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Effects of alkali, mild steam, and chitosan treatments on the properties of 
pineapple, ramie, and sansevieria fi ber bundles

Abstract This study focused on the effects of treatments of 
alkali, mild steam, and chitosan on the surface morphology, 
fi ber texture, and tensile properties of pineapple, ramie, and 
sansevieria fi ber bundles. The fi bers were treated with 
NaOH (2%), mild steam (0.1 MPa), and chitosan solutions 
(4% and 8%). The properties of these treated fi bers were 
characterized and compared with the untreated fi bers. Field 
emission scanning electron microscopy (FE-SEM) was used 
to observe the surface morphology of those fi bers. X-Ray 
diffraction (XRD) spectroscopy was used to observe the 
fi ber textures. Tensile properties of the treated and 
untreated fi bers were also recorded. SEM micrographs 
showed that the surfaces of the NaOH-treated fi bers were 
more damaged than those of the steam-treated fi bers. The 
4% chitosan solution covered the fi ber surface more uni-
formly than the 8% chitosan solution. The steam-treated 
fi bers had higher values of degree of crystallinity, crystallite 
orientation factor, and crystallite size than the NaOH-
treated fi bers. Ramie fi ber showed greater mechanical 
properties than the other fi bers. The values of tensile 
strength, Young’s modulus, and toughness of the steam-
treated fi bers, which were similar to those of the 4% chito-
san-coated fi bers, were higher than those for the other 
treatments.
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Introduction

Plant fi bers known to provide good physical properties have 
been widely used as construction materials, paper, and 
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clothes.1 The seven nonwood plant fi ber bundles were char-
acterized in our previous study.2 Ramie bast, pineapple leaf, 
and sansevieria leaf fi bers showed great potential in mechan-
ical properties.

Chemical, thermal, and physical treatments have been 
applied to improve the mechanical properties of fi bers.3–7 
The mechanical properties of plant fi bers are largely related 
to the amount of cellulose, which is closely associated with 
the degree of crystallinity and the crystallite orientation of 
the fi ber with respect to the main fi ber axis.3 The crystalline 
structure of cellulose can be disrupted by substituting the 
hydroxyl group with some chemical functionality by alkali 
treatment.4

The steam treatments by explosion process (SEP) and 
refi ning process (SRP) have recently been applied to extract 
plant fi bers.5–7 These processes involve the application of 
high temperature and pressure on cellulosic materials. The 
SEP or SRP gives clean fi bers but they are still rough and 
damaged on the surface. In this research, the mild steam 
process with low temperature and pressure was used to 
obtain clean fi bers with smooth surfaces and increased 
degree of crystallinity.

Chitosan is a deacetylated product from chitin, which is 
a naturally occurring polysaccharide that is available in 
large amounts from the epidermis of crustaceans such as 
crabs and shrimps. In recent years, a number of investiga-
tions have been carried out to exploit the potential applica-
tions of chitosan. Umemura et al.8 found that the chitosan 
developed excellent bonding properties in three-ply ply-
woods. Liu et al.1 and Hsieh et al.9 found that cotton fi ber 
and woolen fabrics coated with a small concentration 
(∼2%–3%) of chitosan did not improve their mechanical 
properties. However, the investigations of chitosan-coated 
plant fi bers have not been fully exploited.

In this study, the fi bers were treated with alkali, mild 
steam, and chitosan to obtain high performance in terms of 
the mechanical properties. The properties of each of the 
treated fi bers were characterized to identify the appropriate 
natural fi bers for use in composite products.
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Materials and methods

Materials

Three decorticated nonwood plant fi ber bundles, that is, 
pineapple [Ananas comosus (L.) Merr] leaf fi ber, sansevie-
ria [Sansevieria trifasciata Prain] leaf fi ber from Subang, 
West Java, Indonesia, and ramie [Boehmeria nivea (L.) 
Gaudich] bast fi ber from Wonosobo, Central Java, Indone-
sia, were used as raw materials. The samples were air-dried 
to a moisture content of 6% to 8%.

