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a b s t r a c t

In present study, jute fibers were pre-treated with ozone gas to remove the lignin. The effect of ozone
treatment on change in single fiber strength, fiber surface morphology, whiteness, moisture absorbency,
etc was studied. For comparison purpose, chemical pre-treatment of jute fibers was also carried out. In
subsequent step, untreated, chemical and ozone pre-treated jute fibers were hydrolyzed by cellulase
enzymes for separation of longer jute micro crystals. The influence of non-cellulosic contents on the
enzyme hydrolysis and morphology of obtained micro crystals was presented. Later, 3 wt% of these jute
micro crystals were incorporated into poly (lactic acid) matrix to prepare composite films by solvent
casting. The reinforcement behavior was evaluated from tensile tests, dynamic mechanical analysis, and
differential scanning calorimetry.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, renewable materials have gained significant
importance due to limited availability of petroleum resources and
increased awareness of environmental concerns. The natural fibers
are increasingly replacing glass, carbon and other synthetic fibers in
composite applications [1]. Jute is commonly used as reinforcement
in composites due to its higher strength and higher aspect ratio. In
addition, jute has another important inherent properties such as
biodegradability, moderate moisture regain, good thermal and
acoustic insulation and low price [2]. Nevertheless, for further
growth of jute fiber based composites, it is necessary to overcome
certain drawbacks. Jute fibers have few disadvantages such as high
moisture absorption, swelling, low toughness, limited compati-
bility with some matrices, low processing temperature, low ther-
mal stability, high biodegradability, and low dimensional stability
[3]. To overcome these drawbacks, considerable efforts have been
made by the researchers such as surface modification of jute fibers,
isolation of elementary cellulose fibrils/crystals, etc.

Jute fibers consist of lignin (12e14%), hemicellulose (21e24%),
cellulose (58e63%), fats and waxes (0.4e0.8%), inorganic matter
(0.6e1.2%), nitrogenous matter (0.8e1.5%) and traces of pigments
[4,5]. However, the presence of non-cellulosic substances found to
Baheti).
hinder the reaction between hydroxyl groups of fibers and polymer
matrices, which consequently deteriorated the mechanical prop-
erties of composites [6]. In order to have better bonding between
fibers and matrix, the non-cellulosic contents should be removed.
The various surface treatments such as sodium hydroxide,
peroxide, organic and inorganic acids, silane, anhydrides and
acrylic monomers have been attempted by researchers in previous
works to improve the compatibility between fibers and matrix [6].
However, such chemical treatments are not environment friendly
and requiremore energy, time andwater. Themotivation of present
work was to search for alternative techniques for surface modifi-
cation of jute fibers.

The oxidation of jute fibers using ozone gas is one of the alter-
natives over chemical treatments for removal of lignin. Ozone is an
oxidizing agent with a strong oxidation potential of 2.07 V [7]. It is
an unstable allotrope of oxygen containing three atoms. Ozone is
highly reactive towards compounds incorporated with conjugated
double bonds and functional groups of high electron densities [8].
Due to high content of C]C bonds in lignin, ozone treatment of jute
fibers is likely to remove lignin by release of soluble compounds of
less molecular weight such as organic acids. Therefore, the ozone
treatment is environment friendly, causes minimal degradation of
cellulose and hemicelluloses, and requires less energy, time and
water [9]. The effectiveness of ozone treatments in the textile wet
processing has already been demonstrated. The ozone treatment
was found suitable for bleaching of cotton [8]. In another study, the
effect of ozone was found to improve the whiteness degree and dye
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Fig. 1. Set up for ozone treatment of jute fibers.
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ability of Angora rabbit fibers [10]. The study of ozone treatment on
silk reported it to turn into yellowish, harsh and without luster [7].

