of wood
pulp fibres into nanofibres. However, repeated passes
through a grinder to obtain uniform nanofibres caused a
reduction in the crystallinity and degree of polymerisation
of cellulose nanofibres, resulting in an increase in thermal
expansion and a decrease in the mechanical properties of
the composites [197].

In wood cell walls, the cellulose microfibril bundles of
12—-16 nm in width exist encased by the embedding matrix.
However, the drying process in typical pulp production
generates strong hydrogen bonding between the bundles
after the removal of the matrix, which makes it difficult to
obtain thin and uniform cellulose nanofibres. Hence, Abe
et al. [198] kept the material in the water-swollen state after
the removal of the matrix, and succeeded in obtaining cel-
lulose nanofibres with a uniform width of 15 nm using only
one pass through the grinder (Fig. 17). Under these condi-
tions, the CTE improved from 18 ppm K™' of once-dried
commercial pulp-based nanocomposites to 13 ppm K~' of
the never-dried pulp-based nanocomposites.

Wﬁg;
g E‘I .;5"'

Fig. 17 Cellulose nanofibres obtained by a grinder treatment
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Following this pioneering work on never-dried pulp,
Iwamoto et al. [92] studied the effect of hemicellulose on
the nanofibrillation and mechanical properties of nanofibre
reinforced composites, and reported that hemicelluloses act
as inhibitors of the coalescence of cellulose nanofibres
(microfibril bundles) during drying, and facilitate the
nanofibrillation of once-dried pulp. Furthermore, hemicel-
luloses provide adhesion between nanofibres, contributing
to the reduction of thermal expansion and enhancement of
mechanical properties of the composites. Shimazaki et al.
[90] also reported the excellent thermal conductivity of the
cellulose nanofibre/epoxy resin composites.

Recently, Nogi et al. [199] developed what might be
best described as an optically transparent paper. It is a
foldable nanofibre material with low thermal expansion
(CTE < 8.5 ppm K™!) consisting of 100% cellulose
nanofibres (Fig. 18) with the same chemical constituents of
traditional paper and also a similar production process. The
only difference is in the fibre width and the size of the
interstitial cavities or pores. The foldable, low CTE, and
optically transparent nanofibre paper could be a perfect
match as substrates for continuous roll-to-roll processing.

Cellulose microfibril-based nanocomposites for semi-
structural applications (RISH, Kyoto University, Kyoto,
Japan)

The exploitation of cellulose nanofibrils to produce high-
strength composites began by selecting wood samples with
the highest modulus and strength based on the sound
velocity along the specimens, impregnating them with a low
molecular-weight phenolic resin and hot pressing at pres-
sures of 30 to 50 MPa [200]. As the resin acted as a plasti-
cizer during compression and the curing fixed the deformed
and densified conditions, Young’s modulus and bending
strength of the compressed wood achieved values around 40
GPa and 400 MPa, respectively. Later, to increase the

Fig. 18 The 100% cellulose nanofibre sheet is as foldable as
traditional paper. Reproduction of image from [199] with permission
from Wiley (© Wiley 2009)
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cellulose nanofibril content, the matrix substances of wood
veneers were removed by a mild chemical treatment [201].
The total weight was reduced by 30% and the combination
of raw material selection and the removal of non-cellulosic
constituents ultimately resulted in composites with a bend-
ing modulus of 62 GPa and a strength of 670 MPa [202].
Even though these materials could not be strictly called
nanocomposites, they were based on the reinforcing poten-
tial of cellulose nanofibrils. Instead of disintegrating wood
into individualized fibrils, the original structure of unidi-
rectionally oriented fibres and fibrils of wood was preserved
to achieve ultimate strength of the final composites.

The production of anisotropic materials based on cel-
lulose nanofibrils extracted from wood, in a morphology
known as MFC, was realized by molding MFC without any
adhesive [203]. This material achieved a bending strength
of 250 MPa. The addition of just 2 wt% oxidized starch
doubled the yield strain, and the bending strength increased
to 310 MPa. The initial water content of MFC, about 90
wt%, was slowly extracted while applying the moulding
pressure, so the capillary forces of the intervening water
being evaporated drew the nanofibrils together, connecting
them by hydrogen bonds as the material dried.

Later on, sheets similar to paper obtained by filtration
and drying of MFC slurries were impregnated with a
phenol formaldehyde resin (PF), stacked in layers and
compression moulded under pressures as high as 100 MPa
[32]. The mechanical properties obtained were substantial;
a Young’s modulus of 19 GPa and a bending strength of
about 370 MPa at a fibre content around 10 wt%. When the
degree of fibrillation was varied from non-fibrillated pulp
through MFC, it was found that there was no change in
strength for composites prepared using pulp with fibrilla-
tion limited to the fibre’s surface. A stepwise increase
however occurred when a complete breakage and fibrilla-
tion of the cell wall of the fibres was achieved [88]. Mi-
crofibrillation eliminates defects or weaker parts of the
original fibers that would act as the starting point of cracks,
but also increases interfibrillar bond densities creating a
structure that favours ductility. When compared to micro-
composites made with non-fibrillated pulp fibres, MFC
nanocomposites had a slightly higher Young’s modulus,
but exhibited significantly higher bending strength as a
direct consequence of an enhanced strain at fracture. As
reported in the section “Optically transparent cellulose
nanocomposites for electronic displays (RISH, Kyoto
University, Kyoto, Japan)”, similar nanocomposites can
and have been produced using BC. As a comparison to this
material, the BC samples had a Young’s modulus of 28
GPa and a bending strength in excess of 400 MPa [204].

