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Abstract

This paper presents the preparation and characterization of nanocellulose coated woven
jute/green epoxy composites. Waste jute fibers were used as precursor to purify and extract
nanocellulose by chemical treatments. The prepared suspensions with 3, 5 and 10 wt% of
nanocellulose were coated over jute fabric followed by preparation of composites by
compression molding technique. The surface morphologies of treated jute fibers, jute cellulose
nanofibrils (CNF), nanocellulose coated jute fabrics and fractured surfaces of composites were
characterized by scanning electron microscopy (SEM). The crystallinity of jute fibers after
different chemical treatments was measured by X-ray diffraction (XRD). The effect of
nanocellulose coating over jute reinforcement on the tensile, flexural, fracture toughness and
dynamic mechanical properties of prepared composites has been investigated. Fracture toughness
was measured using single end notched bend (SENB) specimens and dynamic mechanical test
was performed in three point bending mode. The results revealed the improvement in tensile
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modulus, flexural properties and fracture toughness except the decrease in tensile strength of
nanocellulose coated woven jute/green epoxy composites as compared to uncoated jute
composite. Dynamic mechanical analysis (DMA) results also showed the increase in storage

modulus and reduction in tangent delta peak height of nanocellulose coated jute composites.

Keywords: Jute fibers, nanocellulose coating, mechanical properties, fracture toughness,

dynamic mechanical analysis

1. Introduction
Natural fiber reinforced polymer composites (NFPC) have gained considerable attention in the
recent years due to their environment and economic benefits and low energy consumption [1, 2].
Natural fibers offer many advantages over their synthetic counterparts (e.g. glass and carbon)
such as cost effectiveness, light weight, easy to process, renewable, recyclable, available in huge
quantities, low fossil-fuel energy requirements and the most importantly their high specific
strength to weight ratio [1, 3]. Thus natural fibers are considered promising candidates for
replacing conventional synthetic reinforcing fibers in composites for semi-structural and

structural applications [4].

Cellulose is an abundant, renewable and biodegradable naturally occurring material on earth that
can be obtained from numerous resources [5]. It is an infinite source of raw material for
environment friendly and biocompatible products. Lignocellulosic fibers such as jute, hemp and
flax etc. are rich in cellulose, abundantly available and easy to handle and process. Cellulose
micro/nano fillers in polymers have already attracted considerable interest by improving the
strength and stiffness of resulting composites [5-7]. Various types of cellulosic resources are

used as precursors to extract and purify cellulose fibrils from lignocellulosic fibers. In the



previous literature, cellulose micro/nano fibrils obtained from different precursors such as hemp
fibers [8], pineapple [9], isora fibers [5] and jute fibers [10] are used as reinforcing filler in
polymer matrices and resulted in the improvement of composite properties. However, in the
present study, waste jute fibers are used as precursor to extract and purify nanocellulose which is
subsequently coated over the woven jute fabric instead of using it as filler in matrix.'Afterwards,
the nanocellulose coated jute fabric is used as reinforcement in green epoxy polymer to form a
composite material. Therefore, the objective of the present study is to characterize the
mechanical and dynamic mechanical properties of composites reinforced with nanocellulose
coated jute fabric. To the author’s best knowledge, there is no study available in open literature
yet that fulfills the above mentioned objective using nanocellulose coated jute fabric as

reinforcement and green epoxy resin as matrix system.

2. Materials and methods

2.1.Material

Woven jute fabric produced from tossa jute (C. olitorius) fibers having an areal density of 600
gm™ with 5-end satin weave design was produced on a shuttle loom with 386 tex yarn. Warp and
weft densities of the fabric were 6.3 threads per cm and 7.9 threads per cm respectively. Waste
jute fibers, sourced from a jute mill, were used as precursor for purification and extraction of
nanocellulose. Green epoxy resin CHS-Epoxy G520 and hardener TELALIT 0600 were supplied
by Spolchemie, Czech Republic. The main characteristics of the resin system are reported in our
previous study [11]. Sulphuric acid (H,SO4) and sodium hydroxide (NaOH) were supplied by
Lach-Ner, Czech Republic. Sodium sulfate (Na;SO4) and sodium hypochlorite (NaOCl) were

supplied by Sigma-Aldrich, Czech Republic.