Chitosan powder with average molecular weight of 
35 000 from Kimica (Japan), NaOH pellets (98%), and 
acetic acid (99.7%) from Nakarai (Japan) were purchased 
and used for fi ber treatments.

Alkali treatment

The fi bers were immersed in a NaOH solution of 2% (w/v) 
at 95°C in a covered bath for 2 h. The ratio of solution to 
fi bers was 100 : 1 (v/w). The treated fi bers were then rinsed 
with distilled water, neutralized with 2% acetic acid, rinsed 
again with distilled water until neutral, and dried at 50°C in 
a vacuum oven.

Mild steam treatment

The fi bers were steamed by using boiling water in a screen-
covered bath at a steam pressure of about 0.1 MPa for 2 h. 
The fi bers were then dried at 50°C in a vacuum oven.

Chitosan treatment

The 4% and 8% chitosan solutions were prepared by stir-
ring chitosan powder in 1% acetic acid solution (w/v). The 
fi bers were immersed in chitosan solution at room tempera-
ture for 2 h. The ratio of solution to fi bers was 100 : 1 (v/w). 
The resulting fi ber threads were air-dried for 5 days. The 
viscosities of the 4% and 8% chitosan solutions were 247 
and 9344 mPa.s, respectively, as measured using a rotational 
viscometer.

Weight change

The weight changes of fi bers treated with alkali, mild steam, 
and chitosan were determined by measuring the difference 
in weight of the samples before and after the treatments. 
The air-dry samples were weighed before treatments. After 
the treatments, the samples were conditioned at 20°C and 
65% relative humidity (RH) for 1 week and weighed again. 
The treated fi bers had moisture content values of 7%–9%, 
which is similar to untreated fi bers.

Morphological observation

The untreated and treated fi bers were observed using fi eld 
emission scanning electron microscopy (FE-SEM; Jeol JSM 
6700F). The samples were covered with a thin layer of plati-
num using a Jeol JFC-1600 coater before observation. The 
observation was performed in electron mode at a beam 
current of 10 mA and an accelerating voltage of 1.5 kV.

Degree of crystallinity, Herman’s crystallite orientation 
factors, and crystallite size

A Rigaku RAD II C system on Ultrax 18 with a symmetri-
cal transmission mode was used. The measurement condi-
tions were kept constant as shown in Table 1.

Powder diffraction was adopted for investigating the 
crystallinity and crystallite size. The untreated, alkali-
treated, and steam-treated fi bers were cut into lengths of 
less than 1 mm and then pressed into pellets of 2 cm in 
diameter. A 2q scan of 5° to 45° was used. The degree of 
crystallinity (DC) was calculated by the ratio of the area in 
a diffractogram corresponding to the crystalline region 
to that of both crystalline (Fc) and amorphous regions 
(Fa).10,11
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The diffraction curves were corrected by air-scattering 
diagram.

The meridianal (004) refl ection was selected for 
de termination of the crystallite orientation. The untreated, 
alkali-treated, and steam-treated fi bers were rolled on a 
stainless steel wire frame (Fig. 1). The orientation patterns 
were obtained by keeping 2q fi xed (34.6°) and rotating 
the sample through 360° along the normal direction of 
the sample surface. The value of Herman’s crystallite ori-
entation factor ( fc) was determined from the following 
equation:12–14
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Table 1. Measurement conditions for X-ray diffraction

Parameter Value

X-Ray Ni fi lter CuKa
Accelerating voltage 40 kV
Accelerating current 200 mA
Diversion slit 1 degree
Scattering slit 1 degree
Receiving slit 0.3 mm
Scanning speed 1 degree/min
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f is the polar angle against the longitudinal direction of fi ber 
and I (f) represents the measurement of X-ray intensity.