To increase the resin content and make cellulose-based
composites less susceptible to degrading agents like water
or moisture, yet averting the brittle nature of PF, MFC was
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mercerized with a strong (20 wt%) NaOH aqueous solution
to verify its effectiveness on nanocomposites [205]. Alkali
treatment is a proven process to enhance toughness in
cellulose-based microcomposites [206, 207]. The com-
posites with a resin content about 20 wt% exhibited a two-
fold increase in strain to failure compared to untreated
MFC composites, with the same resin content. Young’s
modulus decreased slightly, but the bending strength
remained practically unaltered due to the increased strain.
Mercerization of MFC sheets caused an in-plane contrac-
tion, likely due to the contraction of the cellulose nanofi-
brils [208]. This, in turn, could be related to an entropy
increase in less ordered regions along the nanofibril
direction [209]. A possible explanation for the NaOH-
treated MFC composites’ enhanced ductility might be the
straightening of contracted amorphous cellulose molecules
when under load.

As cellulose is a naturally occurring polymer, the use of
a matrix resin equally bio-based has been also considered.
To deliver good dispersion of nanofibres in PLA, the water
in MFC was replaced by an organic solvent (acetone) and
subsequently mixed with a fully amorphous grade PLA
previously dissolved in the same solvent [210]. The mix-
ture had the solvent extracted by evaporation, compounded
by a kneader, and thin films were obtained by compression
molding of the compounds. A 10 wt% MFC load resulted
in modulus increase of 40% and strength gains of 25% over
the neat PLA without a reduction in yield strain. In cellu-
lose nanocomposites produced by film casting, the rein-
forcement is accomplished through the formation of a
percolated network of nanofibres connected by hydrogen
bonds [2, 65], but in compression moulding, such interac-
tions are very limited [211, 212]. However, nanofibril
bundles can produce networks by mutual entanglements
[52, 213], resulting in similar reinforcing capability in
moulded composites. Later, the method was extended to a
semicrystalline grade of PLA [214], improving tensile
modulus and strength in both amorphous and crystallized
states, and also enhancing the heat resistance (storage
modulus at high temperature), which was not possible with
the fully amorphous PLA grade. More recently, an envi-
ronmentally benign papermaking-like process, to obtain
sheets from an aqueous suspension of cellulose nanofibres
and PLA fibres and subsequent hot pressing a stack of the
dried sheets, was proposed [215]. The method is quite
simple with potential implementation at an industrial scale.
A summary of the stress—strain behaviours from all of these
materials is given in Fig. 19, with comparative data for a
magnesium alloy (Mg alloy) and glass fibre reinforced
plastic (GFRP). It is clear the mechanical properties exceed
GFRP and are favourably compared with the Mg alloy,
suggesting that they have great potential in low-weight
engineering applications.
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Fig. 19 Typical stress—strain curves of nanocomposites based on
cellulose microfibrils compared with those of conventional high-
strength materials; bacterial cellulose/phenol formaldehyde (BC/PF),
magnesium alloy (Mg alloy), microfibrillated cellulose/phenol form-
aldehyde (MFC/PF), microfibrillated cellulose/poly(lactic acid)
(MFC/PLA), microfibrillated cellulose/2 wt% starch (MFC + 2 wt%
starch) and glass fibre reinforced plastic (GFRP)

Cellulose/DNA hybrid nanomaterials (Virginia Tech/
Oregon/Portland State University, USA)

The fabrication of nanoscale devices is a challenging, but
potentially important, technology that is currently the
subject of a great deal of research and a little amount of
progress [216-218]. Such nanoscale constructions utilizing
a bottom-up approach to device building have many fore-
seeable applications in areas as diverse as miniaturized
electronics, sensors, and biomedical devices. One of the
most chemically versatile, abundant and inexpensive
nanoparticles available for nanodevice development is the
cellulose nanowhisker. Recent research on utilizing DNA
oligomers to control the bonding of cellulose nanowhiskers
has been undertaken by John Simonsen and co-workers.
These proof of concept experiments set the stage for the
pursuit of future developments in nanoscale devices
through the utilization of low cost and chemically versatile
cellulose nanowhiskers. Whilst not a composite per se the
combination of cellulose nanowhiskers with DNA opens up
the possibility of structuring biomaterial-based nanocom-
posites in the future through self-assembly methods.

Two different DNA oligomers were used in this study, a
20-mer: {5-aminoC6/GCT CTA CCT GAC TAG CTC
GT-3') and its complement, and a 78-mer: {5’-aminoC12/
CAG TCA GAT CAG GAC ATG AGA TCA TGC TAG
TCA GCT ACG GTC ACT GCT AGT CCG TAC GTA
CCA TGT CAT AGT GTA GGT-3'} and its complement.

