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Md. Mahabubur Rahman (Toshiaki Umezawa) : Improvement of wood characteristics of tropical Acacia by
molecular breeding

As the first step towards the improvement of wood characteristics of Acacia mangium and Acacia
crassicarpa by molecular breeding, we have established the efficient micropropagation system and the
genetic transformation and regeneration systems. Thus, we have established: 1) mass plantlets
propagation technique for both Acacia species from nodal segments, 2) micropropagation of plantlets
regenerated from phyllode segments of A. crassicarpa by somatic embryogenesis and 3)
Agrobacteriunrmediated genetic transformation system of Acacia crassicarpa with the integration of
B-glucuronidase (GUS) reporter gene. The established procedures in the present investigation can be
used as tools in the genetic improvement of these Acacia species.

Fig. 1. Micropropagation of A. mangium. A. Multiple
proliferated shoots, B. Acclimatized plantlets. Fig. 2. Micropropagation of A. crassicarpa. A. Multiple
proliferated shoots, B. Acclimatized plantlets.
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Somatic embryogenesis of A. crassicarpa Transgenic A. crassicarpawith the
integration of GUS gene
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Cellulose is a polysaccharide forming the framework of green plant cell walls and it is the most abundant form of

biomass on Earth. Cellulose is always present in fibrillar form, nanofibers comprised of straight molecular chain
polymers arranged parallel to their axes with hydroxyl groups connected laterally by hydrogen bonds. This unique
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configuration grants remarkable mechanical properties to these nanofibers, which are comparable to those of aramid
fibers. Cellulose nanofibers compete well with synthetic fibers as they are relatively less costly, renewable, recyclable,
and possess high strength per weight. Chitin is another abundant polysaccharide and is found in the hard material
forming the exoskeleton of marine crustaceans, insects and in the cell walls of many filamentous fungi. The molecular
structure of chitin is identical to that of cellulose with the exception of a hydroxyl group replaced by an acetamido
group. The only way to exploit these bio-nanofibers in useful load bearing materials is to extract them from the original
tissues to use as reinforcement in nanocomposites.

Research on cellulose nanofibers and whiskers has been initiated by researchers at CERMAV-CNRS in France. In
1995, Favier et al. [1, 2] reported the production of polymer films reinforced with whiskers extracted from sea animals,
tunicates. An aqueous suspension of latex obtained by copolymerization of styrene and butyl acrylate was mixed with
an aqueous suspension of tunicin whiskers and film casted at room temperature. This method allowed well dispersed
whiskers throughout the composite. Films up to 6 wt% of cellulose exhibited an increase in shear modulus in the
rubbery state of more than two orders of magnitude. Moreover, whereas the modulus of the matrix decreased with
temperature, the modulus of the composites remained constant up to the temperature where cellulose starts to
decompose. The unusually large reinforcing effect was explained by the phenomenon of percolation, a mutual
interaction of nano-elements forming a rigid network of hydrogen bond-connected reinforcing phase.

In following works [3, 4], Dufresne and coworkers reinforced plasticized potato starch with potato parenchimal
nanofibers to improve the modulus above Tg and water sensitivity, two typical drawbacks of starch. Above Tg a
modulus increase of about 2 orders of magnitude was reported even at a filler content of 5 wt%. But when Angles and
Duftresne [5, 6] produced composites filling plasticized starch with tunicin whiskers, the storage modulus of a 25 wt%
whisker at 365K (above Tg) was just about 20 times higher than that of the matrix, contrasting with the much higher
reinforcing effect of plasticized starch filled with cellulose nanofibers [3]. They concluded that the disparity was due to
differences in flexibility, of stiff and straight whiskers contrasted to flexible, hairy nanofibers. They suggested that in
composites with whiskers, the reinforcing effect is based on the formation of hydrogen-bound network while for
composites with nanofibers the reinforcement is accomplished by the same rigid network but also by an additional
entangling effect. The entangling effect of microfibrils was confirmed in a later study by Samir ez al. [7]. Cellulose
whiskers are stronger than cellulose nanofibers if considered in terms of mechanical properties of the individual
elements, since whiskers consist of monocrystals whereas nanofibers are comprised of crystalline cellulose with
weaker amorphous domains along their axis. However, if the collective behavior of these elements inside a composite
is taken into account, nanofibers deliver more effective reinforcement than whiskers owing to the percolation through
hydrogen bonds supplemented by mutual entanglements.

A conclusive evidence of the cellulose nanofibers reinforcing potential was shown by Yano and Nakahara [8] when
they described the production of molded materials based on microfibrillated cellulose (MFC), a commercially available
cellulose nanofiber morphology obtained from kraft pulp. Materials fabricated without any adhesive achieved a
bending strength of 250 MPa. With the addition of only 2 wt% oxidized starch, the yield strain doubled and the
bending strength increased to 310 MPa. This unusually high strength was attributed to the interactive secondary forces
developed between the nanometer scale web-like network of cellulose fibrils. Considering the good compatibility
between cellulose and phenolic resin, sheets obtained by filtration of MFC slurries were impregnated with a thermoset
resin phenol formaldehyde (PF), stacked in layers and compression molded under pressures as high as 100 MPa [9].
The mechanical properties obtained were significantly enhanced, the Young’s modulus achieved 19 GPa and the
bending strength attained was about 370 MPa, figures comparable to those of commercial magnesium alloy. When
compared to composites based on non-fibrillated pulp fibers fabricated following the same compression molding of PF
impregnated sheets, MFC nanocomposites had slightly higher Young’s modulus, but exhibited about 1.5 times higher
bending strength. Having similar modulus, the higher strength was a direct consequence of a higher strain at fracture of

