TECHNICAL BRIEF ‘ NANOCELLULOSE

Research_ ngeafs for nanoce_l/u/qse
commercialization and applications

TOM LINDSTROM

INTRODUCTION: This short review deals with some applications and research needs for nanocellulosic (NC)
materials; primarily cellulose nanocrystals (CNC), cellulose nanofibers (CNF), and bacterial cellulose (BC). Whereas
CNC and BC materials are fairly homogenous, CNF materials represent a wide sector of different materials, often
with a high heterogeneity. This is due to different pretreatment methods (mechanical, chemical, enzymatic), wood-
based or agricultural-based materials, delignification and bleaching procedures, etc. The purpose of this compre-
hensive review is not to discuss the various production methods, for which the reader may consult with a selected
number of reviews [1-6]; thus, the focus is on practical applications. Practical applications and potential markets
were also discussed some years ago by other investigators [7-8]. Upscaling and choice of pretreatment methods, as
well as economic considerations and different business models, have also been discussed, along with:

e Toxicity and environmental issues [9-10]

e The complex characterization of cellulose nanomaterials [4]

The reader should also be aware of new contenders to the three classic groups of cellulosic nanomaterials, which
are already in a commercial phase. These include cellulose filaments [11-12] and materials from mechanical grinding
processes [13], and these materials may be nanostructures or not, depending on our classification.

Finally, as indicated by the editorial on p. 275, scientists are currently taking a deep dive into the fundamental fea-
tures of nanocellulosic materials [14-15].

NANOCELLULOSE
APPLICATIONS AND
CHALLENGES

Paper and board applications
he use of nanocellulose as a
I dry strength additive in paper-
making was an obvious appli-
cation early on, as papermakers have
known for many years that fines are
beneficial for strength properties of
paper and board. This application re-
quires an appropriate use of floccula-
tion agents in order to cope with re-
tention and dewatering issues. The
economics require cheap CNF materi-
als, such as enzymatically liberated
CNC [16-17], that are commercial and
can be considered as a mature tech-
nology. StoraEnso has been aggressive
in this area, but has had few followers.
The effects on paper mechanical
properties are also theoretically well
known. Likewise, cellulose filaments
and grinded fiber materials are being
explored for the same purpose (see
introduction).

Plastic films
Nanofibrils are stronger than the same
material in bulk, and this is particularly
true for brittle materials, to which CNF
can be categorized. This is due to sur-
face defects, internal stresses, etc. The
smaller the material entities, the less
likely it is to find a defect of given critical
size. For nanocellulose, being a fairly
new type of material, there has been
little or no consideration of the impact
of structural defects. The ultimate
strength properties of CNF films have
been discussed [18-19] and can be con-
ceived as well-known today, as well as
their barrier properties [20]. There is no
doubt that such films could find great
use in the food packaging sector. The
economics are, however, critical when
competing with cheap fossil-based film
materials such as polyethylene. The pro-
cessing to make such films in an effi-
cient manner has not yet been success-
ful because of the water removal/drying
problem associated with high-viscosity
materials. There is a pressing research
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need to alleviate this problem and the
oxygen barrier problem at high relative
humidity (RH).

Nanocomposite materials
There has been extensive work going on
to make strong nanocomposite materials
[21]. The crucial point in making com-
posites is the processing. The wet-pro-
cessing method (casting/evaporation) is
a more efficient method compared to
extrusion and injection molding. In the
wet-processing method the interactions
between the nanofibrils formed during
drying will form a strong percolated net-
work, ensuring high mechanical stiff-
ness and strength. Focal research needs
in wet processing are that drying is dif-
ficult with respect to solvent removal
and the development of residual stresses.

Extrusion and injection molding are
far more difficult, and research challeng-
es such as nanocellulose-aggregation
prior to melt processing, nonuniform
dispersion within the polymer melt, and
compatibility between the nanocellu-



lose and the polymer used are focal
needs in this area. CNF materials are ob-
viously more difficult in processing than
CNC materials.

