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Kenaf bast fibers were treated by combined methods with steam (steam-chemical-ultrasonic treatment) and without it
(chemical-ultrasonic treatment). The crystallinity and morphological properties of these treated fibers were compared
with the untreated ones. X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy were employed to
appraise crystallinity. Morphological features were examined by scanning (SEM) and transmission (TEM) electron
microscopies. The fibers treated with steam had a higher degree of crystallinity than those without steam treatments and
the untreated fibers. However, steam pre-treatment tended to reduce the fiber surface roughness. The fibers treated
without steam showed surprising morphology, which is characterized by the formation of nanofibers on the surface of
microfibers. Such morphology should enhance surface roughness and improve the performance of the corresponding

composite.
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INTRODUCTION

Natural fiber reinforced polymer composite is a
rapidly-growing functional material because of its
low cost and weight, biodegradability and
environmental friendliness. A single natural fiber
consists of a bundle of cellulose microfibrils
embedded in a soft matrix of mainly lignin and
hemicelluloses; a low volume fraction of pectin
serves to hold the microfibrils. The volume
fraction of cellulose contained in the fiber,
however, varies with the type of natural fiber."”

Kenaf bast fiber is derived from a natural plant.
In the last decade, much research interest has been
focused on this fiber due to its potential in various
applications. One potential application for the bast
fiber is for reinforcing polymer composites used in
interior automotive componentsf'5 due to its
superior flexural strength combined with its
excellent tensile strength. It has been also used for
membrane in filtration systems, owing to its ability
to absorb nitrogen, phosphorus and heavy metals

contained in the soil and water,®” and also for
absorbing carbon dioxide.®

Before fabricating the composite, it is quite
necessary to treat the fiber to increase such
properties as crystallinity and surface morphology.
The treatment of the fiber basically removes the
main non-cellulosic components, i.e. lignin,
hemicelluloses and pectin, thereby isolating the
cellulose. To achieve this end, various methods
have been used to treat natural fibers. These
include single, viz. acid hydrolysis,” alkaline

hydrolysis, " mercerization,'"""? enzymatic
treatment,”> and combination methods, viz.
biotreatment-high shear

refining-cryo-crushing,'*pulping-bleaching-acetyl
ation-mechanicalrefining, *pulping-bleaching-mill
ing-cryocrushing-high pressure homogenizing,'®
high pressure steam explosion technique (steam
pre-treatment)-scouring-bleaching."’
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A method that uses steam pre-treatment
appears to be simple and effective. Research into
the effect of the steam explosion technique on the
properties of the fibers is not a new phenomenon.
Vignon and coworkers'® showed that high pressure
steam explosion is an effective method to degrade
the pectin contained in the fiber and improve the
mechanical properties of the fiber-reinforced
polypropylene (PP) composite. This technique
also enhances the crystallinity of the fiber.'”"
Immersing fibers in dilute alkaline solution prior
steaming for 180 s at 220-500 °C resulted in
complete solubilization of the non-cellulosic
components. Thus, pure cellulose can be
effectively isolated using high pressure steam
explosion method. In addition, a mild steam
treatment has been shown to increase the degree of
crystallinity and improve the mechanical
properties of the fibers to a greater extent than
alkali treatment.” Recently, using bamboo fiber,
Nguyen et al.*' compared steam explosion with the
alkali method. While the former is more costly and
required greater energy consumption, it carries no
environmental effect; their experiment obtained no
significant difference in the volume fraction of
isolated cellulose or in the mechanical properties.

In this paper, we illustrate a simple method that
employs a low pressure steam pre-treatment
without the explosion technique, combined with
chemical (scouring-bleaching) and ultrasonic
treatments of kenaf bast fiber; this is compared
with the same method but without steam
pre-treatment. To date, steam pre-treatment has
been considered to be important based on basic
science and its application in polymer composite
technology. Combination methods can be used to
verify and understand their effect on the surface
morphology of fibrillated cellulose and the degree
of crystallinity, information which is lacking for
kenaf bast fiber.

