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ABSTRACT: Sugarcane bagasse, a cheap cellulosic waste
material, was investigated as a raw material for producing
lyocell fibers at a reduced cost. In this study, bagasse was
dissolved in N-methylmorpholine-N-oxide (NMMO) 0.9
hydrate, and fibers were prepared by the dry jet-wet spin-
ning method with coagulation in an aqueous NMMO solu-
tion. The effects of NMMO in 0 to 50% concentrations on
the physical properties of fibers were investigated. The
coagulating bath contained water/NMMO (10%) solution
produced fiber with the highest drawability and highest
physical properties. The cross-section morphology of these
fibers reveals fibrillation due to the high degree of crystal-

linity and high molecular orientation. In the higher
NMMO concentrated baths (30 to 50%), the prepared
fibers were hollow inside, which could be useful to make
highly absorbent materials. The lyocell fibers prepared
from bagasse have a tensile strength of 510 MPa, initial
modulus of 30 GPa, and dynamic modulus of approxi-
mately 41 GPa. These properties are very comparable with
those of commercial lyocell fibers. © 2010 Wiley Periodicals,
Inc. ] Appl Polym Sci 119: 3152-3161, 2011
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INTRODUCTION

Cellulose is one of the most abundant natural
resources on earth and it is a source of biodegrad-
able and eco-friendly regenerated fibers for both
apparel and industrial applications.'?

The history of cellulose with respect to regenerated
man-made fibers began in the early 1800s as rayon
fibers requiring toxic carbon disulfide treatment.**
Recent technical breakthroughs have solved problem
of toxicity by directly dissolving cellulose in N-meth-
ylmorpholine-N-oxide (NMMO) hydrate. Compared
with the conventional viscose fiber route, NMMO
technology provides a relatively simple, resource-
conserving and environmentally friendly method for
producing regenerated cellulose fiber. The manufac-
turing process is designed to recover 99% of the sol-
vent, which minimizes effluent. The solvent itself is
nontoxic and the entire effluent is nonhazardous.>®

The cellulose fibers regenerated from NMMO sol-
utions, known by the generic name lyocell,” yield
fibers with higher wet strength than those produced
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using earlier technologies.”'® Among the different
spinning techniques, the dry jet-wet spinning
method was found to produce lyocell fibers with
good physical properties.'* In addition, dry jet-wet
spun lyocell breathes and washes like cotton and
shrinks less when wet than other cellulose fibers.
Moreover, it has the soft, natural draping qualities
of rayon with a luxurious and refined look.

The cellulose of lyocell is usually derived from
pulp with high a-cellulose pulp content, as found in
hardwood tress such as eucalyptus, oak, and birch.
Eucalyptus trees cause invasive water sucking from
the ground; therefore, the land becomes unsuitable
for food production. In addition, a eucalyptus forest
tends to promote fire because of the volatile and
highly combustible oils produced by the leaves. Fur-
thermore, the production of pulp material from
these trees is relatively costly.'”> Conversely, bagasse
is a much cheaper, environmentally friendly pulp
that can reduce the cost of lyocell fibers while pro-
tecting the environment. Bagasse is derived from the
crushing of sugarcane stalks, and it is used in indus-
try to produce power, paper, and building materials
such as particleboard, fuel, and even stock feed.
However, its annual production of approximately
100 million tons causes mills to incur additional dis-
posal costs, and an excess of bagasse is continually
deposited on empty fields, altering the landscape.

The composition of bagasse is 50% cellulose, 30%
hemicellulose, 18% lignin, and some inorganic
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compounds.'* Because bagasse contains more than
20% hemicellulose, it is termed a high hemicellulose
pulp.'® Recent investigations report that the yield of
lyocell fibers produced from high and low hemicel-
lulose content are almost the same because both cel-
lulose and hemicellulose content are converted into
fiber during the lyocell process.'®’” In addition,
higher hemicellulose content was found to be benefi-
cial in forming a smaller fibril aggregation.'®** The
hemicellulose associated with cellulose can increase
the stability of fibril aggregation.*"** This fact ulti-
mately restricts fibrillation of lyocell fibers.****

The main objective of our current research is to pre-
pare lyocell fibers from the raw material of a cheaper
source such as sugarcane bagasse. The fibers were
prepared according to the conventional lyocell pro-
cess of dry jet-wet spinning using NMMO hydrate as
a solvent and aqueous NMMO solution as a coagu-
lant. Varying NMMO concentrations in the coagula-
tion bath were also investigated to find the coagula-
tion solution generating the best physical properties.

