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Abstract

Cellulosic nanofibres were made from sulphite bleached softwood using mechanical action.
Fibre dimensions were evaluated with FE-SEM. The average diameter was found to be below
100 nm. Composites containing up to 50% of these cellulosic nano fibres and starch were
prepared using a wet film casting method. Three routes for preparation were evaluated for
their effect on mechanical performance of the resulting films. All resulting films were
translucent and showed an increase in strength of a factor of 1.5 larger than for conventional
flax-PP composites. The failure strain remained at the same level. Nanofibre inclusion did not
result in a significant effect on the oxygen barrier properties of starch films up to at least 30
wt.% fibre in starch. Furthermore, the sensitivity of starch to water was reduced. Barrier
properties against O, and H,O were improved by addition of 4 wt.% of nanoclay. Nanoclay
addition up to 4 wt.% had no significant effect on the films strength, stiffness and strain at
failure.

Introduction

Recently, agrofibre and wood fibre reinforced composites are gaining ever increasing interest
all over the world, becoming competitive with glass fibre reinforced plastics on a
performance/cost basis. Annually, ca. 200 kton natural fibre reinforced composites find
application in Europe [Nova, 2008]. Wood polymer composites (WPC'’s) find an outlet in
decking and siding applications. Agrofibres mat reinforced thermoplastic (NMT) and
thermoset composites are mainly used in automotive industry thus far. Agrofibre extrusion
compounds for injection moulding applications are currently used in niche markets and are
ready for larger scale market introduction [Carus, 2007].

Natural fibres are in fact composites themselves (also see Figure 1) [Bos, 2002; Fahlén,
2002]. The technical fibres are a composite of strong elementary plant cells (fibres), which on
their turn are composed of nanofibres. These fibrils consist of crystalline cellulosic regions
with estimated stiffness of around 130 GPa [Berglund, 2005] and high strength. The
nanofibrils have a diameter down to below 50 nanometer scale range [Purz, 1998; Dufresne,
2000; Zimmermann, 2004] which makes them invisible when well dispersed in a transparent
polymer [lwamoto, 2005].

Obviously, cellulose nanofibres have the potential to form the basis of the next generation of
natural fibre composites. However, they are well incorporated in plant and wood structures,
witness the wide application of wood and plant fibres and witness the extensive procedures
on gram scale used to produce cellulose nanofibres [Nakagaito, 2005; Chakraborty, 2005].
Therefore, the challenge is to efficiently extract these strong and stiff nanoscaled cellulosic
fibres from plant tissues without damaging the fibre too much, while at the same time
producing significant amounts with economical feasibility.

This presentation addresses the preparation and properties of cellulosic nanofibre composites
based on softwood fibres in a thermoplastic starch matrix. Because cellulosic (nano)fibres
tend to agglomerate after being formed, different routes of mixing the nanofibres and the
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polymer are discussed. Addition of nanoclay is discussed for its effect on barrier properties.
Future prospects are included in the finalizing conclusions.
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Figure 1. Schematic representation of flax bast fibres (after Bos et al., 2002).

Experimental

Material

Sulphite bleached softwood fibre (Ecocell) was supplied by Sappi Nijmegen, the Netherlands,
in sheet form. Native potato starch (Avebé, The Netherlands) was gelatinised and plasticized
with 20 wt.% glycerol (Chemproha Chemiepartner b.v., The Netherlands). Sodium Cloisite
was supplied by Districhem bv, The Netherlands.

Nanofibre production

Fibres were soaked in water at 1% dry matter content (DM) for 16 hours prior to disintegration
in a Messmer Disintegrator MK.III C at 3,000 RPM for 10,000 rounds. This dispersion,
containing 200 gram DM fibres, was refined in a Valley beater for 5 hours. The fibres were
refined further in batches of 3 litre and 1.5% DM using an APV Gaulin homogenizer at 500
bar pressure for 5 passages on average.

Mixing routes
Three routes for mixing the fibres and (gelatinized) polymer were applied: mixing before
Valley beating of the fibres (route A); mixing after Valley beating, but before homogenization
of the fibres (route B); after homogenization of the fibres (route C). For route A, mixing was
performed in the Valley beater; for routes B and C an Ultra Turrax was used for 10 minutes at
20,500 RPM.



Composite production

The obtained dispersions were vacuum extracted in order to remove air inclusions. The
dispersions, 1.5% DM, were cast into polystyrene containers of 11*11*1 ¢cm® and dried at
23T and 50% relative humidity.

The compositions that were prepared to study the effect of mixing route had a nanofibre
content of 30 wt.%. Composites containing 10, 30 and 50 wt.% nanofibre in thermoplastic
starch were made by route B.

Plasticized starch with 20 wt.% glycerol was processed by applying the same refining
procedure and cast to films as a reference.

Additionally, films based on 30 wt.% nanofibre and 4 wt.% nanoclay in starch have been
prepared by route B.

Test methods

Scanning electron microscopy was used to evaluate the morphology of the prepared films.
The analysis was performed at room temperature using a Jeol JSM-6300F (FE-SEM)
scanning microscope. Samples evaluated with FE-SEM include fibres after Valley beating and
after homogenization as well as a tensile fracture surface of a composite film produced by
applying mixing route A.

The density of the films was calculated by dividing film weight by sample area and the
average film thickness. The film thickness was determined using a TMI MI-21 with an
accuracy of 1 mm.

For evaluation of the mechanical properties, the composite films were cut into dogbone
shaped samples with dimensions of the parallel part 35*15 mm?. Samples were conditioned at
23T and 50% RH for at least 1 week before the mech anical properties were determined.
Uniaxial tensile tests were performed in 5-fold using a Zwick universal tester, type 2010 at a
grip to grip separation of 75 mm and an extensometer gauge length of 20 mm. The crosshead
speed was 1 mm/min for the modulus and 10 mm/min for the strength.