2.2.Purification and extraction of nanocellulose from waste jute fibers
Waste jute fibers were chopped to approximate length of 5-10 mm and immersed in 2 % sodium
hydroxide (NaOH) solution for 2 h at 80 °C temperature maintaining a liquor ratio of 50:1. The
process was repeated three times. The fibers were then washed with tap water several times to
remove any traces of NaOH sticking to the fibers surface. The jute fibers were then bleached
with 7.0 g/l sodium hypochlorite (NaOCl) solution at room temperature for 2 h under pH 10-11
and subsequently antichlored with 0.1 % sodium sulphate (Na,SO,) at 50 °C for 20 min. Finally,
the fibers were washed with tap water several times until the final pH was maintained at 7.0 and
then allowed to dry at room temperature for 48 h and at 100.°C in an oven for 2 h. Alkali and
bleaching treatments were used to purify cellulose and to remove maximum amount of
hemicellulose and lignin from the fibers. The bleached jute fibers were milled using a high-
energy planetary ball mill of Fritsch pulverisette 7. Milling process relies on the principle of
energy release at the point of impact between balls as well as on the high grinding action created
by friction of balls on the wall [12]. The sintered corundum container of 80 ml capacity and
zirconium balls of 10 mm diameter were chosen for 20 min of milling. The ball to material ratio
(BMR) was kept at 10:1 and the speed was kept at 850 rpm. Acid hydrolysis of milled jute fibers
was conducted for 1 hour at 45 °C under mechanical stirring using 65 % (w/w) H,SO4. The fiber
content during acid hydrolysis was 5 % (w/w). The amorphous regions are preferably attacked
by acids while crystalline regions are mostly insoluble in acids. The basic principle of acid
hydrolysis is to release hydronium ions (H") for hydrolytic cleavage of glycosidic bonds in
cellulose molecular chains within amorphous regions along the cellulose nanofibrils (CNF),
thereby breaking the hierarchical structure of the fibril bundles into crystalline CNF [13]. After

the hydrolysis, the suspension was diluted with cold water (4 °C) to stop the reaction, neutralized



with NaOH solution and discolored by NaOCl solution. The supernatant was removed from the
sediment and replaced by new distilled water several times. Finally, 3 %, 5 % and 10 % (w/w)
nanocellulose suspensions were prepared by increasing cellulose concentration and decreasing

water concentration through vacuum filtration using Buchner funnel.

2.3.Coating of jute fabric with nanocellulose
The prepared nanocellulose suspensions (3, 5, and 10 wt %) were ultasonicated for 5 min with
Bandelin ultrasonic probe and then applied on the surface of jute fabric by roller padding at room

temperature. Finally, the coated fabrics were dried at 70 °C for 60 min.

2.4.Preparation of composites
The composites were prepared by hand layup method. The resin and hardener were mixed in a
ratio of 100:32 (by weight) according to manufacturer recommendations, before hand-layup. The
prepared resin mixture was poured on fabric layers and spread out by a hand roller. The gentle
rolling action of hand roller confirmed the wetting of jute fabrics and the excess resin was
squeezed out of the panel layup by the roller. The composite layup along with Teflon sheets were
sandwiched between a pair of steel plates and cured at 120 °C for 1.0 h in mechanical convection
oven with predetermined weight on it to maintain uniform pressure of about 50 kPa [11]. The
fiber volume fraction (Vy) of all composites was in the range of 0.25-0.27. The prepared
composite samples were designated as CFO (uncoated), CF3 (3 wt % nanocellulose coated), CF5

(5 wt % nanocellulose coated) and CF10 (10 wt % nanocellulose coated).