EXPERIMENTAL
Materials

The bagasse used in this study was supplied by Oki-
nawa Sugarcanes Research Corp. in Japan. The ba-
gasse was agitated at 80 rpm and temperature 90°C
for 24 h with 10% alkali (NaOH) solution to remove
lignin and other inorganic compounds. Elimination
of lignin was confirmed by Fourier transform infra-
red (FTIR) spectra and differential scanning calorim-
etry (DSC). From the thermogravimetric analysis
(TGA) study, a greater portion of inorganic matter
was found to be eliminated after treatment of ba-
gasse with 10% NaOH.

A commercial lyocell fiber sample was received
from Shinnagai Textile Ltd, Japan for comparison of
its mechanical properties with those of our prepared
fibers. The NMMO hydrate was purchased from To-
kyo Chemical Industry Co. Ltd. Japan. The 50 wt %
aqueous NMMO solution (approximately 4.8 mol/L)
was condensed to NMMO 0.9 hydrate in an evapo-
rator with a vacuum at 120°C.

Preparation of spinning solution

The spinning solution was prepared by taking 40
mL NMMO 0.9 hydrate (solvent), 4 g bagasse (cellu-
lose), 10 mg propyl gallate (antioxidant), and 10 mg
sodium dodecyl-sulfate (surfactant) in a flask and
stirring the solution in a static rotary mixer at 50
rpm at 120°C for 2.5 h.

Dry jet-wet spinning

Dry jet-wet spinning was carried out at 100°C with
an air gap of 10~ 15 mm through a single-hole spin-
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neret of diameter 0.5 mm. The injection speed was
approximately 4.0 m min~'. Coagulation took place
in aqueous NMMO solutions containing NMMO
concentrations 0%, 2%, 5%, 10%, 20%, 30%, 40%, and
50 wt % at room temperature (20°C) with a 2-m
coagulating bath followed by a water wash.

The prepared fibers were taken up at their maxi-
mum possible speeds, which ranged between 19 and
64 m min~'. The spin-draw ratio (v/vo) was deter-
mined by measuring the cross-sectional diameter of
the solution dope in the spinneret exit. Here, vf is
the take-up velocity of the prepared fiber and v, is
the extrusion velocity at the spinneret.

Spun fibers were dried in an oven at 30°C for 24 h
in the presence of silica gel to absorb water.

Measurements

Structural characterization

Birefringence was conducted by measuring the re-
fractive indices parallel and perpendicular to the
fiber axis by an Interphako Interference Microscope
(Carl Zeiss JENA Ltd., Germany). During each mea-
surement, five fiber specimens were taken from five
different positions and then averaged.

Wide-angle X-ray diffraction (WAXD) measure-
ments were obtained by a Rigaku Rotorflex RU-200B
diffractometer using Ni-filtered Cu-K, radiation
operated at 40 kV and 150 mA (wavelength 1.542
A). The degree of crystallinity was determined from
the ratio of crystalline scattering versus total scatter-
ing, whereby the amorphous contribution was esti-
mated by polynomial approximation.”> The angle of
preferred orientation with respect to the fiber axis
was determined from the most intense reflection
peak of equatorial diffraction (with an overlapping
110/200 plane at 20 = 22.6").26’27 Curves derived
from the azimuthal scans were fitted to the profiles
of the mathematical model using Gauss func’cions,28
as shown in eq. (1), where I, is the peak intensity,
¢o is the azimuthal angle at I,, and t is the peak
width. Herman’s crystal orientation functions, f.,
were then obtained with eq. (2):
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Figure 1 Spin-draw ratio versus diameter of lyocell fibers
as a function of NMMO concentration in the coagulating
bath.

Scanning electron microscopy (SEM) was con-
ducted with a Hitachi S-2380N after sputtering the
samples with platinum (Pt).

