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INTRODUCTION

While it is common knowledge that the basic structural
unit in plants is the cell, few are aware that the main
skeletal structure consists of cellulose nanofibre. What
is surprising is not just the fineness of the nanofibre,
but the fact that, because its cellulose molecular chains
are stretched and crystalline, cellulose nanofibres are
more than five times stronger than steel at a fifth of the
weight; and the coefficient of linear thermal expansion
is extremely small, less than 1/50th that of glass.
Furthermore, the modulus of elasticity is essentially
constant over the range -200°C to +200°C.

Research into the production and utilisation of cellulose
nanofibre as a second generation, major industrial
resource or green nanofibre is now being hotly pursued
world-wide. Last year even saw the first moves towards
infernational standardisation, led chiefly by the Northern
European and North American nations.

WHAT IS CELLULOSE NANOFIBRE? [1]

Depending on how it is produced, cellulose nanofibre
takes various forms: cellulose microfibrils of width 4 nm,
which are the most basic units (single cellulose nanofibres)
(Figure 1); cellulose microfibril bundles of width 10-20 nm
(Figure 2), loose bundles of several cellulose nanofibres
that occur as basic units in the cell wall; and microfibrillar
cellulose (MFC) in which microfibril bundles are further
combined in bundles of several tens to several hundred
nm to form a spider’s web network.

Although the strength of cellulose microfibrils or
microfibril bundles has never been measured directly,
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an elastic modulus of around 100 GPa and strength of
1.7 GPa have been obtained in tensile tests on kraft
pulp, which is an aggregate of cellulose microfibrils
[2]. Considering that some 70-80% of microfibrils are
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Figure 1. Cellulose nanofibre in relation to the cellular
structure of wood

Figure 2. Cellulose microfibril bundle in wood cell wall
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oriented in the fibre axial direction in pulp, the modulus
of the microfibrils should be close to 140 GPa [3] and
the strength may be estimated as at least 2-3 GPa. The
elastic modulus is essentially constantin the range -200°C
to +200°C [4]. A result of 0.17 ppm/K, close to the
limit of measurement, has been obtained for the linear
coefficient of thermal expansion in all-cellulose fibre
materials [5]. This rivals the coefficient for quartz glass
andisaround 1/50 of the value for E-glass. Furthermore,
cellulose nanofibre has been found to have a thermal
conductivity of the same order as glass [5].

Various methods have been developed for producing
cellulose nanofibre from vegetable fibre pulps such as
wood pulp. Pulp slurry defibration techniques operating
at low concentrations of several percent include high
pressure homogenisation, microfluidisation, aqueous
countercollision, grinder fibrillation, freeze drying,
sonication, high speed agitation, and bead milling.

Defibration at low concentration readily affords
uniform nanofibre but is costly due to the limited
defibration efficiency and the subsequent dewatering
process. Defibration techniques which, in contrast,
start with a pulp-water mixture of ten times greater
solids content include high shear kneading with a twin
screw kneader or the like, and ball mill comminution.
Conversion to nanofibre by kneading or comminution in
the presence of polymer or rubber offers the possibility
of simultaneously achieving uniform dispersion of fibre
in the polymer, with clear advantages for the utilisation
of nanofibre in composites.

Research is under way on the chemical modification,
enzyme treatment and acid treatment of pulp with the
aim of low energy, highly efficient nano-defibration.
Saito and Isogai et al. have shown that mutual repulsion
between nanofibres in water increases, promoting
nano-conversion, when the é-hydroxyl group in the
amorphous domains is selectively carboxylated with
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy radical)
as the catalyst [7]. Uniform conversion to microfibril
level is possible by very gentle agitation in a mixer, etc.
Furthermore, the dried nanofibre can be re-dispersed
in water. A similar effect has been observed from the
introduction of carboxymethyl groups.

Researchers in North America are keenly studying
the production and utilisation of acicular cellulose
nanoelements (cellulose nanocrystals) obtained by
treating wood pulp or cotton with strong acid. A plant
producing 11/d as solids went into operation in January
this year and applications development is being stepped
up.

An important feature of cellulose nanofibre is that
any vegetable resource can serve as feedstock. Besides
wood, nanofibre of 10-50 nm thickness may be obtained
from agricultural waste such as rice and wheat straw,
waste paper, pressed pulp of sugar beet and potato,

and industrial waste such as Japanese shochu stillage
waste. Regionally sustained production and utilisation of
high performance nanofibre are feasible with everyday
resources by exploiting the characteristics of cheap, thinly
but widely distributed biomass resources.