MFC-based composites.
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In order to determine how the degree of fibrillation of kraft pulp reinforcements affects the final composite’s strength,
samples were produced using wood pulp with different levels of refining and homogenizing treatments [10]. MFC is
obtained by repeated mechanical action of a high-pressure homogenizer on wood pulp previously treated by a disk
refiner. The number of passes through the homogenizer as well as the number of passes through the refiner determines
the degree of fibrillation, resulting in different cellulose morphologies. PF was used again as the binder and the method
to produce the composites followed the procedure adopted previously. There was no change in strength for composites
prepared using pulp fibers treated by refiner up to 16 passes, however, a stepwise increase occurred when the treatment
attained 30 passes through the refiner. The strength suddenly increased from about 200 MPa to 300 MPa. Scanning
electron microscopy observations revealed that fibrillation of the fibers surface solely did not increase fiber interactions.
Only the complete fibrillation of the bulk of the fibers resulted in an increment of mechanical properties, and additional
fibrillation by homogenization treatment led to a linear increase of strength. Nanofibrillation eliminates defects or
weaker parts of the original fibers that would act as the starting point of cracks. Besides, the work of fracture is
enhanced due to the highly extended surface area of networked nanofibers which generates an increased bond density
that slows down crack propagation. This study demonstrated the need of nanofibrillation to attain enhanced strength,
which is not possible to achieve with micro-scale fibers.

Currently, the major obstacle to a widespread adoption of cellulose nanofiber-based composites is the high energy
input needed for the nanofibrillation process. The cost of nanofiber extraction is still high and the yields are low. The
production of commercially available microfibrillated cellulose, for instance, requires an energy consumption of
30,000 kWh/tonne. However, recent developments in pre-treatments like enzymatic, anionization, and cationization
with posterior fibrillation through a microfluidizer, accomplished at Innventia in Sweden, brought the energy input
down to 500-2,000 kWh/tonne [11]. While cellulose is quite difficult to nanofibrillate, chitin seems to be less
demanding. Ifuku et al. [12, 13] have demonstrated that by cationization of chitin prior to grinding treatment, it is
possible to nanofibrillate even previously dried purified chitin. Drying produces strong interactions among nanofibers
by hydrogen bonds, making it harder to separate them. Other possibilities are related to the source of cellulose,
parenchyma cells from fruits and roots can be fibrillated more easily than wood fibers. These raw materials can be
obtained as agricultural by-products after the extraction of juice or starch. These examples are sure indications that
progresses in nanofibrillation techniques will soon overcome the cost barrier to produce inexpensive nanofibers as
production scales up. Considering that the research interest in cellulose nanofiber applications started to grow about
five years ago and we have seen such a progress, it is not inconceivable to bet that commoditization of nanofibers will
be possible within another five years.

Another major issue concerning the production of nanocomposttes is the burden in dispersing hydrophilic nanofibers
in hydrophobic polymer matrixes. Up to now most of the high strength nanocomposites were fabricated by
impregnating paper-like sheets of nanofibers with polymeric resin, especially thermosets. However, successful
reinforcement of thermoplastic polymers with nanofibers is still rare. Perhaps the method closest to an industrial
process is that reported by Jonoobi et al. [14] who accomplished compounding through a twin-screw extruder. To attain
good dispersion of nanofibers, a master batch was prepared by dissolving polylactic acid into an organic solvent to
disperse nanofibers at high concentration. The mixture was diluted to final nanofiber contents during extrusion. This
approach is similar to those proposed by Iwatake et al. and Suryanegara et al., but limited only to the initial step. The
subsequent extrusion step is the same adopted by plastics manufacturers. Ideally the solvent use should be eliminated
to make the process completely environmentally friendly. In other studies, Tingaut et al. [15] have successfully
dispersed acetylated cellulose nanofibers in chloroform upon drying, whereas Eyholzer et al. [16] prepared
carboxymethylated cellulose nanofibers that could be redispersed in water after freeze-drying. These accomplishments
show the potential to chemically hydrophobize nanofibers in order to avoid agglomerations in polar and nonpolar
media. Even though nanocomposites cannot yet be produced exclusively by extrusion compounding, an adequate
chemical modification of cellulose nanofibers seems to be the key to attain good dispersion in thermoplastic matrixes.
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More research will concentrate on the compounding of nanofibers with thermoplastics in the next years so as to bring
these materials closer to industrial production. Once it happens, a potential application would be in automotive body
panels (e.g., the Smart Fortwo), where weight reduction is essential to improve mileage in both combustion engine cars
and electric vehicles. Cellulose nanofibers would provide stiffness, impact strength and very low thermal expansion for
reduced gap tolerances in such applications.

As high performance composites have been produced using bio-nanofibers, the research will naturally extend to the
reinforcement of biopolymers to clear up some of the shortcomings that keep these sustainable plastics still out of the
market. The development of high performance and completely bio-based composite materials will be the most

promising area of research in the forthcoming years.
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