The crystallite size [L(hkl)] was calculated by Scherrer’s 
equation (Eq. 4), where K = 0.9 and d(2q) is the half width 
for the diffraction peak in radians. q is the diffraction 
angle.13,14
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Tensile test

According to our previous research,2 the fi ber bundles were 
glued to paper frames with a 10-mm gauge length. The total 
number of test specimens was in the range of 55 to 59 for 
each species and cut into lengths of 20–25 mm. Then the 
diameters of each specimen at fi ve randomly selected loca-
tions were measured using an optical microscope (Micro 
Square DS3USV).

Prior to mechanical testing, fi ber specimens were condi-
tioned at 60% relative humidity and 20°C for 1 week. The 
moisture content of fi ber specimens after conditioning 
varied from 6% to 9%. The mechanical properties of fi bers 
were determined by using an Instron model 4411 test 
machine with a cross-head speed of 1 mm/min. The speci-

mens that fractured at the end of the paper frame or near 
the grip were excluded from subsequent data analysis.

Statistical analysis

Data obtained from the mechanical measurement were sta-
tistically evaluated using analysis of variance.

Results and discussion

Physical properties

Table 2 shows the weight change and diameter of untreated 
and treated fi bers. Results showed that the diameters of 
fi bers were increased by chitosan treatments and slightly 
decreased by alkali and steam treatments, except for pine-
apple fi ber. The diameter of Sc8 showed an increment of 
28% in comparison with S, whereas Rd decreased by 33% 
when comparing with R (see Table 2 for defi nition of sample 
notation).

The fi ber weights were changed by all treatments. The 
weight of fi ber decreased after alkali and steam treatments. 
The weight of Pd, Sd, and Rd showed decreases of 28.9%, 
23.4%, and 21.5%, respectively. Rs, Ss, and Ps showed 
decreases of 10.1%, 6.0%, and 4.8%, respectively. On the 
other hand, the weight of fi ber was increased by chitosan 
treatment within the range of 6.7%–12.9% depending on 
the chitosan concentrations.

The increased diameter and weight of fi bers after chito-
san treatment are caused by the chitosan solution effec-
tively coating the surface of the fi bers. Liu et al.1 mentioned 
that the chemical reaction between the amino group of 
chitosan and the hydroxyl group of cellulose occurred on 
the treated fi bers. The decreased diameter and weight of 
fi ber after alkali and steam treatments are caused by the 

10 mm

15 mmFrame

Fibers

20 mm

Fig. 1. Crystallite orientation specimen

Table 2. Physical and texture properties of the untreated and treated nonwood plant fi ber bundles

Fibers Diameter among Weight Degree of Crystallite orientation Crystallite
 specimens (mm) change (%) crystallinity (%) factor size (Å)

P  40.3 ± 6.1  63.7 0.134 34.6
Pd  41.5 ± 5.1 −28.9 ± 6.3 57.9 0.083 29.8
Ps  44.9 ± 7.0  −4.8 ± 1.3 65.6 0.171 37.5
Pc4  49.6 ± 9.2  +7.1 ± 2.1 – – –
Pc8  45.9 ± 9.4 +11.1 ± 3.5 – – –
R  39.8 ± 8.6  74.6 0.210 35.2
Rd  26.5 ± 6.6 −21.5 ± 5.4 68.5 0.199 30.7
Rs  39.7 ± 9.7 −10.1 ± 3.1 77.0 0.231 37.9
Rc4  42.1 ± 8.3  +6.7 ± 1.5 – – –
Rc8  49.7 ± 4.8  +9.1 ± 2.9 – – –
S  92.1 ± 8.4  55.9 0.090 25.9
Sd  82.8 ± 6.1 −23.4 ± 5.9 57.1 0.125 27.3
Ss  79.3 ± 7.1  −6.0 ± 1.7 57.7 0.180 30.1
Sc4 114.9 ± 9.6 +10.7 ± 2.8 – – –
Sc8 118.5 ± 8.0 +12.9 ± 3.5 – – –