EXPERIMENTAL
Materials

The material used in this work was Indonesian
cultivated kenaf variety KR-11, obtained from local
Research Institution in Malang, East Java. Fibers of
approximately 3-4 cm in length and 100 um average
diameter were selected from the middle part of the fiber,
due to the higher tensile strength in the middle
compared to the periphery. Before treatments, the fibers
were dried in an oven at 70 °C for 30 minutes. This
created an initial state designated as “raw-kenaf”.
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Treatment of kenaf fibers

Raw-kenaf fibers were treated by two combined
methods, (1) without steam pre-treatment, i.e. chemical
(scouring-bleaching)-ultrasonic treatment, and (2) with
steam pre-treatment, i.e. steam-chemical
(scouring-bleaching)-ultrasonic treatment.

Low pressure steam without explosion

Steam pre-treatment was conducted with a pressure
cooker at 1.8 Bar (~117 °C) for 10, 20, 30, 60 and 90
minutes. The residence time in steam was measured
after reaching the pressure of 1.8 Bar.

Scouring-bleaching

Scouring was done by soaking raw-kenaf fibers in
10 g/L NaOH and then heating at ~100 °C for 1 h with
periodic stirring. Two g/l Teepol was added as
surfactant in both scouring and bleaching solutions to
reduce the surface tension of the fiber. The
fiber:solution ratio was 1:250. The scoured fibers were
washed in running distilled water and neutralized with
10 g/L acetic acid (CH;COOH), then finally flushed
with distilled water.

To remove the residual non-cellulosic components,
the fibers were then bleached in a mixture of either 5 or
10 g/L NaOH and 20 or 100 ml/L H,0, (Table 1) plus 2
g/L Teepol at ~100 °C for 1 h with periodic stirring. The
bleached fibers were washed in running distilled water
and then dried in an oven at 50 °C for 30 minutes. H,O,
has high oxidizing properties, which is good for
bleaching. The volume ratio of H,O, and NaOH used in
bleaching was varied (Table 1).

Ultrasonic treatment (UT)

The bleached fibers were immersed in ethanol and
treated in an ultrasonic cleaner (Power Sonic, LUC-405,
Industrial BLT type) for various durations (see Table 1)
operating at about 50 °C, 220 VAC and 50/60 Hz.
During the treatment, the fibers were filtered and
re-immersed in fresh ethanol before the next ultrasonic
treatment. This step was repeated in each treatment for
1 h. This was done for two purposes, firstly to free the
fibers from residual H,O, and secondly to reduce the
fiber size or to increase fibrillation.

Scanning and transmission electron microscopies
(SEM and TEM)

The surface morphology and size of raw-kenaf and
the treated fibers with steam and without it were
characterized by scanning electron microscopy (SEM,
INSPEX S50-FEI) with a W-filament operating at 15
kV and a working distance of 12 mm. Prior to SEM
observation, the fiber specimens were surface coated
with Au-Pd to increase the electrical conductivity of the
specimens.



Table 1

Treatment conditions and analyses

Kenaf

Fiber Treatment Analysis
specimen Steam Scouring Bleaching Ultrasonic XRD  FTIR SEM/
P (1.8 Bar) (~100°C, 1h) (~100°C, 1 h) treatment (UT) TEM
Raw-kenaf X X X X (0] (0] SEM
S10 X O X X (0] X SEM
5 g/L NaOH+
S10-B52 X 10 g/L NaOH 20 mi/L H,0, X (@) X SEM
10 g/L NaOH+ 1h,6h,
S10-B101 X 10 g/L NaOH 100 mU/L H,0, 28 h (0] (0] SEM
10 g/L NaOH+
S10-B102 X 10 g/L NaOH 20 mI/L H,0, X (@) X SEM
. 10 g/L NaOH+
ST10-SB101 10 min same as above 100 ml/L H,0, 1h,28h O O SEM
ST10-SB101 20 min same as above same as above 1h (0] (0] SEM
ST30-SB101 30 min same as above same as above 1h (0] (0] SEM
ST60-SB101 60 min same as above same as above 1,4h (6] X SEM
ST90-SB101 90 min same as above same as above 1h,9h O O TEM

O: treatment or analysis was done, X: treatment or analysis was not done

In addition, the morphology of fiber treated with
long steam pre-treatment for 90 minutes (specimen
ST90-SB101-UT9, Table 1) was characterized with a
TEM (JEM-1400) operating at 120 kV. The TEM
specimen was prepared by placing a drop of ethanol
containing the treated fibers that had been
homogeneously dispersed on a carbon-coated grid.