The cellulose nanowhiskers were prepared by acid
hydrolysis and then the C6 carbon was carboxylated using
TEMPO oxidation [219]. FTIR transmission spectra of the
carboxylated cellulose nanowhiskers confirmed the reac-
tion. A carboxyl content of 1.73 mmol of CO,H per gram
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of nanowhiskers (starting material) was calculated. This C6
carboxylate group was reacted with the amino group on the
modified DNA oligomer via EDC-facilitated amide for-
mation yielding DNA grafted cellulose nanowhiskers
(DNA-g-nanowhiskers) [220, 221].

Both dynamic light scattering (DLS) and UV hyper-
chromicity of single strand and duplexed DNA were used
to observe the combining of the DNA-g-nanowhiskers at
low temperature and their separation, or “melting” at
higher temperatures. Atomic force microscopy (AFM) was
used to image the duplexed DNA-g-nanowhiskers.

Typical reported surface areas for cellulose nanowhis-
kers are ~250 m? g~ ! [222]. At the highest grafting value
47 pmol DNA g~ of nanowhiskers was achieved for the
Cy, oligomer. This gives an estimate of ~9 nm?*/DNA
graft, which suggests a spacing of ~3 nm between DNA
backbone chains extending from the surface. Since the
cross-sectional extent of a (duplexed) DNA molecule is on
the order of 2 nm [223], there may be a crowding factor
involved and the longer C;, modifier on the DNA oligomer
may provide more flexibility for the graft, and thus
accommodating a higher crowding factor.

The modelling equation for DLS assumes the particles
are spherical. The cellulose nanowhiskers are not spherical,
but DLS—derived hydrodynamic radius of the equivalent
sphere was used as a rough marker to determine the extent
of agglomeration of the needle-shaped whiskers.

Solutions of nanowhiskers functionalized with comple-
mentary oligonucleotides were mixed and hybridized
(duplexed) in 0.1 M phosphate buffer at 0.5 M ionic
strength for 12 h. DNA-g-nanowhisker dispersions showed a
substantial increase in hydrodynamic size (particle diame-
ter) when compared to ungrafted carboxy-nanowhiskers and
ssDNA-g-nanowhiskers.

Duplexed DNA-g-nanowhiskers were suspended in
0.1 M phosphate buffer with 0.5 M ionic strength at 75 °C
and then slowly cooled at a rate of 5 x 107> °C s~'. The
effective diameter of the duplexed particles was measured
at 10 °C intervals. As the temperature was reduced from 75
to 45 °C, the measured particle size increased significantly,
indicating that the grafted oligomers were duplexing and
agglomerating the cellulose nanowhiskers (Fig. 20). After
5 min the temperature was again raised to 75 °C without
removing the sample from the instrument. The particle size
decreased, indicating the duplexed oligomers were disas-
sociating and the cellulose nanowhiskers spontaneously
re-dispersed in the suspension. The particle size returned
to its original number, indicating complete re-dispersion
of the DNA-g-nanowhiskers with the completion of a
full cycle of alternate cooling and heating. This indicates
that duplex formation and the subsequent disassociation
above the “melting temperature” (7,,) of the DNA are
reversible.
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Fig. 20 DLS cycling data showing repeatable DNA duplex formation
and melting with temperature. Reproduction of image from [219] with
permission from American Chemical Society (© American Chemical
Society 2009)

UV-vis spectroscopy was used to confirm the duplex
formation and subsequent disassociation (typically called
“melting”) of DNA-g-nanowhiskers by tracking the
hyperchromicity of the DNA duplex. As the complemen-
tary single-stranded DNA undergo duplexing, the extinc-
tion coefficient of the resulting double-stranded DNA
(dsDNA) will be reduced. As a result, UV absorption of
dsDNA (at 260 nm) will be lowered. When the temperature
is raised above the “melting” temperature 7;, of DNA, the
duplex should uncoil and the UV absorption should
increase. Thus the formation and “melting” of DNA
duplexes can be determined by measuring the absorption at
260 nm as a function of temperature. First, the UV
absorption of the double-stranded DNA oligomers alone
was recorded at 45 °C. The temperature was gradually
increased from 45 to 85 °C at a 0.03 °C s~' ramp rate,
recording the absorption (at 260 nm) in 3 °C intervals. The
resulting “melting curves” of the oligomers showed a
broad range from ~60 to ~80 °C. Next, the DNA-g-
nanowhiskers were cycled through a similar temperature
range. The “melting” behaviour of the DNA oligomers
grafted on the cellulose nanowhiskers was similar to that of
the unbound oligomers (Fig. 21). This indicates that the
grafting process did not affect the duplexing behaviour of
the oligomers, i.e., their hyperchromicity. The observed
“melting” behaviour in the UV-vis experiment was similar
to the DLS experiment with the exception of the hysteresis
in the UV-vis. It is thought that the hysteresis is due to the
reaction time required for DNA to duplex. The temperature
ramp rate in the UV—vis experiment was 0.03 °C s~ ' while
in the DLS experiment it was much slower, 5 X 1073 °C
s~!. Thus in the DLS experiment, the DNA had more time
to duplex, or “melt” while in the UV-vis experiment, the
faster temperature ramp rate resulted in a hysteresis effect.
Together, the DLS and UV-vis results provide convincing
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Fig. 21 UV cycling curve for cellulose nanowhiskers grafted with
complementary strands of DNA oligomer. Reproduction of image
from [219] with permission from American Chemical Society
(© American Chemical Society 2009)

evidence of the formation of a DNA/cellulose nanowhisker
hybrid material via DNA duplex formation.

