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ABSTRACT: The mechanical properties of tossa jute fibers were improved by using
NaOH treatment process to improve the mechanical properties of composites materials.
Shrinkage of fibers during this process has significant effects to the fiber structure, as
well as to the mechanical fiber properties, such as tensile strength and modulus.
Isometric NaOH-treated jute yarns (20 min at 20°C in 25% NaOH solution) lead to an
increase in yarn tensile strength and modulus of ; 120% and 150%, respectively. These
changes in mechanical properties are affected by modifying the fiber structure, basi-
cally via the crystallinity ratio, degree of polymerization, and orientation (Hermans
factor). Structure–property relationships, developed for cellulosic man-made fibers,
were used with a high correlation factor to describe the behavior of the jute fiber yarns.
© 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71: 623–629, 1999
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INTRODUCTION

Although, as with most of the other vegetable
fibers, cellulose forms the main structural compo-
nent of jute, the noncellulosic components (e.g.,
lignin and hemicellulose) also play an important
part in the characteristic properties of the fibers.
Jute hemicellulose—which is thought to consist
principally of xylan, polyuronide, and hexosan—
has been shown to be very sensitive to the action
of caustic soda (2 h at room temperature), which
exerts only a slight effect on lignin or a-cellulose.1

Cold caustic soda solutions in any concentration,
from 0.25 up to 20%, practically dissolve no lignin
from the jute fibers; but, boiling caustic soda so-
lutions, from 0.1 to 2% in strength, dissolve
; 20% of it.1 The hexosans of jute fibers can be
removed by dilute NaOH in the cold much more

easily than other constituents of the hemicellu-
lose.1

A newer paper2 on the alkali treatment of jute
fibers reports the removal of lignin and hemicel-
lulose that affects the tensile characteristics of
the fibers. When the hemicelluloses are removed,
the interfibrillar region is likely to be less dense
and less rigid, and thereby makes the fibrils more
capable of rearranging themselves along the di-
rection of tensile deformation. When jute fibers
are stretched, such rearrangements among the
fibrils would result in better load sharing by
them, hence higher stress development in the fi-
ber.1,2 On the other hand, softening of the inter-
fibrillar matrix adversely affects the stress trans-
fer between the fibril and, thereby, the overall
stress development in the fiber under tensile de-
formation. As lignin is removed gradually, the
middle lamella joining the ultimate cells is ex-
pected to be more plastic, as well as homogeneous,
due to the gradual elimination of microvoids,
whereas the ultimate cells themselves are only
slightly affected.2
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Furthermore, some authors3–5 report on the
coir3,4 and flax5 fiber changes in crystallinity
through alkali treatment. The increase in the per-
centage of crystallinity index of alkali-treated fi-
bers occurs because of the removal on the cement-
ing materials, which leads to a better packing of
cellulose chains.3 Additionally, treatment with
NaOH leads to a decrease in the spiral angle
and increase in molecular orientation depen-
dent on shrinkage state. A fair amount of ran-
domness is introduced in the orientation of the
crystallites due to the removal of noncellulosic
matter.4 The elastic moduli of natural fibers, for
instance, are expected to increase with an in-
creasing degree of molecular orientation. Well-
oriented cellulosic fibers, such as flax have a
much higher Young’s modulus than fibers with
medium orientation, such as cotton.6 In addi-
tion to the modification of orientation and the
consolidation of weak points, other important
factors with regard to the mechanical proper-
ties could be the crystallite length and degree of
crystallinity, as well as the removal of fractions
of cellulose of a very low degree of polymeriza-
tion.7

The elastic properties of natural fibers may be
predicted by recognizing the structural features
of the cell walls in applying micromechanical the-
ories. One of the first theories is published from
Hearle,8 followed by some theories based on the
classical lamination theory (Cave, 1968; Mark,
1972; Schniewind, 1972).9 These models take into
account the spiral angle of the cellulose fibrils and
the content of cellulose and noncrystalline re-
gions.

On the other hand, properties such as fiber
strength are significantly influenced by crystal-
linity of the fibers, length of their crystallites, and
the orientation of crystallites with respect to the
fiber axis and others.10,11 Krässig12 used this fact
to develop empirically based structure–property
relationships for man-made cellulosic fibers, such
as different rayon fiber types and cotton, as well
as to discuss the strength degradation of raw flax
fibers due to an acid hydrolysis.13 Furthermore,
the strength of other cellulose-based natural fi-
bers, such as ramie14,15 or banana fibers,16 was
similarly affected by these structural features
and was successfully correlated by taking into
account the average fiber degree of polymeriza-
tion14,15 or Hermans factor and cellulose con-
tent.16

EXPERIMENTAL

Used Materials and Fiber Treatment

Tossa jute fiber yarns from J. Schilgen GmbH &
Co., with a fineness of ; 280 tex and a tenacity of
13.5 cN/tex, were used for this study.