More recently separation of individual cellulose fibrils or crys-
tals is reported in many research works for achieving extremely
higher mechanical properties suitable in high performance com-
posites [11]. In order to disintegrate fibers to the level of mechan-
ically strong cellulose elementary fibrils without complete
dissolution, it is necessary to work on chemically less aggressive
hydrolysis concepts. The ozone pre-treatment of jute fibers before
the action of enzyme hydrolysis is considered to be advantageous in
this aspect. Due to removal of lignin by ozone pre-treatment, the
jute fibers are expected to have less strength and more open
structure. In this way, even a less concentration of cellulase enzyme
or less hydrolysis time is likely to provide extensively entangled
networks, higher strength and higher aspect ratio of the cellulose
elementary fibrils. Cellulases are a group of multi component
enzyme systems produced by microorganisms that help in the
degradation of cellulose. The filamentous fungus Trichoderma reesei
is one of the most efficient producers of extra cellular cellulase
enzyme [12]. There are further two sub-groups of cellulase that
affect crystalline and amorphous regions of cellulose separately.
Cellobiohydrolase attacks the crystalline structure of cellulose,
whereas endogluconase catalyzes the hydrolysis of amorphous
cellulose [13].

In present study, jute fibers were pre-treated with ozone gas for
removal of lignin. The change in single fiber strength, fiber surface
morphology, whiteness, moisture absorbency, etc of jute fibers due
to ozone pre-treatment is discussed in detail. For comparison
purpose, chemical pre-treatment of jute fibers was also carried out.
In subsequent step, untreated, chemical and ozone pre-treated jute
fibers were hydrolyzed by cellulase enzymes for separation of
longer jute micro crystals. The influence of non-cellulosic contents
on the enzyme hydrolysis and morphology of obtained micro
crystals was investigated. Later, 3 wt% of jute micro crystals were
incorporated into poly (lactic acid) (PLA) matrix to prepare com-
posite films by solvent casting. The reinforcement behavior was
evaluated from tensile tests, dynamic mechanical analysis, and
differential scanning calorimetry.

2. Materials and methods

2.1. Materials

Short waste jute fibers were obtained from India. The fibers
were measured to have a density of 1.58 g/cm3, modulus of 20 GPa,
tensile strength of 440 MPa and elongation of 2%. PLA was pur-
chased from NatureWorks LLC, USA through local supplier Resinex,
Czech Republic. The PLA had a density of 1.25 g/cm3 and the
average molecular weight (Mw) of 200,000. The chloroform, which
was used as solvent, purchased from Thermofisher Czech Republic.
The TEXAZYM AP cellulase enzyme was provided by the company
INOTEX in Czech Republic. The optimal pH in range of 4.5e5.5 and
temperature in range of 50e60 �C was selected for enzyme activity.

2.2. Pre-treatment of short jute fibers

In order to remove the non-cellulosic contents in jute fibers,
chemical and ozone pre-treatment was carried out before the
enzyme hydrolysis.

2.2.1. Chemical pre-treatment
It was carried out sequentially with 4% sodium hydroxide

(NaOH) at 80 �C for 1 h and with 7 g/L sodium hypochlorite (NaOCl)
at room temperature for 2 h under pH 10e11. Subsequently, the
fibers were antichlor treated with 0.1% sodium sulphite at 50 �C for
20 min.
2.2.2. Ozone pre-treatment
Jute fibers were treated with ozone gas for the duration of 4 h.

For effective ozone treatment, one humidification system was
introduced between Oxygen Concentrator Krober MEDI-
ZINTECHNIK and Ozone Generator TRIOTECH GO 5LAB-K as shown
in Fig. 1. The jute fibers were pre-humidified by spraying 50% water
(w/w) and then placed inside the container for ozone treatment of
4 h. The ozone concentration 4.5 mg/L with charging time of
1.5 min was used. The oxygen production setting of 5.0 L/min was
used as an input source for the Ozone Generator. After ozone
treatment, the jute fibers were washed with 1 g/L nonionic sur-
factant for 1 h in order to remove residual ozone. The fibers were
then rinsed by distilled water and dried at 105 �C in an oven for 3 h.
2.3. Characterization of pre-treated jute fibers