The morphology of the self-assembled DNA-g-cellulose
nanowhisker duplex dispersion was examined using AFM.

Fig. 22 Duplexed DNA-g-
cellulose nanowhiskers
formations dried from the
aqueous dispersion and imaged
using atomic force microscopy
(AFM); a cellulose
nanowhiskers grafted with
single strand DNA. b Duplexed
DNA-g-cellulose nanowhiskers
at low magnification.

¢, d Duplexed DNA-g-cellulose
nanowhiskers at high
magnification. Reproduction of
image from [219] with
permission from American
Chemical Society (© American
Chemical Society 2009)

Typical images (Fig. 22) indicate that duplexed DNA-g-
cellulose nanowhiskers formed branched structures
whereas much looser and randomly distributed materials
were observed in the images of control experiments with
ungrafted or ssDNA-g-nanowhiskers (Fig. 22a). It is
expected that the DNA-g-nanowhiskers when duplexed
should exhibit strong side-to-side physical interaction due
to hydrogen bonding between complementary DNA strands
bonded on the nanowhisker surface. Side-to-side interac-
tions between ssDNA grafted nanowhiskers are evident
from the AFM images (Fig. 22b, d). One AFM image
indicates a tendency of the DNA-g-nanowhiskers to inter-
act end-to-end while duplexing (Fig. 22c), although both
interaction schemes appear to be always present to some
extent. This curious behaviour is puzzling and suggests
further research is needed on this system. The side-to-side
bonding is expected due to the grafting frequency of the
DNA oligomers on the nanowhisker surface.

The end-to-end bonding may also be an artefact of
the isolation procedure, since the imaged formations are
dried from their aqueous dispersions. This behaviour of




//doc.rero.ch

http

hybridized DNA-g-nanowhiskers requires additional
investigation. However, this initial study sets the stage
for further utilization of DNA to provide ordered structures
of cellulose nanowhiskers with potential applications,
including as scaffolding for tissue engineering applications.

Hierarchical cellulose nanocomposites (Imperial
College London, UK)

Natural nanofibres are already being considered for
numerous composite applications [44, 224]. Advantages of
natural fibres are their low cost, low density, renewability
and biodegradability. The main drawbacks are their
dimensional inconsistency and variability in mechanical
properties, relatively low tensile strength and their limited
thermal stability, which limits the number of matrices that
can be reinforced by natural fibres [225]. Simple natural
fibre reinforcement of renewable polymers has thus failed
to achieve the performance of conventional composite
materials, such as glass fibre/polypropylene. New renew-
able reinforcing agents such as BC fibrils produced by
bacteria belonging to the genera Acetobacter, Agrobacte-
rium, Alcaligenes, Pseudomonas, Rhizobium or Sarcina
may provide a breakthrough for composite applications
[21]. BC fibrils have diameters ranging from 10 to 100 nm
[226]. Studies of the properties of BC have shown that it
has a high Young’s modulus of up to 138 GPa [10, 22, 23],
a tensile strength of 2 GPa and thermal expansion of only
0.1 x 107% K~'. which are extremely attractive for
applications as reinforcement in composites [21, 26]. The
measured Young’s modulus of BC is comparable to or
even exceeds that of glass fibres but at a lower density. In
addition to its light-weight and attractive mechanical
properties, BC is non-toxic, renewable and biodegradable.

Commonly used natural fibre composite processing
methods, such as blending, extrusion and even solvent
casting/impregnation, have significant disadvantages when
used for the preparation polymer nanocomposites con-
taining anisotropic reinforcements. The introduction of BC,
as with any other anisotropic nano-sized filler/reinforce-
ment, into a polymer by extrusion unavoidably raises the

Fig. 23 a Sisal fibres in
bacterial cellulose fermentation
medium before bacterial
cellulose culture and b 2 days
after bacterial cellulose culture.
Reproduction of images a and b
from [30] with permission from
the American Chemical Society
(© American Chemical Society
2008)
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viscosity of the polymer melt. Moreover, the processing
conditions must be controlled to prevent the very hydro-
philic cellulose whiskers transporting water into the high-
temperature processing zone, which will lead to the
premature degradation of the polymer (especially in the
case of PLA) and degradation of the whiskers themselves
can occur at >180 °C.

So far the progress in (scalable) manufacturing of
renewable nanocomposites has been limited, and the
properties of cellulose nanofillers in the composite have
still to be satisfactorily utilised; the blocks hindering pro-
gress are principally in achieving good distribution or
percolation of the nanoreinforcement throughout the
matrix. Nature uses hierarchical structures in plant cell
walls, shells and bones when high mechanical properties
are required. The application of such a concept is markedly
improving the engineering of truly green composites [227].
In an attempt to distribute the anisotropic BC in a polymer
matrix and to use conventional processing techniques
Juntaro et al. [27, 29] and Pommet et al. [30] created
hierarchical structures in natural fibre composites by cul-
tivating cellulose-producing bacteria in the presence of
natural fibres (Fig. 23), such as sisal and hemp, resulting in
the coating of natural fibre surfaces by BC. It was found
that the strong and highly crystalline BC fibrils preferen-
tially attached, in fact coated, the natural fibres thereby
creating “hairy fibres” (Fig. 24) leading to a nanostruc-
tured natural fibre surface. Simply weighing the fibres
before and after the BC fermentation process confirmed
that between 5 and 6 wt% of BC adhered to the fibres after
the modification. The strength of attachment of the nano-
cellulose coating to the natural fibres can be attributed to
strong hydrogen bonding between the hydroxyl groups
present in BC and the (ligno)cellulose in natural fibres
[228].