2.5.Characterization and testing

2.5.1. Scanning electron microscopy (SEM)
The morphologies of alkali treated and bleached jute fibers, cellulose nanofibrils and

nanocellulose coated jute fabrics were observed with Vega-Tescan TS5130 Scanning Electron
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Microscope at 30 kV accelerating voltage. The surface of fibers was gold coated prior to SEM
inspection. Additionally, in order to measure the size distribution using SEM image, the
morphology of cellulose nanofibrils was also observed on Zeiss Ultra Plus field emission
scanning electron microscope (FE-SEM) at low accelerating voltage (1.0 kV) and low probe
current (= 10 pA) to eliminate charging effect and sample damage due to interaction with

primary electrons. The software used for image analysis was NIS Elements BR 3.22.

2.5.2. X-ray diffraction (XRD)
X-ray diffraction patterns were recorded on a PANalytical X' Pert PRO MPD diffraction system
for untreated jute, bleached jute and jute cellulose nanofibrils in order to examine the change in

crystallinity of the material after bleaching and acid hydrolysis.

2.5.3. Mechanical characterization of composites
Tensile properties of the composites were characterized on an MTS series 370 servo-hydraulic
load frame equipped with 647 hydraulic wedge grip of 100 kN load capacity at a cross head
speed of 2 mm/min and gauge length of 100 mm in accordance with ASTM D3039-00 using
rectangular specimens of dimension 200x20xh mm®, where “h” is the actual thickness of
specimen in the range of 4.0 to 4.5 mm. Flexural test was performed in three point bending mode
on a universal mechanical testing machine, Shimadzu AGS-J with SkN load cell, following
ASTM D790 standard at a cross head speed of 2.0 mm/min. The specimens of dimension
160x12.7xh mm’ were used maintaining a span to thickness ratio of 32:1 according to standard

recommendations (“h” is the actual thickness of specimen in the range of 4.0 to 4.5 mm).

Fracture toughness, K., of composites was determined by three point bending method using the
single edge notch bend (SENB) specimens in accordance with the standard test method ASTM

D5045-99. A sharp crack of length “a” between 0.45 W and 0.55 W was introduced by using a
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notch maker CEAST NOTCHVIS and a fresh razor blade at the notch tip (‘W’ is the width of
specimen). The specifications of fixture and specimens are shown in Fig. 1. The tests were
performed using universal mechanical testing machine, Shimadzu AGS-J with 5 kN load cell, at
a cross head speed of 10 mm/min. The K. values were determined using the following

relationship recommended by testing standard:

P
Ko = (=%7)fx), W =28 ()
1/ [1.99-x(1-x)(2.15-3.93x+2.7x2)] _
fG) = 6x'V2 (1+2x)(1-x) /2 . x=%y )
BaW—a>25(K—Q)2 (3)
T - gys

where Ky is a provisional fracture toughness, f the shape factor, P the peak load, B the specimen
thickness , W the specimen width, a the crack length, cys the yield strength. Eq. 3 was satisfied
for the dimensions of fabricated SENB specimens. The fractured surfaces of composites were
characterized by Vega-Tescan TS5130 SEM. Statistical analysis of tensile, flexural and fracture
toughness properties was done by one-way analysis of variance (ANOVA) and probability value
p <0.05 was considered as an indicative of statistical significance compared to the control

sample (CEO composite).

2.5.4. Dynamic mechanical characterization
The dynamic mechanical properties of composites were measured in 3-point bending mode using
Q800 Dynamic Mechanical Analysis (DMA) instrument of TA instruments (New Castle DL,
USA). The testing conditions were controlled in the temperature range of 30—180 °C, with a
heating rate of 3 °C/min, fixed frequency of 1 Hz, preload of 0.1 N, amplitude of 20 pm, and
force track of 125%. The samples having a thickness of 4-4.5 mm, width of 12 mm and span
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length of 50 mm were used for DMA. Two replicate samples were tested for each condition and

average values are reported.