2.3.1. Fiber morphology
The surfacemorphology of untreated jute fibers (UTJF), chemical

treated jute fibers (CTJF) and ozone treated jute fibers (OTJF) was
observed using scanning electron microscope. SEM images were
taken on TS5130-Tescan SEM at 20 kV accelerated voltage.
2.3.2. FTIR analysis
The removal of lignin and modification of internal physical

microstructure of the jute fibers after ozone treatments was eval-
uated by FTIR analysis. It was performed on Nicolet iZ10 reflection
ATR technique on an adapter with a crystal of ZnSe.
2.3.3. Single fiber strength
The single fiber strength of untreated, chemical and ozone

treated jute fiber was evaluated from VIBRODYNE Lenzing In-
struments in order to know the change in mechanical properties.
The single fiber strength was performed with a gauge length of
10 mm at a crosshead speed of 10 mm/min and at pre-tension of
2000 mg. Total 50 readings were taken and then average was
calculated. In the end, the additional properties like moisture ab-
sorption, whiteness index, etc. were also determined.
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2.4. Enzyme hydrolysis of pre-treated short jute fibers

The enzyme hydrolysis was carried out in the test tubes con-
taining 5 g/L untreated, chemical and ozone treated jute fibers
under 3% v/v of cellulase enzyme concentration. The pH of solution
was adjusted to 4.8 with the help of 0.05 M acetic acid/sodium
acetate buffer. The test tubes were incubated at 55 �C in a heating
bath of distilled water for 6 days. Subsequently, the samples were
immediately heated to 80 �C for 15 min to deactivate the enzyme
and further cooled to room temperature. Then, the mixture was
transferred into centrifuge bottles. A Hettich centrifuge EBA 20
(Tuttlingen, Germany) was used to separate the solution from the
treated materials. The precipitates were continuously washed with
distilled water and centrifuged at 1400 rpm. The obtained sus-
pension was further subjected to ultrasonic treatment in order to
separate the individual micro crystals. Later, the suspension was
transferred in solvent isopropanol to avoid hornification of jute
micro crystals during drying. In this way, untreated jute micro
crystals (UTJMC), chemical treated jute micro crystals (CTJMC) and
ozone treated jute micro crystals (OTJMC) were obtained.

2.5. Characterization of jute micro crystals

Particle size distribution of UTJMC, CTJMC and OTJMC obtained
after 6 days of enzyme hydrolysis was studied onMalvern zetasizer
nano series. Deionized water was used as dispersion medium for
the particles. It was ultrasonicated for 5 min with Bandelin Ultra-
sonic probe before characterization. Refractive index of 1.52 was
used to calculate particle size of jute powder. In addition,
morphology of enzyme hydrolyzed UTJMC, CTJMC and OTJMC was
observed on scanning electron microscope (SEM) of TS5130-Tescan
at accelerating voltage of 20 kV. The amount of 0.01 g of jute
powder was dispersed in 100 ml acetone. The drop of the dispersed
solution was placed on aluminum foil and gold coated after drying.

2.6. Preparation of PLA composite films

The composite films of 3 wt% filler content were prepared by
mixing the calculated amount of UTJMC, CTJMC and OTJMC into
chloroform solution of 5 wt% PLA using a magnetic stirrer. The
stirring was performed at room temperature for 3 h. The composite
mixture was further ultrasonicated for 10 min on Bandelin Ultra-
sonic probe mixer with 50 horn power. The final mixtures then cast
on a Teflon sheet. The films were kept at room temperature for 2
days until they were completely dried and then removed from the
Teflon sheet. One neat PLA filmwas also prepared without addition
of jute micro crystals for comparison purpose.

2.7. Testing of PLA composite films

2.7.1. Differential scanning calorimetry (DSC)
The melting and crystallization behavior of the neat and com-

posite films was investigated on DSC 6 Perkin Elmer instrument
using pyris software under nitrogen atmosphere with sample
weight of 10 mg. The sample was heated from 25 �C to 200 �C at a
rate of 5 �C/min. The crystallinity (%) of PLAwas estimated from the
enthalpy for PLA content in the composites, using the ratio between
the heat of fusion of the studied material and the heat of fusion of
an infinity crystal of same material from equation (1)