The modification process did not affect the mechanical
properties of sisal fibres but it significantly reduced the
mechanical properties of hemp fibres. The exposure of the
hemp fibres to the bacterial culture caused a drastic loss of
fibre strength (286 + 31 MPa for original hemp and
171 &+ 11 MPa for the BC coated hemp) as well as
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Fig. 24 Typical SEM
micrographs of sisal fibre
without bacterial cellulose (left)
and with bacterial cellulose
attached (right). Reproduction
of images from [30] with
permission from the American
Chemical Society (© American
Chemical Society 2008)

Young’s modulus (Young’s modulus decreased from
21.4 £ 2.0 to 8.8 & 0.7 GPa for the original hemp and the
BC coated hemp, respectively), which was due to a further
separation (or brooming) of the hemp fibres in to smaller
individual fibres as a result of the intrinsically non-cohe-
sive structure of bast fibres.

The “hairy” characteristic of the BC coated sisal and hemp
fibres helped to enhance the adhesion, as measured using
single fibre pull-out tests [229], between natural fibres and
cellulose acetate butyrate (CAB) and PLA. The apparent
interfacial shear strength, as a practical measure of the
interfacial adhesion, between sisal and CAB and PLA
increased by 46 and 21%, respectively, while the apparent
interfacial shear strength between hemp and CAB increased
as much as 140% [27]. This increase in the apparent interfa-
cial shear strength is likely to be due to enhanced mechanical
interlocking [27] in addition to the increased surface free
energy of the BC coated (sisal) fibres (from 38.4 mN m~! for
original sisal to 61.9 mN m ™' for BC coated sisal), leading to
better wetting of the fibres by the matrix [28, 30].

These “hairy” fibres deliver the nanoreinforcement into
polymer matrices and avoid troublesome processing issues,
such as increased melt viscosity, self-filtration and there-
fore gradient formation of the nanofiller as well as aggre-
gation, associated with anisotropic nanofillers [230].
Coating natural fibres with BC also facilitates good dis-
tribution of the nanofibres within the matrix in the areas
where the nanoreinforcement is required, i.e. near the
conventional reinforcing micrometre-sized fibres. The
improved interfacial adhesion enhanced the stress transfer
efficiency between the fibres and matrix and thus resulted
in an improvement in the mechanical and thermal perfor-
mances of composites. Model unidirectional natural fibre
reinforced nanocomposites [29] and short fibre nanocom-
posites [231] were manufactured via compression mould-
ing to investigate the impact of the BC coating on
composite mechanical properties. Note that fibres of sisal
grafted with BC show improved composite properties in
both CAB and PLA matrices over the unmodified sisal
fibres, while the mechanical properties of composites made
with BC grafted hemp fibres remain the same as for
composites containing unmodified hemp even though the
hemp fibres have far worse mechanical properties. For the
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unidirectional sisal fibre reinforced composites, both the
tensile properties parallel and perpendicular to the fibre
alignment were found to increase significantly when con-
taining fibres with BC coating. In the case of modified sisal
reinforced PLA, the parallel strength and Young’s modulus
increased by 44 and 42%, while the off-axis strength
and Young’s modulus increased by 68 and 49% [29],
respectively. The BC coating technique also manifested
improvements in some short fibre composites. It was found
that the BC modification led to an increase of the crystal-
linity of PLA-based composites, as well as the improve-
ments in tensile and flexural properties of short sisal fibre-
reinforced composites [231]. The presence of the nanofi-
brils improved the interfacial adhesion between the mi-
crometre-sized reinforcing fibres and the polymer as
confirmed by microscopy observations of the composite
fracture surface (Fig. 25). The nanofibrils may also con-
tribute to the direct reinforcement of the composites. The
tensile and flexural properties of the short fibre composites
were higher than commercial polypropylene compounds
used in interior automotive part applications, indicating its
potential in the automotive industry. Some short fibre
composites also have comparable tensile and flexural
properties to polypropylene reinforced with 20 wt% short
glass fibre. Therefore, it can be concluded that hierarchical
natural fibre composites (or natural fibre reinforced nano-
composites) are a very promising material to replace con-
ventional plastics.

Nevertheless, there are many outstanding issues in
hierarchically structuring composites which still need to be
addressed; especially the compatibility between the ligno-
cellulosic fibres, BC coating and the polymer matrices, the
arrangement of the nanofibres within the composite, and
the control of biodegradability of the final composite.
Furthermore, the separation of end-of-life waste of fruly
green composites from the waste streams and compositing
is another major issue requiring further research.

Novel materials based on cellulose nanofibres
(KTH, Stockholm, Sweden)

Lars Berglund and co-workers have been developing a
number of novel materials based on cellulose nanofibres,
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Fig. 25 SEM micrographs of
interfacial failure between PLA
and sisal fibre without bacterial
cellulose (left) and with
bacterial cellulose attached
(right). Reproduction of images
from [27] with permission from
Wiley (© Wiley 2008)

namely, foams and aerogels, nanopaper and starch-nano-
cellulose composites.

