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Abstract

The purpose of this study is to develop a high strength paper fabricated with
bamboo single fibers. The fibers were extracted from Moso bamboo trees
between two months to four years old. The experiments in this study showed the
differences of mechanical properties and dimensions of single fibers according to
the age of the bamboo. The mechanical properties of the paper fabricated with
the bamboo single fibers were also measured. To increase the adhesive area of
bamboo fibers in the paper, parenchyma cells were additionally supplied into the
material of the paper. The effect of the weight content of the parenchyma cell on
the tensile strength was discussed to determine the appropriate ratio of
enhancements.

The superior mechanical properties of elastic modulus and the tensile strength
of single fibers were obtained when relatively young bamboo was selected as the
material. Two year old bamboo has proper parenchyma cells for the heat-sealing
between fibers to improve the strength of paper fabricated with bamboo fibers.
The tensile strength of the paper was improved when the bamboo paper
contained 10% parenchyma cells by weight.

Keywords: bamboo, paper, parenchyma cell, single fiber, adhesion, age of
bamboo, cellulose.

1 Introduction

World paper consumption was about 300 million tons in 1996/1997 and is
expected to rise above 400 million tons by the year 2010 [1]. In view of the
shortage of conventional raw materials for pulping and increasing demand for
paper products worldwide, bamboo, which grows quickly, has attracted public
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interest as an alternative resource for industrial paper [2]. The bamboo fibers are
also focused on because of their high specific strength [3—6].

Some studies regarded bamboo as a natural resource and developed types of
bamboo paper made of the extracted natural bamboo [7,8]. However, the bamboo
paper has insufficient mechanical properties for structural uses or to be used for
applications in which high strength is expected. Bamboo paper should also be
available in industrial products by the improvement of the mechanical properties of
the paper [8]. The strength of the paper depends on the strength of the constructing
single fibers and the adhesions between the fibers [9-13]. To improve the
mechanical properties of the paper using the single bamboo fibers, the age of the
bamboo should be considered in its application, because the basic structure of
bamboo fiber is transformed according to the age of bamboo. The adhesion
between single fibers should be also influenced by the components of the single
fiber.

The purpose of this study is to develop a high strength paper fabricated with
bamboo single fibers. The fibers were extracted from Moso bamboo trees
between two months and four years old. The experiments in this study, at first,
showed the differences in the mechanical properties and dimensions of single
fibers according to the age of bamboo. Then, the mechanical properties of the
paper fabricated with the bamboo single fibers were also measured. To increase
the adhesive area of bamboo fibers in the paper, parenchyma cells were
additionally supplied into the matrial of the paper. The effect of the weight
content of the parenchyma cells on the tensile strength was discussed to
determine the appropriate ratio of enhancements.

2 Materials

2.1 Fabrication of pulp

The bamboo fibers were extracted from naturally grown Moso bamboo trees in
the campus of Doshisha University Japan, in which the age of the bamboo trees
was between two months to four years. To extract the bamboo fiber bundles, the
piece of bamboo was immersed for 10 hours in a solution of NaOH with 2 mol/l
concentration at 90 ¢’. The fiber bundles were washed and then rubbed in water
to remove the parenchyma cells that remained on the surface of bamboo bundle.
The bamboo bundles were separated into single fibers in a mixing machine with
a 1.8L chamber and a rotor driven by a 295w motor.

2.2 Parenchyma cell

The eliminated parenchyma cells were re-collected with a #120 mesh from the
suspension in washing process of the bamboo fiber bundles. The agglomerates
were segregated at 105 degree C for 10 hours (Figure 1).

2.3 Manufacture of paper

The wet bamboo sheet was processed by the conventional paper making method
using filtrated single bamboo fibers. The wet sheets were pressed under 20MPa
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at 160 degree C for 5 minutes in a heat-pressing machine. The bamboo paper
was obtained in flat shape by this process.

3 Experimental method

3.1 Optical evaluation of fiber dimensions

The fiber diameter and length of the single fibers were optically determined
under the light microscope (KEYENCE, VH7000) after they were randomly set
on slide glass by a pipette and then dried for 12 hours at room temperature.

3.2 Tensile test of single fiber

The tensile load was applied to the single bamboo fiber previously glued on a
paper fixture (figure 2) with epoxy adhesive to obtain Young’s modulus and the
ultimate strength of the fiber. The fiber diameter and length of the single fibers
were also optically measured under the same light microscope explained in
section 3.1. In the test, the crosshead speed was controlled at | mm/min by a low
capacity tensile testing machine (Ez-test500: Max. load=500N, SHIMADZU).
The Young’s modules were nominally defined as the initial linear slope of the
stress-strain curve.

3.3 Estimation of cellulose content

It is generally known that bamboo fiber consists of cellulose, hemicellulose and
lignin [6,14—16]. The holocellulose is constructed with the cellulose and
hemicellulose, which are non-wood materials.

Figure 1: Parenchyma cell.
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Figure 2: Dimensions of specimen for tensile test.
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In this study, at first, the holocellulose was extracted with by delignification
treatment (Wise method), which removes lignin from the bamboo fibers.
Secondly, the cellulose was obtained by removing the hemicellulose from the
holocellulose, where the material was immersed into a 17.5% aqueous sodium
hydroxide and acetic acid. The wet cellulose was filtrated by a glass filter with a
vacuum under 0.06MPa. Then the remaining material was dried at 105 degree c
in an electric oven. The content of the cellulose in the bamboo fiber was
estimated with the obtained weight of cellulose by the current method.