% Crystallinity ¼ ðDH=w� DH0Þ � 100% (1)

where DH is heat of melting of sample, DH0 is heat of melting of
100% crystalline PLA i.e. 93 J/g [14] and w is mass fraction of PLA in
composite.
2.7.2. Dynamic mechanical analysis (DMA)
Dynamic mechanical properties of composite films were tested

on DMA DX04T RMI instrument, Czech Republic in tensile mode.
The measurements were carried out at constant frequency of 1 Hz,
strain amplitude of 0.05%, temperature range of 35e100 �C, heating
rate of 5 �C/min and jaw distance of 30 mm. The samples were
prepared by cutting strips from the films with a width of 10 mm.
Four samples were used to characterize each material.
2.7.3. Tensile testing
Tensile testing was carried out using a miniature material tester

Rheometric Scientific MiniMat 2000 with a 1000 N load cell at a
crosshead speed of 10 mm/min. The samples were prepared by
cutting strips from the films with a width of 10 mm. The length
between the grips was kept 100 mm. The total number of ten
samples was used to characterize each material. The interaction of
jute micro crystals and PLA matrix was investigated from the
morphology of composite films using FESEM of Zeiss at 7 kV
accelerated voltage.
3. Results and discussions

3.1. Influence of pre-treatment on jute fibers

3.1.1. Fiber morphology
The removal of non-cellulosic contents after the action of

chemical and ozone pre-treatment was studied from the
morphology of jute fibers. According to the SEM photographs
shown in Fig. 2(a), it can be clearly seen that untreated jute fibers
have a smooth surface and the individual fibers are closely packed
together in bundle form. However, when jute fibers were subjected
to chemical and ozone pre-treatment, the bond between individual
fibers weakened significantly. From Fig. 2(b), the chemically treated
jute fiber revealed significant reduction in fiber diameter and
higher fibrillation tendency, which indicated removal of non-
cellulosic contents to the greater extent including lignin, hemi-
celluloses and pectins [6]. Nevertheless, ozone treated jute fibers in
Fig. 2(c) exhibited uneven rough surfaces, peeling and breaking,
which indicated only partial removal of non-cellulosic contents
such as lignin but not hemicelluloses or pectins.
3.1.2. FTIR spectroscopy
FTIR analysis was carried out to confirm the presence of non-

cellulosic contents in jute fibers after the action of ozone pre-
treatment. Fig. 3 shows the FTIR spectra of UTJF and OTJF. A
broad absorption band in the range of 3300e3500 cm�1 repre-
sented OH stretching vibrations of cellulose and hemicelluloses.
The peak at 1738 cm�1 is attributed to acetyl and uronic ester
groups of hemicellulose or the ester linkage of carboxylic group of
ferulic and p-coumaric acids of lignin and hemicelluloses [6]. This
peak was found to decrease in the spectrum of OTJF to explain the
partial removal of lignin after ozone pre-treatment. The peak at
1642 cm�1 represents aromatic vibration of benzene ring in lignin.
The absorption band at 1537 cm�1 is due to CH2 bending in lignin,
whereas the peak at 1423e1460 cm�1 is due to OH in-plane
bending [15]. The band at 1236 cm�1 corresponds to CeO
stretching of acetyl group of lignin [16]. The reduced height of these
peaks in OTJF confirmed removal of lignin after ozone treatment.
The peaks at 1030 cm�1 and 995 cm�1 are associated with CeO
stretching and CeH rock vibrations of cellulose [16]. The growth of
these peaks in spectra of OTJF over UTJF showed increase in the
percentage of cellulosic components after ozone treatment.



Fig. 2. SEM image of (a) untreated jute fiber, (b) chemical treated jute fiber, (c) ozone treated jute fiber.
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3.1.3. Mechanical properties
From Fig. 4 and Table 1, the tenacity and breaking elongation of

jute fibers was found to reduce after chemical and ozone treatment.
The maximum reduction in tenacity was observed in case of OTJF,
where it dropped from 44.16 cN/tex to 16.01 cN/tex after 4 h of
Fig. 3. FTIR spectra of untreated and ozone treated jute fibers.
ozone treatment. This behavior is attributed to non-uniform
removal of lignin and subsequent formation of more uneven
rough surfaces, peeling, breaking and fibrillation of jute fibers after
the ozone treatment shown in Fig. 2(c). The drop in breaking
elongation from 3.28% to 1.80% could be related to dissolution of
amorphous region after ozone treatment of jute fibers. This clearly
Fig. 4. Single fiber strength of untreated and pre-treated jute fibers.