X-ray diffraction (XRD)

The crystallinity of raw-kenaf and the treated fibers
with steam and without it was semi-quantitatively
analyzed from their XRD patterns (XRD, X Pert Pro,
PAN Analytical) under the following conditions. The
specimens were irradiated with CuKa operating at 40
kV and 30 mA. XRD patterns were obtained at 2 theta
from 10 to 50° at a counting rate of 0.05 °s. The
crystallinity index (CI) or degree of crystallinity of
cellulose was determined empirically as follows.”>*

CI = (Inax = Inin)/Imax (D
where I,,,,x is the height of the peak at 20 between 22-24°,
which represents both crystalline and amorphous

cellulose; and I, is the height of the minimum at 26 =
19°, which represents the amorphous cellulose.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR, Shimadzu)
spectroscopy was performed to characterize the
chemical functional groups in raw-kenaf and the treated
fibers with steam and without it and to confirm the XRD
results. Prior to the analysis, the fibers were shortened
to about 100 pm. Approximately 1 mg fiber specimen
was mixed with 200-300 mg KBr. The mixed powder
was then pressed to form a translucent pellet through
which the beam of the spectrometer could pass, and

subsequently analyzed in the transmittance mode within
the range of 4000-500 cm™.

RESULTS AND DISCUSSION
Surface morphology

The cellulose microfibrils of the raw-kenaf
fiber (Fig. 1 a) were bound in a bundle as a single
fiber of approximately 100 um average diameter
(Fig. 1 a, insert A). The fiber was completely
covered with a non-cellulosic membrane, which
was wavy in shape because of the irregular
arrangement of the microfibrils (Fig. 1 b).

An alkali solution is commonly used to break
up the membrane. However, cellulose is resistant
to strong alkali and oxidizing agents, whereas
hemicelluloses are soluble in alkali and lignin in
hot alkali.** After scouring with 10 g/ NaOH, the
non-cellulosic components had been partly
removed to clearly reveal the morphology of the
microfibrils, including partial separation (Fig. 2).
Residual non-cellulosic components on the surface
of microfibrils are indicated by arrows (Fig. 2).

After scouring of fiber specimens S10-B52,
S10-B101 and S10-B102 (Table 1), bleaching with
one each different volume ratio of H,0,:NaOH
resulted in different surface morphologies (Figs. 3
a, b and c, respectively). Residual non-cellulosic
components were observed in all specimens. The
average diameters of the fibers were relatively
similar between treatments in the range of 10-20
wm. Pore-like surface damage on the fiberswas
apparent in S10-B52 (see arrows, Fig. 3 a), but not
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in the other specimens. Upon close observation of
the surface of the fibers, surface roughness of
S10-B102 appeared to be the lowest, but
fibrillation was higher than that of S10-B52 and
S10-B101. These differences in morphology are
probably related to the volume ratio of
H,0,:NaOH used for bleaching: i.e. ~(8:1) for
S10-B52, ~(21:1) for S10-B101 and ~(4:1) for
S10-B102. Referring to the high surface roughness,
the volume ratio of ~(21:1) used on fiber specimen
S10-B101 is currently considered to be the
preferred treatment, with steam and without it.
The ultrasonic treatment (UT) was used to
remove the remaining bleaching solution, and to
improve the fibrillation. Prolonging the duration of

this treatment on fiber specimen S10-B101 from 1
h to 6 h changed the surface morphology (Fig. 4).
Fibrillation was expressed in the form of
interesting microstructural evolution, which
resulted in fiber diameter at micro- and nanoscales.
Nanofibers formed on the surface of the
microfibers, but the distribution across the entire
area of fiber specimen was inhomogeneous.
Microfiber of ~5 pwm size had decomposed to
nanofiber 2100 nm. Good fibrillation had occurred,
suggesting relative freedom from hemicelluloses
and lignin. This observed morphology could be
expected to increase surface roughness of the fiber
and improve the properties of the corresponding
composite.”