Viscosity modifiers

The use of nanocellulose (then termed
microfibrillar cellulose) as a viscosifier
in food products was extensively ex-
plored already in the late 1970s and in
the beginning of the 1980s by Turbak’s
pioneering group. Turbak’s group inves-
tigated nanocellulose as a stabilizing
agent (oil, water, fats) and as a function-
al food agent [22-23]. It should be noted
that agriculturally produced BNC (Nata
de Coco) has long been used in various
foods as a viscosity modifier. There is no
doubt that CNF/BC materials will be ex-
plored as a food and pharmaceutical ad-
ditive and in other industrial applica-
tions, such as paints. Market introduction
of food products containing CNF is al-
ready beginning. The general rheology
of CNF materials is fairly well under-
stood, but details of their complexity
still need investigation, particularly in
view of the polydispersity of CNF mate-
rials used in commercial applications
[23]. Many general and difficult chemi-
cal engineering issues, such as pump-
ing, mixing, and flow features need to
be much better understood.

Drug delivery, medical
applications and cosmetics
BNC materials dominate this area, as
they are particularly suited for use as
scaffolds for cell cultivation and drug
delivery, as well as medical implants [5].
Suitable implants for medical applica-
tions include the flat form, which is used
as amesh, or a tube for the repair of hol-

low organs and vessels.

Additional current developments in
the BNC field mainly concern novel car-
rier materials for cell cultivation, encap-
sulation of enzymes, and coatings for
medical devices.

There are basic challenges in upscal-
ing of BNC production and in creating
additional control elements for BNC pro-
duction. Not only is the design of BNC
hydrogel shape and dimensions impor-
tant, but also the surface structure and
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internal BNC structure [5]. CNC materi-
als also show great potential in biomed-
ical devices. Nanocellulose materials are
commercially available as various skin
creams and facemasks as well.

Water remediation
technologies

Cellulose nanomaterials have also been
explored for water purification. These
technologies include various water/
wastewater treatment processes, such
as sorption by surface modified NC ma-
terials, membrane filtration, and floccu-
lation [24]. This is an emerging technol-
ogy, which has not yet arrived at
commercial scale. The most investigat-
ed area is that of adsorbents, which are
beneficial for the removal of dyes, heavy
metal ions, pharmaceuticals, etc. Tailor-
ing nanofilters made from NC materials
is a difficult exercise, as the balance be-
tween entrapment capacity and flow ca-
pacity must be tailored. A new class of
thin film nanofibrous composite (TFNC)
membranes, which contain multilay-
ered fibrous scaffolds that include
charged CNF with fiber diameters rang-
ing from nanometers to tens of microns,
is, however, a promising approach to
achieve high capacity filters [25]. Scien-
tific challenges include wet strengthen-
ing and membrane fouling, and more
detailed studies are necessary to assess
the practical applicability of NC materi-
als in catalytic degradation and disinfec-
tion-based water treatment processes.

Aerogels, insulation, and poly-

styrene foam replacement
Cellulose nanogels have low density, high
porosity, and large specific surface area,
making them useful for adsorption and
thermal insulation, as well as for replace-
ment of fossil-based foams [26]. These
materials have large-scale potential in the
building and the packaging sector. Again,
while they have interesting mechanical
properties, the economic processing is
crucial. These materials are made from
sol-gel processing followed by gel drying,
usually vacuum or freeze drying or super-
critical drying. These methods are, how-
ever, expensive for large quantities of sol-
vent removal, and remain as laboratory
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scale methods. Hence, there are some im-
portant research challenges: Cellulose is
prone to self-agglomeration, resulting in
collapse of the nanogel, while crosslink-
ing or other methods are necessary to
maintain the structural features. There-
fore, there is a need for an inexpensive
and environmentally-friendly method for
solvent removal.