Polymer foams are of interest in many applications.
Often, the mechanical performance is important, for
instance in packaging materials for energy absorption and
when used as core materials in sandwich structures for
weight saving and insulation. Although fibre reinforced
polymer foams are used, conventional reinforcing fibres
have diameters at the typical scale of 10 um. Since the
typical cell wall thickness of polymer foams is a few
micrometres, it means that microscale fibers are not suit-
able for cell wall reinforcement. However, it is possible to
therefore use cellulose nanofibres as cell wall reinforce-
ments. Svagan et al. [33] prepared biofoams based on
amylopectin-rich potato starch and cellulose nanofibres
from wood pulp. Water suspensions were prepared from
dissolved starch mixed with well-dispersed cellulose
nanofibres. The mixtures were frozen and the water was
then removed by sublimation in the drying stage. The
resulting biofoams were bioinspired in structure, since the
cell walls contained a cellulose nanofibre network and a
biopolymer matrix, as in plant cell walls. A typical field
emission gun scanning electron microscope (FE-SEM)
image of one of these foams is shown in Fig. 26, showing
clearly the open walled structure. The cell wall composi-
tions, with between 10 and 40 percent by weight of cel-
lulose nanofibres, showed dramatic improvement in energy
absorption during compressive loading. The absorbed
energy was doubled as compared with the neat amylopectin
reference, with 40 percent by weight of cellulose nanofi-
bres. This novel material concept of cellulose nanocom-
posite biofoams is of interest in biomedical applications as
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Fig. 26 FE-SEM micrograph of bioinspired starch-cellulose nano-
composite foam. The cellulose content is 40 wt%, and the cellulose
nanofibres are reinforcing the cell walls of the foam. Image by
Dr. A. Svagan, Wallenberg Wood Science Center, Royal Institute of
Technology, Sweden

well as in packaging material applications (expanded
polystyrene replacement) and sandwich foam cores.
Aerogels are a new class of materials of great interest,
not only for catalysis applications but also in structures for
liquid storage. They also have exceptional thermal insula-
tion properties. In the study by Paikko et al. [232] in Prof.
Ikkala’s group at Helsinki University of Technology,
mechanically robust aerogels were prepared by freeze-
drying of cellulose nanofibre water suspensions. Ceramic
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aerogels, as well as neat polymer aerogels, are brittle in
character. However, thin native cellulose aerogels can be
folded back and forth without fracture. Furthermore,
native cellulose aerogels can also be functionalized by
subsequent treatment, i.e. by coating with conducting
polymers [232].

Cellulose nanofibril suspensions can also be converted
to nanopaper structures. In the study by Henriksson et al.
[233], the remarkable potential of such nanopaper was
demonstrated. A typical AFM image of the structure of this
nanopaper is shown in Fig. 27. Exceptional mechanical
performance was observed for the resultant nanopaper by
selecting high molar mass cellulose, using nanofibrils with
a surface charge, and by the use of a preparation procedure
further favoring good dispersion. In particular, the work-to-
fracture was very high due to a strain-to-failure approaching
10%, with a strength of more than 220 MPa in uniaxial
tensile experiments on large specimens. The yield stress is
just above 100 MPa, followed by a region of linear strain-
hardening until fracture. In the strain-hardening region,
nanofibrils must be slipping and bending in order to explain
the large strain-to-failure. Young’s modulus, as measured by
loading—unloading experiments, also actually increased in
the strain-hardening region.

The ability of cellulose nanopaper to maintain its
integrity at high strains is demonstrated in the study by

0 1.00 pm

Fig. 27 AFM micrograph of cellulose nanopaper surface. The
cellulose nanofibers are disintegrated from dissolving wood pulp of
95 wt% cellulose content, using an enzymatic pretreatment procedure.
Image by Prof. I. Mondragon, University of Basque Country, San
Sebastian, Spain
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Svagan et al. [33]. The polymer matrix was highly glycerol-
plasticized amylopectin (50/50 composition). Such a matrix
has almost viscous characteristics at room temperature, and
still the nanocomposite with 60 wt% cellulose can have a
tensile strength approaching 140 MPa, a Young’s modulus
of 6 GPa and a strain-to-failure exceeding 6%. If the moisture
diffusion characteristics of starch are considered, addition of
cellulose nanofibrils leads to remarkable improvements
[234]. One important reason is the constraining effect of the
cellulose nanopaper network on starch expansion due to
moisture adsorption.

All-cellulose nanocomposites (Queen Mary, London,
UK)

Alternative routes to environmentally friendly polymer
composites have recently also focussed on approaches fol-
lowing mono-material-based eco-design concepts; so-called
“all-polymer composites” or “self-reinforced polymer
composites”. For example, fully recyclable all-polypropyl-
ene (all-PP) or self-reinforced polypropylene (SR-PP)
composites have been proposed to replace traditional glass
fibre reinforced plastics for a number of applications, nota-
bly the automotive industry [235-241]. Following the suc-
cess of these all-PP composites, all-cellulose composites
have recently been introduced. In a similar fashion to all-
polymer composites two different types of approaches can
be followed for the creation of such self-reinforced cellulose
composites: (i) conventional impregnation methods of cel-
lulose matrix into cellulose fibres and (ii) novel selective
dissolution methods where the cellulose fibre skins are
partially dissolved to form a matrix phase that bonds fibres
together.