Transparency was determined using a Datacolor Elrepho 2000 with diffuse illumination via a
photometer sphere (DIN 5033) and according to DIN 53147. Films of ca. 100 nm were used,
5 films were used to simulate an infinite stack of films. The difference between measured
transparency values when using 4 or 5 films was insignificant.

Water vapour permeability (WVP) was determined at 30, 50, 60 and 70 % relative humidity
(RH). The WVP determination was made using a method based on the weight change of
boxes containing dried silica gel that were covered with the composite films when stored at
the indicated RH conditions.

Oxygen transmission rate (OTR) was determined at 23T using a MOCON OX-TRAN type
2/20 MH at RH values in the range 35-90%.



Results and discussion

Film morphology

The observations show that fibre diameter has been reduced significantly during Valley
beating from ca. 10-20 nm for the starting softwood material to ca. 0.02—1 nmm after beating
(Figure 2). During homogenization, in particular the thick fibres have been refined further and
average fibre diameter drops well below 100 nm (Figure 3). The theoretical yield of nanofibres
is 100%, only small losses have been observed due to splashing.

Figure 2. FE-SEM graph of softwood fibres, after Valley beating.

Figure 3. FE-SEM graph of softwood fibres, after Valley beating and homogenization.



The fracture surface of a cellulosic nanofibre-thermoplastic starch composite film indicates
good fibre matrix adhesion (Figure 4). The structure looks very condensed, although some
voids are visible which seem to be air inclusions. One other reason for the voids could be
fibre pull out. The condensed structure is confirmed by the density of 1.27-1.41 g/cm3 for the
nanofibre-starch films when compared to 1.28-1.38 g/cm? for the starch films.

Figure 4. FE-SEM graph of fracture surface of a 30wt.% nanofibre/thermoplastic starch
composite, produced by mixing route A.

Mechanical properties

During the initial stages of the research, composites based on cellulosic nanofibres prepared
from hemp bast fibre by route C exhibited very poor mechanical performance. This was
thought to be due to fibre agglomeration, which hinders adequate impregnation with the
polymer. The hypothesis was that if the polymer is able to impregnate the nanofibre as soon
as it is formed (route A), less fibre agglomerates will occur in the composite than when ready
nanofibres are mixed with a polymer (route C). And less agglomerates would mean less weak
spots. However, the effect of mixing route on the strength performance of the composite films
was small (Figure 5), in contradiction with this hypothesis. These data suggest that either
ready made cellulosic nanofibres do not agglomerate or that fibre agglomerates have no
significant negative effect on composites strength at the conditions applied.
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Figure 5. Effect of mixing route on tensile properties of 30 wt.% nanofibre-starch
composites.

Results of the tensile measurements are given in figure 6. Strength and stiffness of starch
films increase by a factor of 2.7 and 3.5 respectively upon incorporation of 50% fibres. In
particular the strength increase is higher compared to that of conventional flax-PP composites
which show a tensile strength of 67 MPa only at 50 wt.% fibre content, although flax is
supposed to be one of the strongest natural fibres available [Van den Oever, 2000; Carus,
2007]. It has been observed that the failure strain remained at the same level, whereas fibre
reinforcement usually causes a decrease of the failure strain.
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Figure 6. Tensile properties of nanofibre/starch composites produced by route B:
strength (), E-modulus (), Strain at failure ( ).



Initial soaking tests in water revealed that the nanofibres enhanced the structural integrity of
starch films to a large extent.

Transparency
Although the films are based on substantial amounts of wood fibre, transparency is very high

(Figure 7). Up to 30% nanofibre, 100 nm thick films can be looked through remarkably well.
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Figure 7. Transparency of nanofibre/starch composites produced by route B.

Permeabililty
Starch based films are known for their high oxygen barrier properties. This however is only

the case in a limited RH range and minimal amount of plasticizers. The results show that the
incorporation of cellulosic nanofibres has no significant influence the oxygen transmission rate
(OTR) of starch (Figure 8). Regarding water vapour barrier properties, an improvement at
60% RH has been obtained by incorporation of cellulosic nanofibres (Figure 9).



200

= 150 -

)

©

&

£

L

g 100 ~

E

o

|_

O 50

O - - F T T
20 40 60 80 100
RH (%)

Figure 8. Oxygen transmission rate vs. relative humidity, normalized to values for 100
mm thick films: starch (), 30% nanofibre-starch produced by route A ( ) and
route B ( ).
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Figure 9. Water vapour permeability vs. relative humidity, normalized to values for 100

mm thick films: starch (), 30% nanofibre-starch produced by route A ( ),
route B( ), route C( ).

Nanofibre/nanoclay composites
It appeared that addition of 4 wt.% of nanoclay further improved the barrier against O, and
H,O. However, addition of nanoclay had no effect on the films strength, stiffness and strain at

failure.




Conclusions and future prospects

The production of strong and stiff softwood based cellulosic nanofibre-starch films appears
technically feasible. The strength improves a factor of 1.5 more than for conventional flax-PP
composites. At the same time, the nanofibre-starch composites exhibit transparency up to
50% fibre content.

Up to at least 30 wt.% in starch, nanofibres do not deteriorate the excellent oxygen barrier
properties of starch. Furthermore, the sensitivity of starch to water is reduced.

The results indicate that the problems such as water sensitivity and poor water vapour barrier
properties which are associated with starch based materials can be addressed using a
composites approach. This means that applicability of starch based materials not only limits to
film applications, but also may be useful in coatings, paints, water resistant glues as well as
3D structures such as plates, packaging materials or even hybrid fibres.
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