With pretreatment, the fibers were dewaxed in
methanol-benzene (1 : 1) for 24 h to remove the
weaving size (potato starch and waxes). Alkali
treatment was conducted by treating the fiber
samples with different solutions with NaOH con-
centrations up to 28 wt % for maximum 30 min at
two different temperatures (20°C and 50°C, re-
spectively), followed by washing the fibers in dis-
tilled water, neutralization with 2 wt % sulfuric
acid, washing again, and drying.17

Used Methods

A yarn tensile test (according to DIN 53 834),
with a free span length of 500 mm and a test
speed of 2 mm min21, was used to measure the
modulus and strength of the untreated and alka-
li-treated jute fiber yarns at ambient tempera-
ture. Ten samples were investigated; in each case,
the standard deviation was at a maximum of 15%.

The crystallinity ratio, CrR, was investigated
according to the method of Ant-Wuorinen and
Visapää, which is described in detail else-
where.12,18 By this method, the crystallinity is
calculated by the ratio between the crystalline
scatter of the (002) reflection, Crh, with the
height of the “amorphous reflection,” Amh [eq.
(1)].

CrR 5 1 2
Amh
Crh (1)

The average degree of polymerization of the
whole fiber, as a typically used value to charac-
terize cellulose-based natural fibers,13,15 was de-
termined by the Ubbelohde viscometric method17

with a standard Cuoxam solution. The DP was
calculated with eq. (2):

DP 5
hsp

1 1 0.28hsp

200
c

with hsp 5
t
t0

2 1

for 0.1 , hsp , 0.2 (2)
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where hsp is the specific viscosity, c is the concen-
tration, t is the time of flow of the jute-cuoxam
solution, and t0 is the time of flow of the neat
cuoxam solution itself.

X-ray investigations were done19 by using a
Siemens-Diffraktometer D5000 in symmetrical
transmission. The Hermans factor, as a value for
the chain orientation of the crystallites with re-
spect to fiber axis, was estimated from the (004)
interference of oriented fiber bundles.

Scanning electron microscopic investigations
were performed compare the fracture behavior of
untreated and alkali-treated fibers.

RESULTS AND DISCUSSION

Physical Properties

The influence of NaOH treatment time on the
shrinkage of jute fiber yarns at different temper-
atures is shown in Figure 1. It was observed that
the rate of the reaction for both temperatures is
very fast, within ; 5–7 min. The major portion of
the reaction seems to be completed after a maxi-
mum of 15 min. MacMillan and colleagues20 also
observed comparable results for jute fibers for the
loss in weight as a function of the treatment time
for different treatment temperatures (22°C up to
boil) and concentrations (1 up to 10 wt % NaOH).
They discussed that, during the rapid initial pe-
riod of reaction, acetyl groups—together with a
small portion of the hemicellulose—are attacked
and removed.

Treatments with strong concentrated alkali so-
lutions, as in Figure 1 with 28 wt % NaOH, are
more drastic than in the case of the investigations

from MacMillan and colleagues.20 Therefore, ad-
ditionally, effects like breakages of bonds along
with a pronounced disorientation effect are typ-
ical.21

The NaOH treatment leads to further changes
in mechanical properties of the fibers, such as
tensile modulus and tensile strength (Fig. 2 for
jute) independent of shrinkage during alkali
treatment and other treatment parameters. Ac-
cording to Roy21 and Zeronian,22 for jute and cot-
ton fibers, respectively, these changes are possi-
ble due to interacting factors such as:

1. rupture of alkali-sensitive bonds existing
between the different components of the
fiber as a result of swelling and partial
removal of the hemicellulose; the fiber be-
comes more homogeneous through micro-
void elimination (e.g., the stress transfer
between ultimate cells improves)2,21,22

2. formation of new hydrogen bonds between
certain cellulose chains due to the removal
of hemicellulose, which normally separates
the cellulose chains; this may also occur as
a result of the release of initial strains and
subsequent readjustments to the chains af-
ter intracrystalline swelling action, thus
resulting in a probable change in the ori-
entation of noncrystalline cellulose21,22

3. change in the parts of crystalline cellu-
lose21,22

4. changes in the orientation of molecular
chains.21,22

It is well-known from results of mercerized cot-
ton fibers,6 for instance, that Young’s modulus or
tensile strength in the direction of the fiber axis

Figure 2 Influence of shrinkage during the alkaliza-
tion process on the modulus and strength of jute fiber
yarns (25 wt % NaOH, treatment time 5 20 min, treat-
ment temperature 5 20°C).