Diameter and weight change data are given as averages and 95% confi dence interval
P, Untreated pineapple; Pc4, 4% chitosan-coated pineapple; Pc8, 8% chitosan-coated pineapple; Pd, 2% NaOH-treated pineapple; Ps, steam-
treated pineapple; R, untreated ramie; Rc4, 4% chitosan-coated ramie; Rc8, 8% chitosan-coated ramie; Rd, 2% NaOH-treated ramie; Rs, 
steam-treated ramie; S, untreated sansevieria; Sc4, 4% chitosan-coated sansevieria; Sc8, 8% chitosan-coated sansevieria; Sd, 2% NaOH-treated 
sansevieria; Ss, steam-treated sansevieria



31

chemical and thermal treatment effectively removing some 
components (lignin, wax, and oils) from the surface of the 
fi bers. Gomes et al.15 found that alkali treatment brought 
about a reduction in lignin and decreased the weight and 
diameter of the fi ber.

X-Ray diffraction investigation

The textures of untreated, alkali-treated, and steam-treated 
fi bers were investigated by an X-ray diffraction (XRD) 
technique. The XRD diagrams of the various treated fi bers 
are shown in Fig. 2. The degree of crystallinity, crystallite 
orientation factor, and crystallite size of untreated and 
treated fi bers are shown in Table 2.

The changes of the XRD diagrams of fi bers at 2q = 22.5° 
were assigned to the [200] lattice plane of cellulose. The 
alkali and steam treatments of all fi bers resulted in diffrac-
tion diagrams that were similar to those of the untreated 
fi bers. Therefore, the alkali and steam treatments had no 
effect on the transformation of the cellulose crystal struc-
ture transition.

In natural cellulose fi bers, the intermediate regions in 
the ordered structure play an important role in the deter-
mination of the degree of crystallinity. With the higher con-
centration of NaOH, the intermediate regions gradually 
become disordered.16,17

In Table 2, the untreated S and R showed low and high 
degrees of crystallinity of 55.9% and 74.6%, respectively. A 
similar degree of crystallinity for ramie and pineapple fi bers 
were also found in other research.18–21 For the treated fi bers, 
Sd and Rs showed low and high degrees of crystallinity of 
55.1% and 77.0%, respectively. Other researchers18–21 found 
simi-lar degrees of crystallinity for alkali-treated ramie and 
pineapple fi bers. However, the degree of crystallinity of the 
steam-treated S and P have not been investigated before.

For sample R, the fi ber after steam treatment showed 
higher degrees of crystallinity than those obtained with 
untreated and alkali-treated samples. The degree of crystal-
linity of R and P decreased slightly, and that of S increased 
after alkali treatment. Zhou et al.20 found different results 
for the crystallinity of alkali treatment. Their results showed 
that the crystallinity of the fi ber treated with NaOH for 
10 min at 25°C increased with NaOH concentration for con-
centration up to 8%.

Fiber orientation was determined in terms of the crystal-
line region with the result shown in Table 2. Figure 3 shows 
orientation distributions of cellulose crystallite in the fi ber 
samples. The orientation distributions of steam-treated 
fi ber were sharper than for untreated and alkali-treated 
fi ber. The steam treatment for all fi ber provided higher 
values of fc than untreated and alkali-treated fi bers. The 
maximum and minimum values of fc were obtained for Rs 
and Pd, respectively. Zhou et al.20 found that the crystallite 
orientation decreased with increasing NaOH concentration 
on treated ramie.

Untreated sansevieria

Alkali treated sansevieria
Steam treated sansevieria
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Fig. 2. X-Ray diffraction diagrams of untreated and treated fi bers
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Fig. 3. Orientation distributions of cellulose crystallite in the fi ber 
samples. P, Untreated pineapple; Pd, 2% NaOH-treated pineapple; Ps, 
steam-treated pineapple; R, untreated ramie; Rd, 2% NaOH-treated 
ramie; Rs, steam-treated ramie; S, untreated sansevieria; Sd, 2% 
NaOH-treated sansevieria; Ss, steam-treated sansevieria
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Table 2 also shows the lateral size of the crystallite cal-
culated from the diffraction of the [200] lattice plane. It was 
observed that the steam treatment for all fi bers gave slightly 
higher values of L(hkl) than untreated and alkali-treated 
fi bers. The maximum and minimum values of crystallite size 
were 37.9 and 25.9 Å for Rs and S, respectively. Hindeleh 
and Johnson14 found the crystallite size of ramie fi ber was 
32.1 Å.