3.4 Tensile test of paper

The static mechanical properties of the obtained bamboo paper were evaluated
with the same tensile test machine for the tests of extracted bamboo fiber, while
the crosshead speed was 10mm/min for the paper specimen with dimensions of
10x50 mm. The cross section of the paper was defined with the average
thickness measured by the micrometer on the three points of the specimen. The
Young’s modules were determined from the straight-line part of the stress-strain
curve. The fabricated paper was assumed to be isotropic in all tests.

4 Result and discussion

4.1 Mechanical properties of single fibers

Table 1 shows the diameter, length and aspect ratio of extracted bamboo fibers
used in this study. The single bamboo fiber with a small diameter was obtained
from young bamboo. The reduction fiber diameter was explained by the
shrinkage of the cells in the young bamboo. The high aspect ratio of the single

Table 1: Single fiber geometries.
Period of growing| Diameter[ym] | Length[um] | Aspectratio
2 months 123 2077 6 169.4
4 months 148 22678 1545

1 year 164 23134 1518
2 years 166 22953 1425
more 4 years 130 215689 1219
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Figure 3: Variation of elastic modulus and tensile strength of single fibers

with respect to age.
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fiber was obtained due to the shrinkage of the cells when young Moso bamboo
was selected as well as other kinds of plants.

Figure 3 shows the variation of elastic modulus and the tensile strength of
single fibers with respect to age. Superior mechanical properties of elastic
modulus and tensile strength of single fibers were obtained when relatively
young bamboo was selected as the material. Figure 4 shows the tensile strength
of the single fiber with respect to the content of included cellulose shown in
section 3.3. The high strength of the single bamboo fiber was obtained at a high
cellulose content.
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Figure 4: Tensile strength of single fiber with respect to content of included
cellulose.
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Figure 5: Mechanical properties of the paper with respect to age of the

bamboo.
4.2 Mechanical properties of paper

Figure 5 shows the variation of specific Young’s modulus and tensile strength of
the fabricated paper with respect to the age of material. The tensile strength of
the paper was remarkably affected with respect to the age while a slight variation
of specific Young’s modulus of the paper was shown in the test. The tensile
strength of the paper showed highest among all specimens when the fibers
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extracted from the two year old bamboo were used as the material of paper. Low
tensile strength was defined using the two month old pulp with the maximum
fiber strength.

Figure 6 shows the fabricated paper and its fracture surface. The fiber pullouts
were observed in the paper fabricated with the fibers extracted from two month
old bamboo, while such pullouts were not shown when the fibers were extracted
from the two year old bamboo. The pictures show that parenchyma cells were
heat-sealed to the fibers at an elevated temperature under the pressing process
when the two year old bamboo was selected. It is said that the two year old
bamboo has proper parenchyma cells for the heat-sealing between fibers to
improve the strength of paper fabricated with bamboo fibers.
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Figure 6: Fracture surface of the paper.
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4.3 Effect of parenchyma cell addition on tensile strength

To increase the adhesive area of bamboo fibers in the paper, the previously
extracted parenchyma cells were supplied into the material of the paper. The wet
bamboo paper including the additionally supplied parenchyma cells was
processed by the conventional paper making method shown in section 2.1, after
the parenchyma cells were stirred into the bamboo fibers by a rotor. In this
session, fibers extracted from four month old bamboo were used in which the
highest fiber strength was shown in all types of fibers. Five types of samples
having different parenchyma cell contents in weight were prepared. The weight
content of the parenchyma cells was varied in 5 levels from 0 (as control), 10,
20, 30, 40 and 50%.

Figure 7 shows the surface of fabricated papers in this session. A lot of
heat-sealed points were observed on the bamboo fibers when the additional
parenchyma cells were supplied into the paper. Figure 8 shows the change of
tensile strength according to the weight content of the parenchyma cells. The
tensile strengths were improved when the bamboo paper had a 10% content by
weight of parenchyma cells. However, the paper with a high content of
parenchyma cells (over 10% by weight) showed lower tensile strength than that
without the addition.

Figure 7: Surface state of the paper.
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Figure 8: Tensile strength with respect to weight content of parenchyma cell.
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Figure 9 shows the fracture surface of the paper having 10 and 50wt% of
added parenchyma cells. Few fiber pullouts were observed in the fracture
surfaces of both papers. The adhesion between fibers was successively fixed
even if a small ratio of additional parenchyma cells was supplied into the paper.
These results suggested that the highest paper strength was obtained under the
condition of a small ratio of additional parenchyma cells due to the proper
improvement of adhesion between the bamboo fibers that form main structure of
the paper, while the matrix properties around the fibers were degraded by using
more than 10% additional parenchyma cells, which had a low strength.

10wt% addition of afé}lchyma cells  50wt% addition of parenchyma cells

Figure 9: Fracture surface of the paper.

5 Conclusion

This study proposed an effective technique to improve the strength of bamboo
paper using parenchyma cells. The current study discussed, firstly, the difference
in mechanical properties of bamboo fibers according to the age of the bamboo.
The mechanical properties of paper fabricated with the bamboo single fibers
were also evaluated in consideration with the age of the bamboo.

Some conclusions could be obtained as follows:
1) Superior mechanical properties of elastic modulus and tensile strength of the
single fibers were obtained when relatively young bamboo was selected as the
material.
2) Two year old bamboo has proper parenchyma cells for heat-sealing between
fibers to improve the strength of paper fabricated with bamboo fibers.
3) The tensile strength of the paper was improved when the bamboo paper had a
content of 10% by weight of parenchyma cells.
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