Figure 1 Influence of treatment time and tempera-
ture on the shrinkage of jute fiber yarns due to NaOH
treatment (28 wt % NaOH solution).
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increases with increasing mercerizing stretch, be-
cause of a reduction of interfiber differences in
mechanical properties due to reducing interfiber
differences in orientation.6 A comparable behav-
ior, as was discussed for these cotton fibers, was
found for NaOH-treated jute fiber yarns (as
shown in Fig. 2).

In comparison with untreated fibers, this dis-
tinctly improved yarn modulus (150%) and
strength (120%) in the case of isometric NaOH-
treated yarns was based on the above factor of 1
to 4, as well as on the change in geometric shape
and dimensions of the fiber (reduced in diameter
to ; 28%), which is typical2 of these treatment
conditions.

Furthermore, these changes in fiber structure
because of NaOH treatment under different
shrinkage states lead to alternated fracture be-
havior (as shown in Fig. 3). For the NaOH-treated
yarns under slack conditions [Fig. 3(a)], longer
pull-outs of cellulose microfibrils from the hemi-
cellulose/lignin matrix, as is the case for isometric
conditions, are characteristic.

Fiber Structure

Depending on the applied tension on the fiber
during NaOH treatment, various effects—such as
changes in the crystalline modification of cellu-
lose (I to II), changes in geometric shape and
dimensions, changes in degree of crystallinity and
degree of polymerization, as well as changes in
fibrillar orientation—are possible.

Many authors3–6,21,22 reported changes in crys-
tallinity through alkali treatment for coir,3,4 flax,5

jute,21 and cotton6,22 fibers. An increase in the
crystallinity ratio CrR, from 81% for the un-
treated fibers to CrR 5 85% (Fig. 4), occurs (ac-
cording to Varma and colleagues3) because of the
removal of the cementing material (lignin and
hemicellulose), which probably leads to a better
packing of cellulose chains. In earlier published
results,17 the removal of hemicellulose (from 28
wt % to 17 wt % and for lignin from 11 wt % to a
value of 4 wt %) was given for the same jute fibers
under the same treatment conditions.

The tension applied to the cellulosic material,
whether stretching or limiting the possibilities of
shrinkage, plays a fundamental role with regard
to the transformation of crystalline structure.
Further, if tension is applied during treatment
process, swelling of the cellulose structure is im-
paired, and the conversion of the crystal lattic to

Figure 3 Influence of fiber shrinkage during NaOH
treatment on the fracture behavior of jute fiber yarns
(26 wt % NaOH, treatment time 5 20 min, treatment
temperature 5 20°C). (a) Slack conditions. (b) Isomet-
ric conditions.

Figure 4 Influence of shrinkage during the alkaliza-
tion process on the crystallinity ratio CrR of jute fiber
yarns (25 wt % NaOH, treatment time 5 20 min, treat-
ment temperature 5 20°C).

626 GASSAN AND BLEDZKI



cellulose II is incomplete.23 The ratio of conver-
sion of cellulose I to cellulose II, for cotton7 and in
general24 for investigated jute17 fibers, is more
pronounced when the applied tension is lower.
The investigated slack and isometric NaOH-
treated jute fibers showed17 a cellulose I : cellu-
lose II ratio of 87 : 13 and 97 : 3, respectively.

With respect to crystallinity, the tension
through treatment also plays an important role in
the case of the tested jute fibers, which is in
contrast to the observations for cotton fibers.7

Shrinkage during NaOH treating process affects
the crystallinity ratio CrR, with ; 20% between
the minimum and maximum CrR value. For cot-
ton fibers,7 with a distinctly higher transforma-
tion ratio, the crystallinity of cellulose I with in-
creasing fiber length variation increases; the total
crystallinity decreases in comparison. For the
used jute fibers with only their small transforma-
tion ratios, it is perhaps dominated by the behav-
ior of cellulose I, which is responsible for the
decrease in crystallinity ratio CrR with higher
shrinkage degrees (Fig. 4). The average degree of
polymerization DP of the jute fibers seemed to
decrease, compared with DP ' 400 for untreated
fibers, more or less slightly in the dependence on
shrinkage when alkalized (Fig. 5) what is already
known from (slack and tension) mercerization of
cotton fibers.23 In contrast to the observations by
alkali treatment of cotton fibers with a cellulose
content for untreated ones up to 94 wt %,6 degra-
dation of the degree of polymerization of jute fi-
bers due to alkali action is combined with dis-
tinctly redamptions of low molecular weight prod-
ucts, such as hemicellulose.