Cement nanocomposites

It has recently been found that small ad-
ditions (0.2 %) of CNC to a cement paste
can increase the flexural strength by
20%. The addition of CNC increases the
hydration of the cement, thereby im-
proving the mechanical properties of
the cement [27-28]. This research is very
interesting, but it is an early develop-
ment stage. Many variables, such as type
of CNC and cement, dosage addition
mode, dispersion, matrix type and cur-
ing process (to mention a few) affect the
end result. It is, however, clear that CNC
is more efficient than BC or CNF be-
cause dispersion is much simpler with
CNC. At this point, when there is only
minimal information on how the differ-
ent variables affect the properties and
there is limited information on possible
mechanisms (apart from the hydration
effect), it is difficult to point to a dedi-
cated research direction, as well as as-
sess the economics.

Oil and gas applications
During recent years, there has been
great interest in using CNC materials for
various applications, such as drilling,
completion and spacer fluids, thicken-
ers, shear thinning agents, proppants,
etc. [29-30]. Large drilling companies
like Schlumberger and Halliburton are
intensively investigating these applica-
tions. Hence, Schlumberger announced
an investment in Celluforce 2015 in
order to enhance the productivity of oil
and gas wells. One application is the re-
placement of hydrolyzed polyacrylamide
in chemical flooding applications. The
objective is to improve displacement ef-
ficiency by increasing viscosity of the
aqueous phase in order to reduce vis-
cous fingering effects and change the
flow pattern in reservoirs. Among vari-
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ous research efforts, the charge and
structure of the CNC materials have
been found to be critical and optimiza-
tion of the CNC is of great importance.

Textile fibers and filaments
There has been growing interest in spin-
ning continuous fibers from biomaterials
and also from nanocellulosic materials.
Methods such as dry spinning, wet spin-
ning, melt spinning, and electrospinning
have been investigated, though most re-
search activities have been in the field of
electrospinning [31]. This field is, how-
ever, in an embryonic state. The tensile
properties of some fibers compare favor-
ably with regenerated cellulose, promis-
ing potentially cheap processing meth-
ods. It will, however, be necessary to
maximize the fibril alignment and bond-
ing and reduce voids in the filaments.

One very interesting technology is
fiber spinning using a process combin-
ing hydrodynamic alignment with dis-
persion-gel transition (through coagula-
tion) that produces homogeneous and
smooth filaments from a low-concentra-
tion dispersion of cellulose nanofibrils in
water. The alignment can be controlled
by processing and was found to produce
very strong cellulose filaments [32].

Electroactive polymers and
composites
The use of nanocellulose in electroactive
polymers is today one of the largest fields
of nanocellulose research exploitation
[33-37]. Applications include energy stor-
age (solar cells, supercapacitors, etc.) ac-
tuators, sensors for foods, food active and
intelligent packaging applications, elec-
tronic nanodevices, and various biomedi-
cal applications. All types of cellulosic
nanonomaterials are studied, and the
focusis on hybrids with conductive mate-
rials and nanocarbons. Electronic con-
ductive polymers (ECP) have disadvan-
tages, such as poor cycling stability, high
self-discharge rate, low attainable doping
degrees, and mass-transport limitations
due to thick polymer layers. Nanostruc-
turing with nanocellulosic materials have
solved several of these problems by utiliz-
ing high surface area nanomaterials re-
sulting in thinner films. Also, by using
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strong nanomaterials like CNF, the inter-
nal strain caused by redox reactions (vol-
ume changes) and thin films, the stability
problem can be alleviated. Apart from
challenges of upscaling, there is a need for
appropriate surface/interface engineer-
ing: tunable nano-, microstructures with
excellent conductivity, flexibility,
strength, stability and high-energy stor-
age capacity. Pore engineering is critical;
for example, hierarchical micro/mesopo-
rous structures for electrodes to improve
contact with the electrolyte and shorten
diffusion length is needed. TJ
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