Figure 1: SEM micrographs of raw-kenaf observed cross-sectionally (a) and longitudinally (b). Insert (A)
indicates a magnified image of a cross-section of fibers containing cellulose microfibrils

Figure 2: SEM micrograph of fiber specimen S10 (see Table 1) scoured with 10 g/L. NaOH. The arrows point to
non-cellulosic components on the surface of microfibrils
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Figure 3: SEM micrograph of fiber specimens (a) S10-B52, (b) S10-B101 and (c) S10-B102 showing different

Figure 4: SEM micrograph of fiber specimen
S10-B101-UT6

Steam pre-treatment for 10, 20 and 30 min on
fiber specimen S10-B101, followed by UT for 1
hour was designated as fiber specimens
ST10-SB101-UT1, ST10-SB101-UT1 and
ST30-SB101-UT1 (Table 1). The UT treatment

surface morphologies due to different volume ratio of NaOH:H,O, (see Table 1)

Figure 5: SEM micrograph of fiber specimen
ST10-SB101

resulted in higher fibrillation with individual fibers
of about 8 wm in size, as represented in Fig. 5. The
micrograph also shows that steam pre-treatment
encouraged the cleavage of the non-cellulosic
components, but retained the crystallinity of the
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microfibrils. Increasing the duration of steam
pre-treatment for 20 and 30 minutes had no effect
on surface morphology properties.

Steaming for 60 min and UT for 4 h also
resulted in micro- and nanoscale fibers (Fig. 6;
fiber specimen ST60-SB101-UT(4), see Table 1).
Fibrillation was observed, but the morphology of
the fiber surface was dissimilar to that of specimen
S10-B101-UT(6), as part of the fiber had
completely fibrillated to nanofibers (Fig. 6).
Steaming for 60 min possibly accelerated the
fibrillation. Increasing steam residence time to 90
min and UT to 9 hours after bleaching (see fiber
specimen ST90-SB101-UT9 in Table 1) made the
fibers more brittle and easier to separate from each
other. Visual observation indicated that as
residence time in steam lengthens, the brittleness
of fibers will tend to become higher and fiber
length  shorter. A TEM  image  of
ST90-SB101-UT9 revealed that fiber diameter
varied from <100 nm to >100 nm with uniform
distribution (Fig. 7).

Crystallinity

XRD patterns of raw-kenaf and treated fibers
with steam and without it were examined after
scouring ~ (S10), after  scouring-bleaching
(S10-B101), after steam-scouring (ST10-S10) and
after steam-scouring-bleaching (ST10-SB101)
(Fig. 8) and for steam treated fibers, after different

Figure 6: SEM micrograph of fiber specimen
ST60-SB101-UT4
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steam residence times (Fig. 9); peak positions and
degree of crystallinity (see Equation 1) are
summarized in Table 2. To accurately identify the
peak positions, Gaussian peak software Origin 8
was used.

The position of peak 1 on all specimens is
relatively similar, whereas that of peak 2 measured
as maximum intensity, for treated fiber with steam
and without it, tends to gradually shift to higher 2
theta, which is close exactly to the position of
maximum intensity (lo lattice reflection) of
native cellulose at 2 theta 22.841°, compared to
raw-kenaf. This is consistent with the gradual
increase of their crystallinity degree, suggesting
that a part of the non-cellulosic components was
slightly removed due to scouring with alkali
solution and scouring-bleaching with NaOH and
H,0,. Fiber specimens treated with steam
(ST10-SB101,  ST20-SB101,  ST30-SB101,
ST60-SB101 and ST90-SB101) show similar
XRD patterns and the position of peak 2 at 2 theta
22.55° The slightly higher degree of crystallinity
of treated fiber with steam and without it,
summarized in Table 2, than that of raw-kenaf is
possibly due to the low concentration of NaOH
used for chemical treatment. However, the surface
morphology of the treated fibers with steam and
without it showed a clear difference, compared
with that of raw-kenaf, as described in the previous
section.