DSC analyses were performed on a Perkin-Elmer
Pyris-1 analyzer. Both temperature and heat flow
were calibrated with the standard indium reference.
Fiber weights were maintained within the range of
2 ~ 3 mg. All thermal analyses were carried out
under a dry nitrogen atmosphere.

TGA was accomplished with the ThermoPlus II
TG-DTA 8120 from room temperature to 600°C in
air at a scan rate of 10°C min '. The weight of each
sample was 5 mg.

FTIR measurements were performed by means of
FTIR-8600PC (Shimazu Ltd., Japan).

Fibrillation of the fibers was achieved by taking 10
fibers of 20 mm length. Fibers were immersed in dis-
tilled water at room temperature (20°C) and soni-
cated for 15 min on a Branson ultrasonic sonifier
2510 OJ-DTH.*

Mechanical properties

The tensile properties of lyocell fibers (40 mm gauge
length) were measured in Tensilon Model RTC-
1250A (Japan) with a 10N load cell at a crosshead
speed of 40 mm min . The experimental results rep-
resent the average of 10 individual measurements.

Dynamic mechanical properties

The dynamic viscoelastic properties were measured
by an ITK Co. DVA-225 instrument at a frequency of
10 Hz and a heating rate of 10°C min™' on fibers of
20 mm length.

Journal of Applied Polymer Science DOI 10.1002/app
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RESULTS AND DISCUSSION
Appearance of lyocell fibers

The physical appearance of the lyocell fibers pre-
pared from bagasse was visually observed. All
fibers” exterior showed the silky luster like commer-
cial lyocell fibers irrespective of the NMMO concen-
tration in the coagulating bath.

Structure development

The spin-draw ratio and resultant diameters of lyo-
cell fibers obtained in water/NMMO coagulants of
different NMMO concentrations are illustrated in
Figure 1. As shown, the spin-draw ratio of fibers
increases to its highest value, 16 times, as the
NMMO concentration increases to 10%, and then
decreases as the NMMO concentrations increase to
50%. The fiber diameter decreases to 38 pum for the
water/NMMO (10%) coagulant and then again
increases to 122 pm as the spin-draw ratio decreases
and the water/NMMO concentration increases to
50%. At NMMO concentrations of 30% or higher,
there is a sudden decrease in the spin-draw ratio
and an increase in fiber diameter.

In Figures 2 and 3, the birefringence and crystal-
linity/crystal orientation of the prepared fibers,
respectively, are shown as a function of the NMMO
concentration in the coagulating bath. In general,
structural parameters of the fibers such as birefrin-
gence, crystallinity, and crystal orientation change
according to the draw ratio. As shown in Figures 2
and 3, the tendency of the changing birefringence
and crystal orientation with draw ratio are very
plausible, and the values are the highest for fiber
from the water/NMMO (10%) coagulant. But the
crystallinity of the fibers with NMMO concentrations
5%, 10, and 20% are lower than their expected
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Figure 2 Birefringence as a function of NMMO concen-
tration in coagulating bath.
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Figure 3 Crystallinity and crystal orientation factor as a
function of NMMO concentration in the coagulating bath.
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values. The reason for this was thought to be the
NMMO solvent remaining in the fiber matrix; this
condition was investigated and later confirmed by
FTIR measurement.

The crystallinity and crystal orientation can also
be qualitatively compared by WAXD patterns,
shown in Figure 4, which shows that the crystal
order improves with increasing spin-draw ratio and
is highest for the NMMO (10%) coagulant fibers.
The broadening of equatorial spots in the case of
5%, 10, and 20% NMMO coagulant fibers indicates
their lower crystallinity in comparison with that of
the 2 and 25% NMMO coagulant fibers. But the
broadening of X-ray spots in the azimuthal direction
becomes narrower with the increase of the draw ra-
tio, and the NMMO (10%) fiber shows the sharpest
azimuthal spot, that is, the highest crystal

(d) (8)

(g) : (h)

()

®

Figure 4 WAXD images of lyocell fibers obtained in various water/NMMO concentrations. (a) Water only, (b) NMMO
2%, (¢) NMMO 5%, (d) NMMO 10%, (e) NMMO 20%, (f) NMMO 25%, (g) NMMO 30%, (h) NMMO 40%, and (i) NMMO