The impregnation method has been used to create all-
cellulose composites based on ligno-cellulose fibres such as
ramie [242, 243], rice husk [244], BC [245] and cellulose
nanowhiskers [51]. Nishino and co-workers [242, 243]
created all-cellulose composites in which both the fibres
and matrix are cellulose, by distinguishing the solubility of
the matrix cellulose into the solvent from that of the fibres
through a pre-treatment of the fibres. Natural cellulose can
be dissolved into N,N-dimethyl acetamide (DMAc) con-
taining LiCl through the coordination of Li ions to the
hydroxyl groups of cellulose. However, pre-treatment is
needed for dissolution.

Various studies have reported the manufacture of all-
cellulose composites using partial dissolution of cellulose
fibres. During composite preparation, rather than selec-
tively melting fibre surfaces as in the case of thermoplastic
all-PP composites [235, 236, 246-249], here the surface
layer of cellulose fibres is partially dissolved to form the
matrix phase of the all-cellulose composites. Meanwhile,
the remaining cellulose fibre cores maintain their original
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Cellulose Fibres All-Celulose

composites

Fig. 28 Schematic model of fibre and composite cross-section for the
preparation of all-cellulose composite with partially dissolved fibres
[263]. Reproduction of image from [263] with permission from
Elsevier (© Elsevier 2008)

structure and impart a reinforcing effect to the composite
(Fig. 28). This method constitutes not only a simplification
of the composite’s preparation, but also provides a signif-
icantly improved fibre/matrix interface. The surface
selective dissolution method results not only in very high
fibre volume fractions but also in a gradual change in
properties of the fibre, forming an interphase or interfacial
region which minimises voids and stress concentrations as
in sharp, well-defined fibre/matrix interfaces.

The concept of all-cellulose composites has been
explored for a wide range of cellulose materials including
wood pulp fibres [250, 251], filter and Kraft paper [252—
255], MCC [256-260], sisal [261, 262], ramie [263],
regenerated cellulose (Lyocell) and cellulose fibres spun
from an anisotropic phosphoric acid solution (Bocell)
[264], and BC [265]. These studies showed great promise.
For example, in the case of plant cellulose fibres (ramie)
exceptionally high properties were obtained using LiCl/
DMAc as a solvent. Unidirectional composites with
Young’s modulus of around 30 GPa and tensile strengths of
550 MPa [242, 243] were created (compared to a pure fibre
strength of 700 MPa). As such, these composites sometimes
out-performed those of traditional natural fibre composites
by a factor of two and are among the highest ever reported
for a natural fibre-reinforced composite [266—273]. In fact,
as the process relies on selective dissolution of the outer fibre
skins, the process works extremely well with natural cellu-
lose, where the outer layers of the fibres, which are dis-
solved, mainly consist of disordered cellulose, while the

Fig. 29 Scanning electron
micrographs of the sheet surface
of bacterial cellulose (BC)
(left) and all-cellulose
nanocomposites prepared with
BC at an immersion time in
LiCl/DMAc of 20 min (right).
The length of the scale bar is
1 pm [265]. Reproduction of
images from [265] with
permission from Springer

(© Springer 2009)
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core, which remains, consists of highly oriented cellulose
[274, 275].

All-cellulose nanocomposites based on MCC [256-260]
and BC [265] have also been prepared by these methods.
Figure 29 shows the microstructure of a BC sheet and a BC
composite sheet prepared by Soykeabkaew et al. [265]
using the selective dissolution method. In the case of BC,
optimum processing conditions using LiCI/DMAc as a
solvent allowed for the preparation of nanocomposites with
tensile strengths of 410 MPa and Young’s moduli of 18
GPa. Depending on the processing time, the sheets showed
also remarkable high toughness characteristic possessing a
work-of-fracture as high as 16 MJ m~>. Interestingly,
compared to the all-cellulose nanocomposites prepared by
partial dissolution of MCC powder of Gindl and Keckes
[256] and the nanopaper prepared from cellulose nanofi-
brils by Henriksson et al. [233], BC nanocomposites
exhibit nearly twice the tensile strength, while similar high
values of work-to-fracture can be obtained. Figure 30
shows the stress—strain curves of these BC nanocomposites,
where with increasing immersion time, after an initial
small increase in strength, an obvious reduction in the
composites’ tensile properties is apparent. In light of these
results it is interesting to compare these data for nano-size
cellulose fibres with all-cellulose composites based on
micron-sized cellulose fibres. Nishino and Arimoto [252]
developed an isotropic all-cellulose composite using filter
paper as a cellulose source. Unlike BC nanocomposites,
these all-cellulose microcomposites showed a strong
improvement in tensile strength with immersion time
(almost five-fold increase in strength from 50 to 240 MPa,
Fig. 30b). In comparison to BC, filter paper consists of a
loosely formed, much weaker, micro-size cellulose fibre
network with the appearance of larger voids and less
hydrogen bonded fibre—fibre interactions. After the surface
selective dissolution process, these voids are filled with
cellulose matrix leading to a stronger interface and better
stress transfer capability and as a result a marked increase
in strength of the all-cellulose composite sheet. Again the
mechanical properties of these all-cellulose composites are
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Fig. 30 Stress—strain curves of a bacterial cellulose (BC) sheet and
all-cellulose composites prepared with nano-size bacterial cellulose at
various immersion times [265] and b all-cellulose composites
prepared with micro-size cellulose fibres of filter paper [252].
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Reproduction of image a from [265] with permission from Springer
(© Springer 2009) and b from [252] with permission from the
American Chemical Society (© American Chemical Society 2007)
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Fig. 31 Pictures of all-cellulose composites manufactured by selec-
tive dissolution of cellulose filter paper. The improvement in the
composite’s interface with increasing immersion time is evident
through the observed improvement in optical transparency with