3. Results and Discussion

3.1.Surface morphology of treated jute fibers and jute cellulose nanofibrils
Surface morphologies of jute fibers after alkali treatment, bleaching and milling and cellulose
nanofibrils after acid hydrolysis are examined by SEM and presented in Fig. 2. Fig. 2a shows the
jute fibers bound together in the form of fiber bundles by cementing materials e.g. hemicellulose
and lignin but after repeated alkali treatment, splitting of fibers is observed due to destruction of
mesh structure with a little rough and clean surface, may be due to majority of the removal of

hemicellulose, lignin and other non-cellulosic materials [14, 15] as shown in Fig. 2b.

The alkali treated fibers are further separated to individual fibers with more clean surface and
fibrillation on the surface, may be due to more delignification after bleaching treatment [16], as
shown in Fig. 2c. Fig. 2d displays the milled jute fibers with size distribution of fibers in the
micron range but after acid hydrolysis of milled fibers, one can recognize cellulose nanofibrils
with distribution of diameter in nanometer range (Fig. 2e, f). A high resolution FE-SEM image at
nanoscale levelis precisely analyzed to measure the size (diameter) of jute CNF as shown in Fig
3a. The histogram of size distribution of 50 measurements is shown in Fig. 3b. The calculated

average diameter of CNF was found to be 57.40 £ 20.61 nm.

3.2.Surface morphology of nanocellulose coated jute fabric
The morphological changes that occur on the surface of jute fabric after nanocellulose coating
are shown in Fig. 4. It is apparent that there is depositing of nanocellulose on the fabric surface

forming a layer. The layer thickness increases gradually with the increase in nanocellulose



concentration as clear in Fig. 4b-d and the fabric surface coated with 10 wt % of nanocellulose

suspension is covered almost completely with nanocellulose as shown in Fig. 4d.

3.3.XRD analysis of jute fibers

The X-ray diffraction patterns of untreated jute fibers, bleached jute fibers and jute CNF are
shown in Fig 5. These diffraction patterns are typical of semicrystalline materials with an
amorphous broad small hump and a large crystalline peak. Two well defined peaks around 26 =
16° and 23° are typical of cellulose I. The crystallinity index for all samples was determined by

using the following formula [17]:

Crystallinity % = 100 X L2007 Inon-cr 4)

00

Where I, oo represents maximum intensity of the peak corresponding to the plane 2 0 0 at 26
angle between 22 — 24 degrees and I,,,+1s the intensity for diffraction of non-crystalline
material which is taken at 26 angle of about 18 degree. The crystallinity index was calculated to
be about 69.3 %, 76.5 % and 78.6 % for untreated fibers, bleached fibers and cellulose fibrils,
respectively. The increase in crystallinity of bleached jute fibers as compared to untreated jute
can be explained by the removal of amorphous non-cellulosic compounds induced by the alkali
and bleaching treatments, performed to purify cellulose and that of jute CNF, by removal of

amorphous cellulosic domains due to acid hydrolysis.

3.4.Tensile properties
Fig. 6a shows the typical stress-strain curves of uncoated and coated jute composites with
different nanocellulose content. The stress-strain curve for uncoated (CF0) composite shows

almost linear behavior until failure whereas the curves for composites coated with different



nanocellulose content show linear behavior followed by change in slope showing nonlinear
behavior, thus presenting plastic deformation and gradual debonding of fibers from the matrix
just before failure . The tensile failure behavior also reveals more brittle nature of CFO composite

as compared to nanocellulose coated composites (Fig. 6a).