Additionally, dependent on shrinkage state, a
change in orientation (Hermans factor) was ob-

served for jute fibers (Fig. 5). Isometric and slack
conditions lead to changes of Hermans factor,
from 0.943 for the untreated fibers to 0.954 and
0.937, respectively. Sreenivasan and colleagues4

and Shelat and colleagues6 published similar gen-
eral tendencies for coir and cotton fibers, respec-
tively. Sreenivasan and colleagues4 discussed
their observations with the influence of the re-
moval of intracellular inclusions (e.g., the noncel-
lulosic hemicellulose) due to the alkali attack.

Correlation Between Fiber Structure and Properties

For cellulosic man-made,12,25 cotton,6,26 ramie,14,15

banana,16 and jute6 fibers, respectively, many au-
thors6,12,14–17,25,26 showed that changes in mechan-
ical properties can be attributed almost exclusively
to changes in crystallite orientation6,12,16,17,25,26

(Hermans factor), the average fiber degree of poly-
merization,14,15 and cellulose content.16 An obvious
flaw was found in correlating mechanical proper-
ties, such as static Young’s modulus with a crystal-
lite orientation factor.6,12,16,17,25,26 Tripp and col-
leagues27 reported that the strength of the cotton
fibers was related to a number of supermolecular
structural factors, especially to the average fiber
molecular chain length and crystallite orientation.

With respect to more general relations between
mechanical properties and structure of cellulose-
based fibers, Krässig12 published cellulosic man-
made fiber coherences [eq. (3)] for tensile strength
by taking into account the crystallinity ratio CrR
and Hermans factor fr .

s } CrRfr
i (3)

In the case of dry rayon fibers, the exponent i
was given by 2, and in the case of wet fibers by

Figure 6 Correlation between the crystallinity ratio
CrR and Hermans factor fr and the tenacity of NaOH-
treated jute fiber yarns.

Figure 5 Influence of shrinkage during the alkaliza-
tion process on the degree of polymerization and Her-
mans factor fr of jute fiber yarns (25% NaOH, treat-
ment time 5 20 min, treatment temperature 5 20°C).
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2.5. Using eq. (3) to formulate the materials be-
havior of treated jute fiber yarns, a good agree-
ment with experimental data (correlation factor
of 87%) was found (Fig. 6). Krässig12 further de-
scribed the tensile behavior of various man-made
fibers by eq. (4).

s }F 1
DP 2

1
LODPGCrRfr

2,5 (4)

This equation explains that strength is de-
pendent on the length of the fiber-forming (cel-
lulose) molecules (DP) in relation to the length
of the elementary crystallites (LODP) forms the
structure network of the fiber, on the perfection
of lateral order CrR and on the degree of orien-
tation fr.

Similar to published results of cellulosic man-
made fibers, the tenacity of the NaOH-treated
jute fiber yarns increases with increasing product
of the structural parameters according to eq. (4)
(Fig. 7). The correlation factor with 66% is not as
good as the data fitting by eq. (3). Thus, the ad-
ditional structural feature, the degree of polymer-
ization, has no effect with regard to the correla-
tion effectivity.

CONCLUSIONS

The mechanical properties of tossa jute fibers
were influenced by using the NaOH treatment
process. Shrinkage of fibers during this treatment
had significant influences on the fiber structure
(crystallinity ratio, degree of polymerization, and
Hermans factor), as well as on the mechanical

fiber properties, such as tensile strength and
modulus. Isometric NaOH-treated jute yarns (20
min at 20°C in 25 wt % NaOH solution) lead to an
increase in yarn tensile strength and a modulus of
; 120% and 150%, respectively. Under slack con-
ditions, the mechanical properties are up to 10%
of the values of untreated yarns.

These changes in mechanical properties are
affected by modifying the fiber structure basically
via the crystallinity ratio, degree of polymeriza-
tion, and orientation (Hermans factor).

Due to the alkali action under isometric condi-
tions, the crystallinity ratio slightly increases
from 81% to 85%. Higher shrinkage rates reduce
the crystallinity ratio to values of 60% in the slack
state. The degree of polymerization decreased,
compared with untreated values more or less
slightly dependent on the shrinkage state. The
isometric and slack alkalization of the jute fibers
led to further changes of Hermans factor, from
0.943 for untreated fibers to 0.954 and 0.937, re-
spectively. Hermans factor correlated linearly
with fiber shrinkage, whereas higher shrinkage
conditions resulted in a lower orientation.

Structure–property relationships, developed
for cellulosic man-made fibers, were used with a
high correlation factor to describe the behavior of
jute fiber yarns. Correlations, with a correlation
factor of 87%, were reached by using eq. (3).
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