Table 1
Single fiber strength of jute fibers before and after pre-treatment.

Sample name Initial modulus (cN/tex) Tenacity (cN/tex) Elongation (%)

UTJF 898.64 ± 140.48 44.16 ± 8.81 3.28 ± 0.67
CTJF 266.28 ± 73.78 28.39 ± 6.34 6.98 ± 1.10
OTJF 201.32 ± 84.74 16.01 ± 4.37 1.80 ± 0.28

Fig. 6. Enzyme hydrolyzed jute micro crystals.
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showed that crystalline structure of jute fibers could not be dis-
integrated and rupture of cellulose macromolecules could be
avoided by proper control over ozone induced surface modification
of fibers. In spite of more fibrillation, CTJF was found to have higher
mechanical properties than OTJF. This was due to more uniform
removal of non-cellulosic substances from jute fibers after chemical
pre-treatment shown in Fig. 2(b). The maximum fiber strength of
untreated jute fiber is attributed to presence of lignin, which holds
the number of fibrils together in bundle form shown in Fig. 2(a).
The pattern of mechanical properties of UTJF, CTJF and OTJF was
also evident from SEM images and FTIR analysis discussed in the
previous sections.

3.1.4. Moisture absorption
The ozone treated jute fiber was found to have maximum

moisture absorption tendency than untreated jute fibers. The
moisture regain of ozone treated jute fibers was found near 22.3%,
whereas 10.5% for untreated jute fibers. This behavior is attributed
to the increased uneven rougher surfaces of ozone treated jute fi-
bers, which provided additional specific surface area and pores for
moisture absorption. Another reason for moremoisture absorbency
could be weakening of amorphous region after the ozone
treatment.

3.1.5. Whiteness index
The untreated jute fibers showed the apparent change in color

with respect to all treated samples shown in Fig. 5. The captured
images were analyzed in gray scale and whiteness index was
measured. The whiteness index of chemically treated jute fiber was
found 225, followed by 200 for ozone treated jute fiber and 150 for
untreated jute fibers. This is due to uniform and maximum removal
of non-cellulosic contents after chemical pre-treatment. Never-
theless, ozone treatment was found promising for oxidation of
natural pigments present in jute fibers.

3.2. Influence of enzyme hydrolysis on pre-treated jute fibers

The separated jute micro crystals after 6 days of enzyme hy-
drolysis are shown in Fig. 6. The particle size distribution of jute
crystals obtained from UTJF, CTJF and OTJF are depicted in
Fig. 7(a)e(c) respectively. The pre-treatment of jute fibers was
found to have significant effect on particle size reduction and par-
ticle size distribution of obtained jute micro crystals. The average
Fig. 5. Change in color of jute fi
particle size of UTJMC, CTJMC and OTJMCwas observed as 5392 nm,
3743 nm and 4238 nm respectively from dynamic light scattering
measurements. This clearly indicated easier separation of individ-
ual micro crystals after pre-treatment of jute fibers. On the other
hand, the maximum resistance for enzyme hydrolysis was found in
case of UTJF due to presence of non-cellulosic contents which hold
the fiber bundle together [17].

The enzyme hydrolysis of OTJF was found to result into bigger
crystals having wider size distribution than CTJF. This behavior is
attributed to non-uniform and partial removal of non-cellulosic
contents by ozone treatment, which further offered relatively
higher resistance for diffusion of cellulase enzyme into the jute
fibrous structure [13]. This resulted into uneven dissociation of
glucosidic bonds from surface to core of the cellulose in ozone
treated jute fibers and consequent non-uniform separation ofmicro
crystals havingwider size distribution. The similar results were also
evident from SEM images shown in Fig. 8(a)e(c). The micro crystals
obtained after ozone pre-treatment found to exhibit both cylin-
drical and spherical morphology as shown in Fig. 8(c), whereas
those obtained after chemical pre-treatment revealed only cylin-
drical morphology with higher aspect ratio shown in Fig. 8(b).