Fig. 6b presents the average values and standard deviation of ultimate tensile strength and
tensile modulus of composites. The tensile properties indicate decrease in strength and increase
in modulus (stiffness) of composites with the increase in nanocellulose concentration. For CF10
composite, the tensile modulus increases from 4.6 GPa to 5.58 GPa showing 21 % increase, thus
presenting better fiber/matrix interfacial interaction and bonding which would be effective at the
early stages of loading. However, the decrease in tensile strength of composites with the increase
in nanocellulose concentration may be explained by the differences in failure strains of
nanocellulose coated jute fabric reinforcement and the matrix. In other words, the reinforcement
does not come into effect when the failure strain of matrix is much greater than that of
reinforcement. So the composite shows a failure before the stress is transferred from matrix to
reinforcement [6]. The ANOVA for the tensile strength (p = 0.000) and tensile modulus (p =
0.008) showed the statistically significant difference between the means at the 95.0 % confidence

interval.

3.5.Flexural properties
The flexural strength and modulus increase with the increase in nanocellulose concentration in
composites. The flexural strength increases from 32.94 MPa for CFO composite to 32.94 MPa,
43.53 MPa and 48.66 MPa for CF3, CF5 and CF10 composites respectively, thus allowing 26 %,
32 % and 47 % increase on average as shown in Fig. 7. Similarly, flexural modulus increases

from 3.83 GPa for CF0O composite to 4.81 GPa, 4.73 GPa and 5.67 GPa for CF3, CF5 and CF10
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composites respectively, thus permitting 25 %, 23.5 % and 48 % increase on average (Fig. 7).
These findings may suggest the strong interaction between matrix and reinforcement after
nanocellulose coating which increases with the increase in nanocellulose content. The other
possibility of the enhancement of flexural properties may be the increase in bending
stiffness/rigidity of jute reinforcement after coating with nanocellulose which also increases with
the increase in its concentration [18, 19]. The ANOVA for the flexural strength (p = 0.000) and
flexural modulus (p = 0.000) also showed the statistically significant difference between the

means at the 95.0 % confidence interval.

3.6.Fracture toughness
Fig. 8a shows the typical Ky vs. displacement curves presenting the crack growth behavior of
composites and Fig. 8b presents the fracture toughness (K;.) with respect to nanocellulose
content in composites. The fracture mode was brittle for CFO composite showing slip-stick
behavior but as the nanocellulose content over jute reinforcement increased, the fracture mode

changed from brittle to ductile and Kj. values increased from 2.64 MPa.m'”?

for CF0O composite
to 3.20 MPa.m" 2, 3.21 MPa.m"? and 3.49 MPa.m'”? for CF3, CF5 and CF10 composites
respectively, resulting 21 %, 21.5 % and 32 % increase on average (Fig. 8b). Thus, fracture
toughness increases linearly with the increase in concentration of nanocellulose coating over

reinforcement. The ANOVA for the fracture toughness, K;. (p = 0.024) showed the statistically

significant difference between the means at the 95.0% confidence interval.

Crack deflection, plastic deformation, voids, crack pinning/bridging, fiber pullout and debonding
are the known toughening mechanisms in epoxy matrices, found in literature [20]. Fig. 9a-d
exhibits SEM images for all nanocellulose contents. Figures clearly show fiber fracture, fiber

pullout and some voids for all composites. However, fiber pullout is a little more prominent
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mechanism for nanocellulose coated composites, may be due to increased fiber debonding during
fracture resulting in increased crack propagation length during deformation and hence fracture

toughness.

Fig. 10 shows the fracture surface morphologies in the matrix region. It can be seen from Fig.
10a that the fracture surface of green epoxy matrix of CFO composite is very smooth and
featureless, which indicates typical brittle fracture behavior with lack of significant toughness
mechanism [21]. However, Fig. 10b-d show rougher fracture surfaces and river patterns in the
matrix regions of nanocellulose coated jute composites. An increase in fracture surface
roughness can be used as an indicator to the presence of plastic deformation and crack deflection
mechanisms, which increase fracture toughness by increasing crack propagation length during

deformation [22].