STRUCTURAL NANOCOMPOSITES [1]

Much hope has been pinned on lightweight, high
strength cellulose nanofibre as a fibre for reinforcing
structural plastics. Moulding material comparable
in strength to steel but at one fifth of the weight
(microfibrillated cellulose composite phenol-formaldehyde
resin: MFC-PF, fibre fraction approximately 90%) may be
obtained by fabricating sheet from nanofibre defibrated
in a high pressure homogeniser (microfibrillated cellulose:
MFC), injecting phenol-formaldehyde resin (PF), then
laminating and curing the assembly (sheet moulding
process) (see Figure 3).

The reduction in weight of automotive components
to improve fuel economy has been studied from several
differentangles, one being the replacement of metal parts
with lightweight resins in the form of polypropylene or
polyethylene. However, as well as low strength, these
polymers have a large thermal expansion, limiting their
substitution for metal parts. Our Institute has therefore
been developing cellulose nanofibre reinforced materials
targeted at automotive components in a joint programme
with Kyoto Municipal Institute of Industrial Technology &
Culture, paper manufacturers and chemical corporations.

The NEDO programme for university-initiated
business innovation and development of 2007-2009
included development of the component technology for
cellulose nanofibre as a polypropylene (PP) resin and
polyethylene (PE) resin reinforcing fibre [8]. As such,
hydrophilic cellulose and hydrophobic PP or PE are
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Figure 3. Comparison of flexural strength characteristics of
microfibrillated fibre mouldings and other materials
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entirely incompatible, but with the development of twin
screw kneader technology and novel compatibilisers,
the Young's modulus and tensile strength of PP material
incorporating 30 wt% of cellulose nanofibre reached
4.7 GPa and 80 MPa, respectively. The thermal
deformation temperature (at 1.82 MPa) was 140°C
and the linear coefficient of thermal expansion was
28 ppm/K (23°C-100°C), comparable with glass fibre
reinforced PP. Furthermore, the addition of just 10 wit%
of cellulose nanofibre to HDPE roughly doubled the
strength and modulus.

At the same time, technological development was
initiated to exploit cellulose nanofibre as a lightweight
rubber reinforcement [8]. Cellulose nanofibre produced
with a twin screw extruder was uniformly dispersed in
water and then added to natural rubber latex; once
coagulated and dried, the material was diluted to a
prescribed concentration and vulcanised. An addition
of 20 wit% of nanofibre allowed an increase in elastic
modulus to 33 MPa (4-5 times that of material with a
50 parts addition of commercial carbon black) while
preserving a rupture strain of 340% at a density of
0.99g/cm?(1.11 g/cm? for the carbon black material).
Moreover, the elongation at break was successfully
improved on treatment of the cellulose nanofibre surface
with an additive functioning as an adhesive. Experimental
tyres made on the basis of these findings are being
evaluated by road tests in vehicles.

After completion of the joint project, work was
continued independently at the Research Institute
for Sustainable Humanosphere, which developed a
modified cellulose nanofibre into which unsaturated
fatty acids containing a double bond such as oleic
acid had been introduced [?]. The modified nanofibre
crosslinks with polyolefin via sulphur bridges. On
addition of 3% to natural rubber, therefore, the elastic
modulus of the vulcanisate increases close on 8-fold
from 1.7 MPa to 12.7 MPa while leaving the rupture
strain unchanged at 600-700% (Figure 4). Moreover,
on addition of 5% of chemically modified CNF, the
linear coefficient of thermal expansion decreased
greatly to 18 ppm/K, about twice that of glass
(Figure 5). Reconciling the opposing properties of
stretchability and low thermal expansion in this way
offers the prospect of application to parts for electronic
equipment in the shape of low thermal expansion
electronic devices, as well as to rubber materials for
bumpers, fenders and allied large automotive parts
exposed to wide temperature changes.

Since 2009, a tripartite industrial-government-
academic study under NEDO's “Development Programme
for Fundamental Technologies for Green and Sustainable
Chemical Processes”, has been tackling high precision
control of the cellulose nanofibre/thermoplastic resin
interface by chemical modification of CNF with particular
regard to polypropylene, polyethylene and polyamide
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[10, 11]. So far, by adding 10% of hydrophobically
modified CNF, the project has succeeded in raising the
elastic modulus of HDPE by a factor of 4.5 and the tensile
strength by a factor of 2.4. It also proved possible to
reduce the linear coefficient of thermal expansion from
248 ppm/Kto 47 ppm/K. A similar effect in enhancing
strength has been obtained in composites with PP.
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Figure 4. S-S curves and moduli of elasticity of different
nanocomposites
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Technology was also developed for melt-mixing
chemically modified pulp with resin in a twin screw
extruder to combine nanodefibration of fibre and
dispersion of resin in a single step. The material obtained
had the same degree of defibration and physical
properties (tensile characteristics, thermal expansion
coefficient, etc) as material using chemically modified
CNF. The new technology dispensed with the need for
chemical modification after CNF production and radically
improved the efficiency of the manufacturing process.