The yield of obtained crystals was calculated from the per-
centage of ratio of dry mass of micro crystals to the initial dry mass
of jute. The obtained lower yield of less than 10% in all cases indi-
cated significant amount of conversion of cellulose into glucose,
cellobiose, cellotriose, and cellotetraose by the action of enzymes
[18].
3.3. Thermal behavior of PLA composite films

DSC analysis was carried out to study the thermal behavior of
PLA after addition of UTJMC, CTJMC and OTJMC. Table 2 shows the
bers after pre-treatments.



Fig. 7. Particle size distribution of jute micro crystals.
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results of glass transition (Tg), followed by cold crystallization (Tcc),
and melting point (Tm). It was observed from Fig. 9 that Tg value of
PLA increased only marginally after incorporation of CTJMC and
OTJMC, and reduced after addition of UTJMC. This indicated lesser
flexibility of PLA chains due to some improvements in intermo-
lecular interactions, steric effects, and the cross linking density
Fig. 8. SEM images of (a) UTJM
between pre-treated jute micro crystals and PLA [19]. As compared
to Tg, the melting temperature Tm of PLA was found to increase
significantly after addition of CTJMC and OTJMC. This behavior is
attributed to increase of PLA crystallinity after addition of CTJMC
and OTJMC as reported in Table 2 [20]. The lower cold crystalliza-
tion peak observed in case of composite films of CTJMC and OTJMC
further indicated nucleating behavior of pre-treated jute micro
crystals for development of crystallinity through trans-
crystallization phenomena [21]. The absence of cold crystallization
peak in UTJMC/PLA sample showed inability of UTJMC to develop
PLA crystallinity. This behavior is attributed to the non-cellulosic
substances (i.e. wax) present on the surface of UTJMC, which
reduced the interaction between PLA and UTJMC.
3.4. Thermo-mechanical properties of PLA composite films

The dynamic mechanical analysis was performed to get an idea
about reinforcement potentials of jute micro crystals obtained
before and after pre-treatments of jute fibers. The load bearing
capacity of neat and composite PLA films is shown in Fig. 10 and
Table 3. From Fig. 10(a), all samples of PLA composite films were
found to exhibit higher storage modulus results at 35 �C as
compared to neat PLA film. This behavior is attributed to the effi-
cient stress transfer from PLA to stiff jute micro crystals at 35 �C
[22]. The maximum reinforcement was provided by jute micro
crystals obtained after pre-treatment (i.e. CTJMC and OTJMC) than
C, (b) CTJMC, (c) OTJMC.



Table 2
Behavior of neat and composite PLA films on application of heat.

Sample Tg (�C) Tcc (�C) Tm (�C) DH (J/g) Crystallinity%

Neat PLA 42.35 ± 0.30 98.85 ± 1.10 147.49 ± 0.10 17.33 ± 2.80 18.63
3% UTJMC þ PLA 40.01 ± 0.43 e 153.00 ± 0.18 19.26 ± 3.21 21.35
3% CTJMC þ PLA 44.84 ± 0.34 96.88 ± 1.39 155.47 ± 0.14 24.53 ± 2.34 27.19
3% OTJMC þ PLA 45.01 ± 0.47 96.52 ± 1.22 154.32 ± 0.13 23.09 ± 2.03 25.59

Fig. 9. Differential scanning calorimetry of neat and composite PLA films.

Table 3
Storage modulus of neat and composite PLA films at different temperature.