50%.
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Figure 5 SEM images of fractured cross-sections of lyocell fibers for various water/NMMO concentrations. (a) Water
only, (b) NMMO 2%, (c) NMMO 5%, (d) NMMO 10%, (¢) NMMO 20%, (f) NMMO 25%, (g) NMMO 30%, (h) NMMO

40%, and (i) NMMO 50%.

orientation. This agrees well with the values of crys-
tal orientation plotted in Figure 3. As indicated by
numerous studies of birefringence and X-rays, a
compact structure, as a rule, has a higher orientation
and higher crystalline order. Here, NMMO (10%)
coagulant fiber shows the highest compactness, that
is, the lowest diameter, 38 um, among all coagulant
fibers.

The morphological structure of fibers was studied
by observing fractured cross-sections of fibers in
SEM, as presented in Figure 5. Because NMMO is a
strongly hygroscopic substance,® the only water and
NMMO (2%) coagulant fibers seemed to be instantly
coagulated immediately after entering the water-pre-
dominant coagulating baths. This reason might lead
to the lower spin-draw ratios and lower structural
parameters of these fibers. The fibers obtained from
the baths of water/NMMO concentrations 5%, 10%,
20, and 25% show some indication of fibrillation.
The occurrence of fibrillation of lyocell fibers is
attributed to their high birefringence, crystallinity,
and crystal orientation caused by the high spin-draw

Journal of Applied Polymer Science DOI 10.1002/app

ratio. One interesting outcome of this study is the
formation of hollow lyocell fibers when fibers were
coagulated in water/NMMO solution containing
30% NMMO and higher. It is thought that these
fibers could not coagulate in the coagulating bath
due to higher NMMO concentrations (30 to 50%) but
coagulated very rapidly in the wash bath containing
water. During such rapid coagulation, a longitudinal
void or hollow at the fiber center is created. Another
point worth noting is that the size of the hollow cen-
ter can be controlled because it becomes gradually
larger with the increase of NMMO concentration
from 30 to 40% to 50%. Such hollow lyocell fibers
are assumed to be highly hygroscopic in nature and
thus advantageous in apparel or filtration materials
with high absorbability.

Correlation of mechanical properties with
fiber structure

Figure 6 shows typical stress-strain curves of the
fibers obtained in the various NMMO concentrations
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Figure 6 Stress-strain curves of lyocell fibers prepared in
various water/NMMO concentrations.

of coagulants. At a glance, the tensile properties of
the fibers obtained in NMMO 0 (water only), 2, and
5% coagulants are somewhat similar. Tensile
strength with toughness improves markedly for
fibers coagulated in 10, 20, and 25% NMMO solu-
tions. The lowest tensile properties are observed for
the fibers coagulated in highly concentrated NMMO
solutions, such as 30, 40, and 50%.

Tensile strength and initial modulus, and elonga-
tion at the break, as evaluated from the stress-strain
curves, are shown in Figures 7 and 8, respectively.
As is generally known, the tensile strength of a fiber
is determined by the degree of chain extension and
the degree of overall molecular orientation relative
to the fiber axis.”® By referring back to the birefrin-
gence and crystal orientation data in Figures 2 and
3, a strong correlation between tensile strength and
these structural parameters can be found. As shown
in Figure 7, the initial modulus of the fibers obtained
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Figure 7 Tensile strength and initial modulus of lyocell
fibers prepared in various water/NMMO concentrations.
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Figure 8 Elongation at break (%) of lyocell fibers pre-
pared in various water/NMMO concentrations.

in 5, 10, and 20% NMMO baths does not follow the
same increasing trend of tensile strength: instead,
they show a lower modulus. The tendency of the ini-
tial modulus with the NMMO concentration seems
to correspond to the level of crystallinity shown in
Figure 3. It is well known that the initial modulus of
the fiber is a function of both crystallinity and mo-
lecular orientation.’* Consequently, the modulus of
lyocell fibers prepared in this study could be gov-
erned by their crystallinity. However, the reason for
the low crystallinity and low modulus for fibers
obtained in the baths of 5, 10, and 20% NMMO con-
centrations was previously speculated to be due to
the remaining NMMO in the fiber matrix. Not sur-
prisingly, the hollow fibers obtained in the baths of
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Figure 9 Storage modulus (E’) of lyocell fibers prepared
in various water/NMMO concentrations.
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Figure 10 FTIR curves of lyocell fibers prepared in vari-
ous water/NMMO concentrations.
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30, 40, and 50% NMMO concentrations show the
lowest tensile properties.