The development of an all-bio composite of CNF and
biopolyamide (PA11) is also being pursued. Composite
formation with 10% of CNF treated with cationised
polymer increased the flexural modulus of PA11 by a
factor of 1.8 and the bending strength by a factor of
1.5. Furthermore, the deflection temperature of PA11
under load (loading stress 1.82 MPa) was increased
from 50°C to 110°C.

In composites with the bio-base polymer poly(lactic
acid), a 10% addition of cellulose nanofibre increases
the elastic modulus and strength of crystalline poly(lactic
acid) by a factor of about 1.3 in each case. Notably,
the composite retains a high modulus at high temperature
because of the nanofibre network. Unless fully crystallised,
poly(lactic acid) itself normally eludes extraction from a
high temperature die, but once reinforced with cellulose
nanofibre, a polymer with only 15% crystallisation can
be extracted without deformation. When crystallisation
is then accelerated by addition of a nucleating agent,
injection mouldings with mechanical properties superior
to crystallised poly(lactic acid) alone can be produced
with a short moulding cycle rivalling that of polypropylene.

TRANSPARENT NANOCOMPOSITES [12]

Cellulose fibre is quite thin compared with the wavelength
of light (visible wavelengths 400-800 nm) and has
attracted interestas a reinforcementfor transparent resins.
Transparent resin (acrylic or epoxy resin) reinforced with
the uniform nanofibre obtained by grinder treatment of
cellulose nanofibre has the low thermal expansion of a

glass while retaining the flexibility of a plastic (Figure 7).
The thermal conductivity is also comparable with that of
glass. The material has therefore attracted interest as a
transparent substrate for roll to roll processing in which
organic electroluminescent devices, organic transistors
or organic photovoltaic cells are continuously printed on
sheet in roll form. Mitsubishi Chemical Corp. and Oji
Paper Co. are collaborating in investigations aimed at
commercial development.

A transparent, low thermal expansion material (CTE:
8.5 ppm/K) has been obtained from cellulose nanofibre
alone by reducing the gaps between the nanofibres to
the nanometre level and smoothing the sheet surface. The
material can be folded up like paper. At the same time,
by forming sheet from pulp dried without aggregation of
the nanofibres, it is possible to exploit the nano-structure
of pulp to obtain transparent sheet [ 13]. Thus, paper can
be clarified directly. We have been conveying information
by printing it on paper for many centuries now, but if
cellulose nanofibre material could be deployed as a
display substrate, information could also be obtained
via electronic circuits or light-emitting elements printed on
connectable “transparent paper” of low environmental
burden; paper would in that event remain the medium
of information in the 21st century.

WORLDWIDE TRENDS AND FUTURE
DEVELOPMENTS

If the strength of plastics could be raised two or three
fold with cellulose nanofibre, 20% of all structural
plastic (domestic output roughly 8 million tonnes) could
be substituted with cellulose nanofibre, and it would be
possible to reduce product weight by an average of 20%
by making automotive bodies, white goods cabinets,
building materials, and containers thinner and lighter.
This would greatly cut emissions of carbon dioxide from
mobile sources such as cars, goods vehicles, buses, trains
and aircraft and enable a reduction of at least 4% in
emission of greenhouse gases in Japan. Reduction in the
weight of goods shipped in the course of distribution also

Figure 7. Cellulose nanofibre reinforced transparent material (left) and an organic EL light emitter using the material as substrate

(right]
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contributes to increased fuel economy in transportation.
Moreover, if bio-based plastics were available, most
structural plastics could be switched from petroleum-
based to plant-resourced.

The amount of cellulose nanofibre needed to reinforce
20% of all structural plastic is around 1.6 million tonnes,
or roughly 5% of paper and board production in Japan.
As part of the effort to combat global warming, the
Forestry Agency has set about encouraging regional
forestry and promoting forest improvement schemes,
setting a target of 5 million m3 expansion in the volume
of pulping timber (chip) by the end of 2015. The usage
targeted is fully attainable with the 3 million tonnes of
pulping timber necessary for nanofibre production.

To make the above a reality, supporting technologies
need to be urgently established in four areas, as shown
in Figure 8. 1) separation from timber of cellulose
nanofibre, along with lignin and hemicellulose, to serve as
industrial feedstocks; 2) fictionalisation of the separated

All-resources feedstock

components; 3) production of composite materials with
cellulose nanofibre; and 4) advanced utilisation of the
lignin and hemicellulose separated.

Finland and Sweden are leading the rest of the world
in tackling the problem. Both have abundant forest
resources, and the paper and pulp industry occupies
a key position in both countries; the high potential of
cellulose nanofibre has been quickly identified and after
a collaborative three year preliminary study, Finland
in February 2008 and Sweden in February 2009
independently launched large scale projects of €50
million over 10 years (approximately ¥7 billion at the
exchange rate then prevailing). They are thus pioneering
the leading edge technology for developing separation
from timber, chemical modification and reconstitution of
cellulose nanofibre and lignin that is needed to substitute
forest resources for petroleum resources.