Sample name E0 (35 �C) (GPa) E0 (60 �C) (GPa)

Neat PLA 3.09 ± 0.20 0.48 ± 0.02
3% UTJMC þ PLA 4.11 ± 0.72 0.16 ± 0.01
3% CTJMC þ PLA 5.16 ± 0.58 0.24 ± 0.01
3% OTJMC þ PLA 5.13 ± 0.51 0.17 ± 0.01
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those obtained from raw untreated jute fibers (i.e. UTJMC). The
storage modulus of PLA composites at 35 �C increased from
3.09 GPa to the level of 4.11 GPa, 5.16 GPa and 5.13 GPa after the
addition of UTJMC, CTJMC and OTJMC, respectively. This trend is
attributed to rough surface of OTJMC and less non-cellulosic sub-
stances in CTJMC, which dispersed them uniformly within PLA
matrix and consequently resulted into maximum surface area of
micro crystals interacting with PLA. The least improvement in case
of PLA/UTJMC can be attributed to the poor bonding of UTJMC with
PLA due to presence of non-cellulosic contents like wax on the
surface of UTJMC.

The concept of addition of jute micro crystals for improvement
of load bearing capacity of PLA was found negative at higher tem-
perature of 60 �C. With the increase in temperature from 35 to
60 �C, the storage modulus of PLA composite films was dropped at
Fig. 10. (a) Storage modulus of neat and composite PLA film
faster rate than neat PLA film. This showed inability of jute micro
crystals to restrict the motion of PLA chains at higher temperature
and thus poor transfer of stress from matrix to micro crystals. This
behavior was found not in agreement with previous results [20].
The reasons could be micro scale dimensions of jute crystals, which
were unable to penetrate between the PLA chains.

The ratio of loss modulus to storage modulus is defined as
mechanical loss factor or tan delta. The damping properties of the
material give the balance between the elastic phase and viscous
phase in a polymeric structure [23]. Fig. 10(b) showed that the tan
delta peak of PLA was positively shifted after the addition of all
different types of jute micro crystals. The maximum shift of 5 �C
was reported in case of CTJMC/PLA composites due to their clean
surfaces for maximum interaction with PLA. This subsequently
restricted segmental mobility of the PLA chains around them and
improved the damping factor of composites.
3.5. Tensile properties of PLA composite films

The stressestrain curve of neat PLA and its composite films is
shown in Fig. 11, whereas average values and standard deviations of
mechanical properties are reported in Table 4. It is clear from re-
sults that PLA composite films of pre-treated jute micro crystals
show higher mechanical properties than those jute micro crystals
obtained from untreated jute fibers. The maximum increase in
s. (b) Damping factor of neat and composite PLA films.



Fig. 11. Stress-strain curve of neat and composite PLA films.

V. Baheti et al. / Composites Part B 95 (2016) 9e1716
tensile strength and initial modulus was found in case of CTJMC/
PLA, which is an indication of better stress transfer across the
interphase due to good interfacial bonding between CTJMC and PLA
matrix [24]. This behavior is attributed to less non-cellulosic con-
tents in CTJMC, which consequently improved their compatibility
with PLA matrix as compared to other jute micro crystals. The
higher mechanical properties of OTJMC/PLA over UTJMC/PLA
composite films are attributed to rough uneven surfaces of OTJMC,
Table 4
Tensile properties of neat and composite PLA films.

Sample name Initial modulus (GPa)

Neat PLA 1.04 ± 0.03
3% UTJMC þ PLA 1.41 ± 0.07
3% CTJMC þ PLA 1.63 ± 0.04
3% OTJMC þ PLA 1.55 ± 0.03

Fig. 12. Morphology of composite films (a) UT
which provided increased surface area of interaction than UTJMC.
Moreover, the increase in crystallinity of PLA discussed in Section
3.3 was also found to have significant effect on mechanical prop-
erties. With increase in crystallinity, the brittleness of PLA also
increased. This subsequently resulted into reduction in yield point
elongation and increase in initial modulus of all PLA composites. In
addition, the tendency of stress concentrations due to stiff nature of
jute micro crystals could also be considered for reduction in yield
point elongation.