Figure 8 shows the breaking elongations of all
fibers. Among these fibers, the elongation at break is
higher for the fibers prepared in the 10, 20, and 25%
NMMO baths. The NMMO remaining in the fiber
matrix on the elongation at the break of these fibers
is assumed to be an influence.

The temperature dependence in the mechanical
properties of the fibers is next investigated by the
dynamic viscoelastic analysis. In Figure 9, the stor-
age modulus (E') of all fibers is demonstrated. The
fiber at the NMMO (10%) concentration does not
show the highest E’ values across the entire tempera-
ture range due to the remaining NMMO. As seen in
the tensile properties, hollow fibers have the lowest
E’ values.

From the above discussion, it can be concluded
that the highest drawn fiber obtained from the

v(-NO) of NMMO

Before
NMMO Removal

Heat Treated: 3 min

W(-CN)of NMMO

Absorbance

Heat Treated: 10 min
Heat Treated: 5 min

1300 1200 1100 1000 0 80 160
Wave Number (cm ™)
Figure 11 FTIR curves of water/NMMO (10%) lyocell

fiber to observe the elimination of NMMO after heat
treatment.
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Figure 12 Stress-strain curves before and after elimina-
tion of NMMO of water/NMMO (10%) coagulated lyocell
fibers in comparison with commercial lyocell fiber.

NMMO (10%) coagulant attained superior structural
features and mechanical properties, even though the
NMMO remaining leads to lower crystallinity and
tensile strength than their actual values.

It is likely that the coagulants containing low
NMMO concentrations, such as 0 (water only), 3,
and 5%, act as very fast coagulants because the
water percentage is so high. Conversely, the coagu-
lants containing high NMMO concentrations, such
as 30, 40, and 50%, act as very slow coagulants
because the NMMO percentage is very high. The
coagulants containing intermediate NMMO concen-
trations, 10, 20, and 25%, seem to show coagulation
more favorably than the very low and very high
NMMO concentrations. Of the 10, 20, and 30%
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Figure 13 Storage modulus before and after elimination
of NMMO of water/NMMO (10%) coagulated lyocell
fibers in comparison with commercial lyocell fiber.
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TABLE I
Structure and Mechanical Properties of Lyocell Fibres Prepared in Water/NMMO (10%) after NMMO
Removal by Heat Treatment
Heat Tensile Initial Elongation Degree of Degree of
treatment strength modulus at break crystallinity, crystal Birefringence

time (MPa) (GPa) (%) xe (%) orientation (f,) (An) x 10°
Before heat treatment 410 13 15 56 0.81 19.3
3 min 493 24 6.8 65 0.83 22.8
5 min 510 30 54 71 0.86 23.2
10 min 429 20 4.6 68 0.79 20.8
NMMO concentrations, the 10% NMMO mixture  Thus, we again investigated the structure and me-
seems to meet the requirement for optimal chanical properties of this fiber after NMMO
coagulation. removal.

NMMO removal from the fiber matrix

The remaining NMMO in all prepared fibers was
investigated by FTIR spectra. As shown in Figure 10,
stretching bands appear at approximately 1260 and
800 cm™ ", corresponding with v(—CN) and v(—NO)
stretching of NMMO, respectively, for coagulant
fibers of 10 and 20% NMMO. This finding confirmed
the low crystallinity and modulus values of these
fibers. However, to evaporate NMMO from inside
the fibers, the fibers were subjected to heat treatment
at 250°C, where E’ of these fibers (Fig. 9) begins to
drop. However, the fibers were heat treated at 250°C
with tension for various period of time of 3, 5, and
10 min and their physical properties were measured.
Figure 11 shows the FTIR spectra for NMMO (10%)
fibers before and after NMMO evaporation. The IR
bands of 1260 and 800 cm ' disappear, even after
heat treating for 3 min, suggesting the evaporation
of NMMO from the fibers.