far superior compared to traditional isotropic natural fibre
mat composites based on flax/PP with typical tensile
strengths of 50 MPa [266, 276]. The improvement in the
composite’s interface with increasing immersion time was
also evident through the observed improvement in optical
transparency with immersion time [252] (Fig. 31).

BC, on the other hand, has already a very strong network
structure [21, 226, 277] based on high-modulus nano-size
cellulose ribbons [23], which allows them to form more
extensive hydrogen bonding (Fig. 32) [265, 278]. In the
case of BC nanocomposites, only a slight enhancement in
the network structure caused by the improved bonding
from the newly created matrix is obtained. BC sheets have
already a high initial level of inter-fibre bonding through
extensive hydrogen bonding of the continuous nano-rib-
bons and no significant further improvements are observed
with further dissolution times. These results are a further
indication of the very strong initial hydrogen bonded

Composite with
6 h immersion time
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Composite with
12 h immersion time

immersion time for these all-cellulose composites [252]. Reproduc-
tion of images from [252] with permission from the American
Chemical Society (© American Chemical Society 2007)

Fig. 32 Schematic illustration of extensive hydrogen bonding in
a bacterial cellulose (nano-size network) compared to b cellulose
paper (micro-size network) [265]. Reproduction of image from [265]
with permission from Springer (© Springer 2009)

network that can be created by nano-size cellulose fibres
such as in BC, which do not require further strengthening
through a cellulose matrix.
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Discussion and conclusions

It has been shown that cellulose nanofibres have an excit-
ing potential as reinforcements in nanocomposites. They
also, due to their size and the ability to chemically modify
their surface, have great potential for a wide variety of
applications; foams, adhesives, hierarchical materials and
electronic display materials. A number of methods have
been reviewed that enable cellulose nanofibres to be
extracted from either plants or animal sources. It has to be
remembered that in order to do this, some disruption of
structure may occur, and so efforts to reduce damage
during extraction are of paramount importance. It is also
worth noting that mechanical means of fibre separation do
require large amounts of energy, and so efforts to reduce
this, either by enzymatic or chemical methods, will become
increasingly important. The potential mechanical proper-
ties of cellulose nanofibres compete well with other engi-
neering materials, and we have seen that this could be
useful in high-end technological applications. We have
seen how dispersion is also a critical step in the production
of cellulose nanocomposites. Layer-by-layer deposition
offers a facile route to overcoming this, with remarkable
percolation of whiskers interacting with each other, and
with the surrounding matrix, in a way that greatly enhances
the mechanical properties of the resultant material. Cellu-
lose nanowhiskers have a high surface area to volume ratio.
This means that the surface plays a dominant role in not
only the mechanical efficiency of stress transfer in a
nanocomposite, but also the ability to modify the surface
chemistry. We have seen that this can be used to “switch-
off” the nanowhisker—nanowhisker interaction via a dis-
ruption of hydrogen bonding, which may also facilitate
nanocomposite production. The high surface area can also
be used as a template for polymerisation, which opens up
the ability to make a highly reactive surface for a wide
range of applications. By grafting DNA to the surface of
cellulose nanowhiskers it should also be possible then to
utilise self-assembly methods to generate new forms of
composite biomaterials. The chemical coupling of chro-
mophores to the surface of nanowhiskers has provided a
route for following dispersion of cellulose nanowhiskers in
nanocomposite materials, and TEMPO oxidation a means
for isolating nanofibres. In addition to this, techniques such
as Raman spectroscopy may provide a route for analysing,
in a quantitative sense, the stress-transfer efficiency of
cellulose nanofibres and polymeric resins, but also whis-
ker—whisker interactions.

Other forms of cellulose nanofibres, such as BC, have
been shown to be useful for generating hierarchical com-
posites. This approach offers a way for long micrometre-
sized fibres to be more effectively used in composites by
enhancing coupling between the fibre surface and the
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surrounding resin. BC nanofibres have also been shown to
be useful for generating optically transparent and flexible
composite films with low thermal expansion coefficients. It
has also been shown that by combining these high stiffness
fibrils with a cellulose matrix, excellent mechanical prop-
erties can be obtained for what are now termed “all-cellu-
lose” nanocomposites. Nanofibrous networks of cellulose,
produced by mechanical means, can, through careful
extraction, also be used for this application. The fibrils
generated appear to replicate structures seen in the native
primary wall of plant cells. In the form of nanopaper, the
material has high toughness and can be combined effec-
tively as a filler for foams. Incorporated with other poly-
saccharides, such as starch, there is a promising future for
new light weight yet mechanically stable materials.
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