In order to get clear idea of interaction between PLA and
different jute micro crystals, the morphology of composite films
was investigated under FESEM microscopy. The absence of voids,
intact position of fillers, interfacial bonding between fillers and
matrix, and absence of agglomerations of fillers decide the intensity
of fillerepolymer adhesion [25]. It is clear from Fig. 12(a)e(c) that
the presence of noncellulosic contents and roughness of jute
crystals affect the homogeneous dispersion and tendency of ag-
glomerations in composites. From Fig. 12(b) and (c), the composite
films of CTJMC and OTJMC revealed uniform dispersion with min-
imum agglomerations due to their respective clean and rough
surfaces having minimum percentage of non-cellulosic contents.
The intact position of CTJMC and OTJMC confirmed stronger
interaction between them and PLA due to their uniform wetting
[26] On the other hand, Fig. 12(a) for composites films of UTJMC
showed significant agglomerations as a result of poor bonding
caused by their smooth surfaces having more non-cellulosic sub-
stances. The gap around the surface of UTJMC in PLA confirmed
their poor interfacial adhesion.
Tensile strength (MPa) Yield point elongation (%)

25.98 ± 0.13 4.84 ± 0.72
22.72 ± 0.47 1.60 ± 0.50
34.92 ± 0.39 2.14 ± 0.41
30.40 ± 0.41 1.96 ± 0.47

JMC/PLA, (b) CTJMC/PLA, (c) OTJMC/PLA.
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4. Conclusions

The present study was focused on the development of envi-
ronment friendly approach for surface treatment of jute fibers and
subsequent separation of individual cellulose micro crystals. The
sequential action of ozone pre-treatment followed by enzyme hy-
drolysis was selected for this purpose. At first, jute fibers were pre-
treated with ozone gas for the duration of 4 h. For comparison
purpose, one sample with chemical treatment of jute fibers was
also prepared. The effect of pre-treatments on mechanical proper-
ties and surface morphology of jute fibers was investigated. The
maximum deterioration in mechanical properties was found in
case of ozone treated jute fibers than chemically treated jute fibers.
The tenacity was dropped from 44.16 cN/tex to 16.01 cN/tex after
4 h of ozone treatment. Under SEM, more uneven rough surfaces,
peeling, breaking and fibrillation of jute fibers were observed due
to partial removal of non-cellulosic contents after ozone treatment.
On the other hand, chemical treatment revealed significant
reduction in fiber diameter and higher fibrillation due to maximum
removal of non-cellulosic contents. In addition, the moisture ab-
sorbency of ozone treated fibers was found higher than untreated
and chemical treated jute fibers.

Later, enzyme hydrolysis was carried out to separate longer
cellulose micro crystals from jute fibers. The pre-treatment of jute
fibers was found to have significant effect on particle size reduction
and particle size distribution of obtained jute micro crystals. The
rate of refinement of untreated fibers having non-cellulosic con-
tents was found slower than treated jute fibers due to strong
holding of fiber bundles by non-cellulosic contents. The average
particle size of 5392 nm, 3743 nm and 4238 nm was found for
crystals obtained from untreated, chemically treated and ozone
treated fibers respectively. This indicated easier separation of in-
dividual micro crystals after ozone pre-treatment. The enzyme
hydrolysis of ozone treated jute fibers was found to result into
bigger crystals of both cylindrical and spherical morphology having
wider size distribution.

When jute micro crystals were incorporated in PLA matrix, the
maximum reinforcement was provided by crystals obtained after
pre-treatment than those obtained from raw untreated jute fibers.
These improvements in mechanical properties are attributed to
their rough uneven surface, higher percentage of cellulosic con-
tents and smaller particle size. The SEM morphology of fractured
surfaces also confirmed homogeneous dispersion and fewer ten-
dencies of agglomerations due to fewer amounts of non-cellulosic
contents and roughness of jute crystals. Nevertheless, the role of
jute micro crystals as reinforcement of PLA was found negative at
higher temperature of 60 �C. This showed inability of larger jute
micro crystals to restrict the motion of PLA chains at higher tem-
perature and thus poor transfer of stress from matrix to micro
crystals. In this way, the present study showed a green process for
reusing of waste jute fibers and converting them into useful cel-
lulose powder for reinforcement in composite materials. Moreover,
the ozone treatment was found attractive in terms of less energy,
time and water with additional advantage of minimum degrada-
tion of cellulose.
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