Morphological characteristics

Surface morphology of each fi ber was observed using FE-
SEM. Figure 4 shows SEM micrographs of the surface of 
untreated and treated S, as representative of other fi bers. 
The observation of the fi ber surface revealed that the fi bers 
were bundles of aggregated monofi laments. The alkali-
treated fi ber (Fig. 4b) looked cleaner than the others, and 
fi ber bundles were more separated, with a highly serrated 
surface. This fi nding proves with certainty that the treated 
fi ber changed into a porous bundle structure. Mohanty 
et al.4 mentioned that alkali treatment removes a certain 
amount of lignin, wax, and oils covering the external surface 
of the fi bers. The existence of lignin on the untreated fi ber 
gives it a rougher surface than that of alkali-treated fi ber.

On the other hand, Fig. 4c shows that the fi bers after 
steam treatment have not drastically changed compared 
with untreated fi ber. Nevertheless, the surface of steam-
treated fi ber was slightly smoother than untreated fi ber, and 
any surface material that may have been present (lignin, 
wax, or oils) was probably removed. As the pictures show, 
the monofi laments of the steam-treated fi ber was visible.

Figure 4d, e shows the surfaces of fi bers coated with 4% 
and 8% chitosan solutions. The surface conditions of chito-
san-coated fi bers did not drastically change and were similar 

to those of steam-treated fi ber. The 4% chitosan treatment 
gave more uniform coverage on the fi ber surfaces than the 
8% chitosan treatment. The reason for this difference was 
thought to be that the 4% chitosan solution had a lower 
viscosity than the 8% solution.

Tensile properties

Typical stress–strain curves of untreated and treated fi bers 
obtained during tensile testing are shown in Fig. 5. Slopes 

cba
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Fig. 4a–e. Scanning electron micrographs of surface morphology of sansevieria fi ber. a Untreated sansevieria, b 2% NaOH-treated sansevieria, 
c steam-treated sansevieria, d 4% chitosan-coated sansevieria, e 8% chitosan-coated sansevieria. Bars 10 mm
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of stress–strain curves of all fi bers treated with steam and 
4% chitosan were higher than those for untreated fi bers, 
while the slopes of the stress–strain curves of all fi bers 
treated with alkali and 8% chitosan were lower than those 
for untreated fi bers. The curves showed some plastic defor-
mation until breakage in all fi bers. The fracture strain of the 
fi ber increased slightly after treatment with alkali, and 8% 
chitosan solution and decreased after treatments with steam 
and 4% chitosan solution. The tensile strength and Young’s 
modulus of Rs were higher than those of other fi bers. High 
toughness values were obtained for Rs (19.5 MPa) and Rc4 
(18.7 MPa).

The mechanical properties of untreated and treated 
fi bers are shown in Fig. 6 and Table 3. Rs provided higher 
values of the average tensile strength and Young’s modulus 
than other fi bers (892 MPa and 76.5 GPa, respectively). The 
lowest tensile strength and Young’s modulus were for Sc8 
(510 MPa and 11.9 GPa, respectively). The tensile strength 
of Rs is higher than that of nylon (75 MPa), polypropylene 
(80 MPa), aluminum (200 MPa), and steel (760 MPa), but 
lower than spider silk (1200 MPa). In addition, the Young’s 
modulus of Rs was higher than polypropylene (2 GPa), 
polyethylene (2.5 GPa), polystyrene (3.5 GPa), and alumi-
num (70 GPa), but lower than Kevlar 49 (127 GPa).22,23 
Analysis of variance showed that the differences in the 
tensile strength and Young’s modulus of the fi bers were 
signifi cant (P < 0.05). Therefore, the steam treatment 
improves the tensile properties of fi bers.