- s\_ 3

. <L) xen

Figure 7: TEM micrograph of fiber specimen
ST90-SB101-UT9
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Figure 9: XRD patterns of treated fiber with steam for

various durations

Peak position and crystallinity degree of raw-kenaf and treated fibers

Position at 2 theta (degree) Crystallinity degree

Sample Peak | Peak 2 (%)

Raw-kenaf 16.16 22.33 81.193
S10 16.16 22.44 83.101
S10-B101 16.16 22.77 84.124
ST10-S10 16.16 22.55 85.844
ST10-SB101 16.16 22.55 89.049
ST20-SB101 16.16 22.55 85.401
ST30-SB101 16.16 22.55 88.372
ST60-SB101 16.16 22.55 85.872
ST90-SB101 16.16 22.55 87.153

The degree of crystallinity of raw-kenaf was
relatively high. The KR 11-based kenaf bast was
from a superior variety and harvested about 120
days after planting. The chemical composition of
kenaf is a function of the growing season; cellulose
content increases with age.”® The high degree of
crystallinity found in this experiment is
comparable with that obtained from kenaf varieties
viz KR-11 (81.19), C-108 (78.91), Tinung-1
(73.94%), Everglade 45-49 (78.32), and Everglade
41 (80.43%), all of almost similar age.”® All these
varieties appear to contain a relatively low level of
non-cellulosic components. Thereby, in this

experiment a high concentration of NaOH is not
required to treat the fibers.

In addition, FTIR spectroscopy was used to
characterize the chemical compounds in the fiber
specimens as the absorbance spectra attributed to
cellulose as crystalline phase, hemicelluloses and
lignin as amorphous phases, the main components
contained in the fiber specimens (Tables 3 and 4).
The peaks related to cellulose, hemicelluloses and
lignin are summarized globally in Table 3 and in
detail in Table 4.

Figure 10 displays FTIR spectra obtained from
raw-kenaf, the treated fiber without steam
(S10-B101-UT1) and with steam (ST10-SB101).
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The absorption peaks at 1740, 1627 and 1242 cm’l,
which indicate lignin and hemicelluloses'®'®'7**
were absent in the treated fiber specimens;
however an absorption peak at 1327 cm’,

corresponding to lignin, remained present in these
fibers. Thus most of the hemicelluloses were
removed by the applied treatments, but some
lignin remained.

Table 3
Infrared band assignments for cellulose, hemicelluloses and lignin

Wavenumber (cm™)

Assignment

3600-3100 Stretching of OH-groups on cellulose molecules'™*

2990-2850 C-H stretching vibration®®

1750-1700, 1513 C=0 stretching of carbonyl related to hemicelluloses and ligninlo’l7

1646-1632 Absorbed water™*’

1600-1500 Aromatic skeletal vibration corresponded to the presence of pure
hemicellulose and lignin10

1434-1421 A symmetric CH, bending vibration attributed to crystalline
cellulose’*%*

1239 C-O stretching of the aryl group in lignin31

1431, 1372, 1319,
1165, 1059 and 896

Typical of pure cellulose' "

Table 4

Identification of peaks’”‘34

Wavenumber (cm™)

Substances

Clear peaks:
1643, 1427 and 899

Small peaks or shoulders:

Cellulose

1367,1319, 1337, 1284, 1203, 1161, 1119, 1114 and 999

Clear peaks:
1646, 1563, 1044 and 899

Small peaks or shoulders:

1508, 1461, 1420, 1252, 1212, 1164 and 990

Clear peaks:
1697, 1603, 1514 and 837

Small peaks or shoulders:
1457, 1423, 1327,1281 and 1034

Hemicelluloses

Lignin

The degree of crystallinity increases with the
level of isolation of cellulose. The IR crystallinity
index of cellulose from natural fibers™ can be
estimated from the ratio of absorbance intensity at
1427 and 895 cm’, which are respectively
assigned to CH, bending mode**** and
deformation of anomeric CH;” i.e. (As7/Asos).
This is used to confirm the XRD results.
Accordingly, the IR crystallinity index of fiber
specimens S10-B101-UT1 and ST10-SB101 is
2.66 and 1.16, respectively. This indicates that the
crystallinity of the fiber specimen treated without
steam was higher than that with steam, whereas the
degree of crystallinity estimated by XRD indicated
the opposite. This difference can be ascribed to the

40

1 h UT applied to specimen S10-B101 before
FTIR analysis. Thus, UT after bleaching played a
crucial role in improving the crystallinity of the
cellulose fiber.