3.7.Dynamic mechanical analysis (DMA)
The viscoelastic response of a material can be analyzed by dynamic mechanical analysis (DMA)
and dynamic mechanical properties are expressed in terms of storage modulus, loss modulus (the
energy dissipation associated with the motion of polymer chains) and loss factor or tan delta
(ratio of loss modulus and storage modulus) of polymer composites within the measured
temperature range [23]. Storage modulus (£") is the contribution of elastic components of a
viscoelastic material and represents its stiffness. It is proportional to the energy stored during a
loading cycle. The change in storage modulus as a function of temperature of different
nanocellulose coated and uncoated jute composites is shown in Fig. 11. It can be seen that the
shape of storage modulus curves is almost same for all the samples and E' decreases with
increase in temperature because of the transition from glassy to rubbery state. However, the

storage modulus increases with increasing concentration of nanocellulose in composites both in
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glassy and rubbery regions showing superior reinforcing effects of nanocellulose coated jute
fabrics throughout the specified temperature range. In the glassy region, components are highly
immobile, close, tightly packed [24] and intermolecular forces are strong [25] resulting in high
storage modulus but as temperature increases intermolecular forces become weak, the
components become more mobile and lose their close packing arrangement, resulting in loss of
stiffness and hence storage modulus. Fig. 11 reveals that uncoated jute composite (CF0) has the
lowest storage modulus throughout the specified temperature range. CF0O has 4.05 GPa of E’
(measured at 30 °C), however, CF3, CF5, CF10 composites show maximum values of 4.72, 5.27
and 6.35 GPa respectively resulting in an increase of 16 %, 30 % and 56 % in E'. Moreover, E’
(measured at 150 °C) increased from 0.28 GPa for CFO composite to 0.48, 0.71 and 0.94 GPa for
CF3, CF5, CF10 composites respectively representing 71 %, 153 % and 235 % increase. This
shows that when nanocellulose concentration over the jute fabric is increased, the stiffness effect
of reinforcement is progressively increased not only in the glassy region but also in the rubbery

region.

The variation of the storage modulus of composites at different temperatures is plotted and
shown in Fig. 12. In all cases, the storage modulus of nanocellulose coated composites is higher
than that of uncoated one, especially at higher temperatures. The above findings may be
attributed to the fact that, as nanocellulose coated on jute fabric has large surface area, it
promotes the interfacial interactions between the reinforcement and matrix thus reducing the
mobility of polymer chains [26] and better stress transfer at the interface [27]. The other fact is
the increase in the stiffness of reinforcement with increasing nanocellulose concentration.

Furthermore, the formation of rigid and stiff network interconnected by hydrogen bonds is the
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accepted theory to explain the excellent mechanical properties of composites incorporated with

nanocellulose [28-31].

Fig. 13 presents the loss modulus (E") versus temperature of different nanocellulose coated and
uncoated jute composites. Loss modulus is the contribution viscous components of a material
[32] and is indicative of energy dissipated as heat by the system during a deformation cycle due
to viscous motions inside the material itself [33]. It is observed that the value of loss modulus
increased and then decreased with the increase in temperature for all composites. The maximum
heat dissipation occurs at the temperature at which the value of loss modulus is maximum,
representing the glass transition temperature (7,) of the system [34]. The rapid rise in loss
modulus in a system indicates an increase in the polymer chains free movements at higher
temperatures due to a relaxation process that allows greater amounts of motion along the chains
that is not possible below the glass transition temperature [35]. Fig. 13 also revealed that the
value of loss modulus is increased with the increase in concentration of nanocellulose coating as
compared to uncoated composite (CFO) representing a higher amount of energy dissipation

associated with an increase in internal friction.