The large confi dence interval (Table 2) indicates the 
large variation in the mechanical properties of fi bers, which 
is often observed for natural fi bers as found in our previous 
study and by other authors.2,24–26 Plots of mechanical proper-
ties versus diameter of the fi ber specimens are presented in 
Fig. 6 and help to evaluate the large variation in the mechani-
cal properties. The plots show a decreasing tendency in the 
tensile strength and Young’s modulus with increasing diam-
eter of the untreated and treated fi bers. Similar relation-

Table 3. Mechanical properties of the untreated and treated nonwood plant fi ber bundles

Fibers Strain Tensile strength Young’s modulus Toughness
 (%) (MPa) (GPa) (MPa)

P 3.7 ± 0.7 635 ± 143 b 24.6 ± 5.8 a  9.9 ± 3.3 a
Pd 4.3 ± 0.7 548 ± 141 a 23.9 ± 0.7 a  9.9 ± 3.0 a
Ps 3.3 ± 0.6 729 ± 171 c 35.5 ± 1.1 b 14.9 ± 4.1 b
Pc4 3.5 ± 0.5 689 ± 170 bc 39.1 ± 1.2 b 13.2 ± 3.9 b
Pc8 3.8 ± 0.9 502 ± 92 a 26.4 ± 0.8 a 10.0 ± 2.9 a
R 3.4 ± 0.4 830 ± 174 b 43.4 ± 1.6 b 16.4 ± 3.0 b
Rd 3.9 ± 0.7 554 ± 127 a 21.3 ± 0.7 a 13.6 ± 3.0 a
Rs 2.6 ± 0.5 892 ± 163 b 76.5 ± 1.6 d 19.5 ± 2.9 c
Rc4 2.8 ± 0.3 875 ± 141 b 62.4 ± 1.4 c 18.7 ± 2.6 c
Rc8 3.5 ± 0.7 610 ± 138 a 26.7 ± 1.1 a 15.2 ± 3.0 b
S 5.3 ± 1.0 560 ± 99 b 13.6 ± 0.2 b 12.6 ± 2.3 b
Sd 5.0 ± 0.9 577 ± 82 b 13.3 ± 0.2 b 12.9 ± 2.2 b
Ss 5.0 ± 1.0 697 ± 86 c 18.4 ± 0.2 d 14.8 ± 2.2 c
Sc4 5.0 ± 0.8 601 ± 86 b 15.7 ± 0.2 c 15.0 ± 2.3 c
Sc8 5.4 ± 0.9 510 ± 100 a 11.9 ± 0.2 a 10.7 ± 2.0 a

Diameter data are given as averages and 95% confi dence interval
Values in the same column in each fi ber with different letters are signifi cantly different by Tukey’s 
test (P < 0.05)

0

200

400

600

800

1000

1200

1400

0 20 40 60 80 100 120 140 160 180 200
Diameter (µm)

T
en

si
le

 s
tr

en
gt

h 
(M

Pa
)

Rs
Rc4R

Ps

Pc4

PRc8

Rd 

Pc8

Ss

Sc4

Sd

Pd

S
Sc8

Rs
Rc4

R

Ps

Pc4

P

Rc8

Rd

Pc8

Ss
Sc4

Sd

Pd

S

Sc8

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160 180 200
Diameter (µm)

Y
ou

ng
's 

M
od

ul
us

 (G
Pa

)

Fig. 6. Relationships between diameter and tensile strength (top) and 
Young’s modulus (bottom) for untreated and treated fi bers
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ships were found in our previous study on untreated fi bers 
and by other authors.2,27,28 Rs, Rc4, and R samples with a 
narrow range of diameters showed a higher distribution of 
values for the tensile strength and Young’s modulus than 
other fi bers. The mild steam and 4% chitosan treatments 
improved the tensile properties of untreated fi bers.