Characteristics of fibers after NMMO removal

In the above discussion, the NMMO (10%) fiber
showed the most promising physical properties.

(a) (b)

Stress-strain curves of NMMO (10%) fiber before
and after NMMO removal, together with the curve
of commercial lyocell fiber, are illustrated in Figure
12. As shown by the stress-strain curves, the overall
tensile properties of fibers remarkably improved af-
ter NMMO removal by heat treatment. Specifically,
the shape of the stress-strain curves becomes gradu-
ally steeper after heat treatment for 3 and 5 min but
declines with the further treatment time of 10 min
may be due to the disordering crystallites with the
high temperature of heat treatment. Hence, the treat-
ment time of 5 min was considered to be the opti-
mum in terms of physical properties.

The storage modulus curves (E’) of heat-treated
NMMO (10%) fibers are shown in Figure 13. The E’
values of fiber noticeably increase across the entire
temperature range after NMMO removal, irrespec-
tive of the treatment time. The sample heat treated
for 5 min sample shows the highest E’ as well as the
maximum value (~ 41 GPa) at room temperature
(20°C). The increase in E’ value for the sample heat
treated for 5 min suggests the highest level of molec-
ular orientation and crystallinity for NMMO (10%)
heat-treated fiber.

Table I lists the structural parameters and mechan-
ical properties of NMMO (10%) fibers after NMMO

(©

Figure 14 WAXD images of water/NMMO (10%) coagulated lyocell fibers after NMMO removal by heat treatment for

(a) 3 min, (b) 5 min, and (c) 10 min.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 15 SEM images of water/NMMO (10%) coagulated lyocell fibers after NMMO removal by heat treatment for 5
min: (a) surface (b) cross-section, and (c) surface after sonication.

removal for different heat-treatment times. The
improvements in the structure of fibers have a
strong correlation with their respective tensile prop-
erties. As shown, after NMMO removal, the fibers
exhibit increased molecular structures, such as crys-
tallinity, crystal orientation, and birefringence, which
result in significant enhancement in mechanical
properties and a reduction in the elongation at
break. WAXD images of these fibers, shown in Fig-
ure 14, also clearly indicate the improvement in
crystallinity and crystal orientation after NMMO re-
moval. Among the three treated samples, the sample
heat treated for 5 min shows the sharpest crystal
spots. In Figure 15, SEM images of the 5-min-treated
fiber provide clear information about its smooth
fiber surface and the occurrence of fibrillation. This
fibrillation phenomenon can be attributed to its high
degree of crystallinity and high orientation of the
molecular chains in the noncrystalline regions of the
fiber.*>*

In this work, tensile strength of 510 MPa and ini-
tial modulus of 30 GPa are reported for lyocell fibers
prepared from bagasse. These results are comparable
with the results of the commercial lyocell fiber used
in our study (tensile strength 486 MPa and initial
modulus 16 GPa), and the results reported in related
literature (tensile strength 525 ~ 600 MPa, and initial
modulus 8 ~ 18 GPa).>?°

CONCLUSIONS

Sugarcane bagasse was dissolved in NMMO 0.9
hydrate, and fibers were prepared by dry jet-wet
spinning in aqueous NMMO solutions. We eval-
uated different NMMO concentrations from 0 to
50% in aqueous coagulating baths. Of these solu-
tions, fibers prepared in water/NMMO (10%) show
the overall highest physical properties. The spun
fibers prepared in water/NMMO (10%) coagulant
contain remaining solvent NMMO in the fiber ma-
trix that can be removed by a simple heat treatment.
After removal of NMMO by heating, much improve-

Journal of Applied Polymer Science DOI 10.1002/app

ment in fiber structure and material properties is
found. The exterior appearance of these fibers is
smooth and very shiny.

The overall properties of the lyocell fibers pre-
pared from bagasse are very comparable with those
of commercial lyocell fibers. Thus, it can be con-
cluded that sugarcane bagasse is a very cheap
source of raw material for producing lyocell fibers of
commercial grade.
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