Changing the duration of UT from 1 h
(S10-B101-UTT1) to 6 h (S10-B101-UT6) resulted
in very little difference in crystalline index, 2.66
and 2.69, respectively (Fig. 11). After UT of 28 h,
however, the FTIR spectrum became quite
different and the crytallinity index was 1.30.
Shoulder peaks at 1026, 1157, 1342, 1628, 1759
cm’ were also observed, and the peak related to
cellulose at 1427 cm™ was lower. Thus long UT
may be associated with damage to the structure of
cellulose microfibrils.
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Figure 11: FTIR spectra of (a) fiber specimen Figure 12: FTIR spectra of (a) fiber specimen
S10-B101-UTT1, (b) fiber specimen S10-B101-UT6 and ST10-SB101, (b) fiber specimen ST10-SB101-UT9

(c) fiber specimen S10-B101-UT28

Long UT applied on fiber specimen
ST10-SB101 (without UT), 9 h
(ST10-SB101-UTY) and 28 h
(ST10-SB101-UT28) (see Table 1) shows the
FTIR spectra presented in Fig. 12. The crystallinity
index of these fiber specimens increased from 1.16
(ST10-SB101) to 1.84 (ST10-SB101-UT9) and
2.87 (ST10-SB101-UT28). The crystallinity index
2.87 (ST10-SB101-UT28) was higher than that of

and (c) fiber specimen ST10-SB101-UT28

fiber specimens treated without steam, 2.66
(S10-B101-UT1), 2.69 (S10-B101-UT6) and 1.3
(S10-B101-UT28). Thus partial removal of the
non-cellulosic components by steaming for 10
minutes before the chemical treatment followed by
long UT is very effective in increasing crystallinity.
Long UT without steam, however, provides no
benefit. The functional reason for the difference in
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crystallinity index between S10-B101-UT28 (1.3)
and ST10-SB101-UT28 (2.87) remains unclear.

Relationship between surface morphology and
the degree of crystallinity of cellulose
microfibrils

Surface morphology and crystallinity of the
cellulose fiber are two of some important factors
that increase the performance of the corresponding
composite. Fibers with a high degree of
crystallinity may contain a high volume fraction of
crystalline cellulose, but the fiber surface appeared
to be relatively smooth with low surface roughness,
e.g. fiber specimen ST10-SB101-UT1 (Fig. 5). A
high content of cellulose indicates a high
OH-group content, suggesting the fiber is more
hydrophilic, a property that is incompatible with
the hydrophobic nature of the matrix material used
in the fabrication process of the fiber composite.

Fibers with a high degree of crystallinity lead to
higher tensile strength of the fiber and thus to
improved mechanical properties of the
corresponding  composite.'®* High surface
roughness of the fiber has also played a significant
role in enhancing the bonding strength between
fiber and matrix.’®*’ Reducing fibers that combine
a high degree of crystallinity with surface
roughness is not simple, as they tend to be
inversely related. Thereby, optimization of both
properties is quite necessary.

In this study, we have produced fibers that have
remarkable surface morphology, including
nanoscaled fibers formed on the surface of
microfibers, e.g. S10-B101-UT6 (Fig. 4). Such
morphology is expected to increase surface
roughness. The relatively high crystallinity index
and surface roughness of S10-B101-UT6 would be
expected to provide good performance of the
corresponding composite.

CONCLUSION

The morphology and crystallinity of raw kenaf
and treated fibers with steam and without it under
low pressure were characterized by SEM, XRD
and FTIR. Fibers treated by the combined
steam-chemical-ultrasonic method resulted in a
higher degree of crystallinity and better fibrillation
than by chemical-ultrasonic only. Steaming on raw
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fiber promoted cleavage of the non-cellulosic
components and accelerated the removal of the
non-cellulosic components and the fibrillation
process. Steaming for >30 min provided no further
enhancement of the degree of crystallinity. A high
degree of crytallinity after steam pre-treatment
reduced surface roughness.

Relatively high crystallinity and micro- and
nanodiameter fibers produced without steam
resulted in a morphology where nanodiameter
fibers formed on the surface of microfibers. This
property is expected to increase surface roughness
and improve the performance of the corresponding
composite.
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