The decreases in tensile strength and Young’s modulus 
of alkali-treated fi bers were probably due to the decrease 
in the degree of crystallinity and crystallite orientation. 
During alkali treatment for 2 h at high temperature (95°C), 
some materials (lignin, wax, oil) were removed from the 
surface of the fi bers, and the fi ber monofi laments become 
visible (Fig. 4b). In addition, high water absorption causes 
the swelling of cellulose fi bers, resulting in poor mechanical 
properties.3,5,20 Thus, the degrees of crystallinity and crystal-
lite orientation of alkali-treated fi bers were lower than 
others. This fact also may attribute to fi ber damage.

Other researchers found that the tensile strengths of 
ramie and jute fi ber were decreased with decreasing de-
gree of crystallinity and crystallite orientation order.14,16,17 
Mohanty et al.4 mentioned that high temperature, high 
alkali concentration, and high water absorption may depo-
lymerize the native cellulose and delignify the fi ber exces-
sively, which can adversely affect the strength of the fi ber.

The decreases in tensile strength and Young’s modulus 
also occurred in the fi bers coated with 8% chitosan solution. 
The reason seemed to be that the diameter of 8% chitosan-
coated fi bers was higher than other fi bers with similar load 
values, which caused the tensile properties to be inferior to 
the others. In addition, the 8% chitosan solution, which has 
high viscosity, did not uniformly cover the surface of the 
fi ber (Fig. 4e), and the fi ber became slightly more rigid, 
making it easier to fracture during tensile test.

On the other hand, the increases in tensile strength and 
Young’s modulus of steam-treated fi bers were probably due 
to the increases in degree of crystallinity, crystallite orienta-
tion order, and crystallite size (Table 2). As shown in 
Fig. 4c, the fi ber surface structure had not changed, while 
some materials (lignin, wax, oils) were removed, and the 
monofi lament of the steam-treated fi ber became visible. 
The increases in tensile strength and Young’s modulus also 
occurred for the 4% chitosan-coated fi bers. The reason 
appeared to be that 4% chitosan solution with its low vis-
cosity had uniformly covered the surface of the fi bers (Fig. 
4d), and the solution was to interact easily with the fi bers.

Research on the chitosan-coated plant fi bers has not 
been fully exploited. Liu et al.1 found that the low concen-
tration (1%–2%) of chitosan solution did not improve the 
mechanical properties of oxidized cotton fi ber. Bangyekan 
et al.29 found that the tensile stress of chitosan fi lm increases 
with the concentration of the chitosan solution. They also 
found that for the chitosan-coated cassava starch fi lms, the 
tensile strengths of fi lms increased only slightly with chito-
san concentration up to a concentration of 2%, but that the 
strength observed with 4% chitosan solution was twice that 
observed for 2% chitosan solution. It can be concluded that 
4% chitosan fi lms or coated fi bers, also used in our experi-
ment, provided higher tensile properties than 2% chitosan 
solution.

Conclusions

The physical, morphological, and mechanical properties of 
untreated fi bers and those treated with NaOH, mild steam, 
and chitosan solutions were characterized. SEM micro-
graphs showed that the surface of NaOH-treated fi ber was 
damaged. The 4% chitosan solution covered the fi ber 
surfaces more uniformly than the 8% chitosan solution. 
The values of degree of crystallinity, crystallite orientation 
factor, and crystallite size of steam-treated fi bers were 
higher than untreated fi bers and NaOH-treated fi bers. The 
values of tensile strength, Young’s modulus, and toughness 
of the steam-treated fi bers were similar to those of 4% 
chitosan-coated fi bers, but were higher than those of the 
untreated fi bers, the 8% chitosan-coated fi bers, and the 
NaOH-treated fi bers. The tensile properties of fi bers showed 
a decreasing tendency with increasing fi ber diameter. Ramie 
fi ber shows higher mechanical properties than other fi bers. 
The mild steam treatment was found to be an effective 
method to enhance mechanical properties of fi bers that can 
be used for high-performance plant fi ber composites.
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