Over the pastthree years or so, a strategic framework
backed by federal and provincial government support
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Figure 8. Scheme for regionally independent biomass
manufacturing complexes (after JCI-BBNF Study Group data)
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and funding has been established in Canada aimed
at assuring a supply of nanocellulose and patents for
nanocellulose applications. Fronted by FPInnovations, a
research organisation created by amalgamation of the
Forest Engineering Research Institute and Pulp & Paper
Research Institute, a nanocrystalline cellulose production
plant (output 1 1/d) was commissioned in January this
year after an 18 month construction period. The ¥3.6
billion cost has been borne by the Canadian federal
government and the Government of Quebec. Since
2011 the organisation ArboraNano led by FPInnovations
has singled out 25 research projects for promotion
in connection with the applications development of
nanocellulose materials, with backing from a¥1.6 billion
fund (¥0.9 billion from government, ¥0.7 billion from
the private sector).

Meanwhile, in the USA, the Department of
Agriculture Forest Products Laboratory has built a
500kg/d nanocrystalline cellulose production plant with
governmentfunding, andin parallel with this, downstream
research and development has been boosted by a public
organisation led network.

A broadly similar situation prevails in Finland where,
alongside nanocellulose manufacture, research on
nanocellulose utilisation is being carried out as an EU
projectknown as SUNPAP involving German and French
enterprises and research bodies. With this coupling
of upstream and downstream activity, a great deal of
intellectual property seems likely to emanate from North
America and Northern Europe. While Japan currently
ranks alongside North America and Northern Europe
in research on nanocellulose materials, it may be
inferred that Japanese industry will at some point in the
future find itself severely constrained by this growth in
intellectual property. This could turn out to be the last call
for strengthening Japan’s industrial base and supporting
overseas development with advanced green materials
based on sustainable biomass resources.

If strengthening the materials supply framework from
the upstream side is the first mainstay of commercial
development of cellulose nanomaterials and downstream
development of applications is the second, the third
mainstay linking the others is international standard-
isation of cellulose nanomaterials. Led by Canada,
USA, and Finland, a move towards international
standardisation got underway last year with the North
American Technical Association of the Pulp and Paper
Industry (TAPPI) at its core. This was a proposal to set
up a Nanocellulose Task Group at ISO TC229, the
committee handling nanomaterials. The framework for
nanocellulose international standardisation proposed
jointly by research institutions in the USA, Canada and
Finland is to cover 1) nanoscale objects from all starting
materials to products that contain nanocellulose, 2)
waste from the supply chain of nanocellulose and all

products containing nanocellulose and their manufacture,
3) events, processes and equipment, regardless of
whether they are nanoscale or not, connected with the
research and development, processing, transportation,
handling, testing and evaluation of nanocellulose and
products containing nanocellulose. As with the other
nanoscale substances under discussion in TC229, namely
carbon nanotube, fullerene and nanoclays, discussion
has focussed on “Terminology and nomenclature”,
“Measurement and characterisation”, “Health, safety
and the environment, and “Materials specifications”.
Following these moves in Europe and America, interested
parties in Japan have now come together and begun
discussing standardisation under the leadership of the
Ministry of Economy, Trade and Industry. As a nation at
the forefront of both the research and business aspects
of nanocellulose, Japan needs to be at the centre of
this activity.

CONCLUSIONS

Cellulose nanomaterials have many outstanding
properties: (1) they have high strength and low thermal
expansion, and (2) are renewable (sustainability), (3)
reduce CO, emission (carbon neutrality), (4) are safe/
innocuous  (biocompatibility), (5) offer material and
thermal recyclability, (6) present a low environmental
burden (imparting biodegradability), and (7) permit re-
resourcing of agricultural and industrial waste. Cost in
particular hints at great potential as a major industrial
resource. Wood pulp is a uniform aggregate of cellulose
nanofibres, reliably available in large quantities at
less than ¥100 per kg - very different in price from the
advanced functional fibres of carbon fibre and aramid
fibre or the polymer nanofibres made by electrospinning
(a technique for forming nanofibre by applying high
voltage to a polymer solution). Whether or not, given
its outstanding properties, cellulose nanofibre actually
becomes a major industrial resource hinges on whether
its excellent price-competitive strength can be maintained
as far as the final product. If the technology is perfected,
cellulose nanofibre will be relevant to a wide swathe of
Japanese industry, ranging from upstream to downstream:
papermaking, chemicals, textiles, automotive industry,
IT, food industry, health care, and the forming and
fabrication industries. Another not unreasonable
expectation would be the export overseas of uniquely
competitive, advanced function materials manufactured
with Japan's forest resources and biomass resources as
feedstock.
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