T, values obtained from loss modulus (E£") are considered to be more convincing as compared to
those obtained from damping factor (fan J) [36]. It is interesting to note that 7, is decreased from
95 °C for CFO composite to 88 “C and 91 °C for CF3 and CF5 composites respectively but 7, of
CFO and CF10 composites are almost same. Simultaneously, a positive shift in 7, values to
higher temperatures is noted with the increase in nanocellulose concentration in the system

(Table 1). A possible reason may be the change in crosslinking density of the network [37].

The ratio of loss modulus and storage modulus is known as the damping factor or fan J. In other

words, it is the ratio of the energy dissipated to the energy stored during a dynamic loading

14



cycle. It provides the information about how good a material can absorb energy. The damping
factor (tan J) as a function of temperature of composites reinforced with different concentration
of nanocellulose coated jute fabric is shown in Fig. 14. The highest value of tan J peak is
observed for CFO composite resulting in more energy dissipation whereas a reduction is tan o
peak height is observed in composites with the increase in concentration of nanocellulose
coating. The peak height of 0.59 for CF0O composite is reduced maximum to 0:42 for CF10
composite representing a 40 % decrease (Table 1) thus indicating that there are both strong
intermolecular and physical interactions contributing to greater molecular restrictions at the
interface and less energy dissipation and that the storage modulus is influenced more by the
increase in nanocellulose concentration than loss modulus in the composites. The width of tan o
peak becomes broader for nanocellulose coated jute composites especially for CF5 and CF10.
The damping in materials generally depends on the molecular motions at the interfacial region
[38]. Therefore, the increase in width of fan ¢ peak of nanocellulose coated composites is
suggestive of increased volume of interface [25] and an increase in the inhibition of relaxation
processes in composites thus decreasing the mobility of polymer chains within the system and a
higher number of chain segments upon increase in concentration of nanocellulose in composites

[39].

4. Conclusion
The jute cellulose nanofibrils were successfully prepared and coated over woven jute
reinforcement using three different concentrations (3, 5 and 10 wt %). The tensile, flexural,
fracture toughness and dynamic mechanical properties of prepared nanocellulose coated woven
jute/green epoxy composites were investigated subsequently. Tensile modulus, flexural strength,

flexural modulus and fracture toughness of composites were found to improve with the increase
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in concentration of nanocellulose coating over jute reinforcement except the decrease in tensile
strength. Dynamic mechanical test also revealed the increase in storage modulus and reduction in
tangent delta peak height of composites with the increase in nanocellulose concentration over
jute reinforcement. Based on the analysis of results, the improvement in mechanical and dynamic
properties were likely attributed to the increase in interfacial interaction between reinforcement
and matrix due to large surface area exposed by nanocellulose coated over jute reinforcement,
the formation of rigid and stiff network interconnected by hydrogen bonds and the increase in the
stiffness of reinforcement with increasing nanocellulose concentration. Whereas, the differences
in failure strains of coated jute reinforcement and the matrix might be the reason of reduction in

tensile strength of these composites.
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Figure captions
Fig. 1. SENB (single edge notch bending) specimen and fixture dimensions for flexural test (dimensions in
mm).

Fig. 2. SEM images of jute fibers (a) untreated, (b) alkali treated, (c) bleached, (d) milled, (e) and (f) acid
hydrolyzed.

Fig. 3. (a) FE-SEM image of jute cellulose nanofibrils. (b) Histogram of size distribution of
cellulose nanofibrils.

Fig. 4. Surface morphology of jute fabric coated with; (a) 0 wt%, (b) 2 wt%, (c) 5 wt%, (d) 10 wt% of
nanocellulose suspensions.

Fig. 5. X-ray diffraction patterns of untreated, bleached jute fibers and jute cellulose nanofibrils.

Fig. 6. (a) Tensile stress-strain curves and (b) tensile strength and modulus of uncoated and
nanocellulose coated jute composites.

Fig. 7. Flexural strength and modulus of uncoated and nanocellulose coated jute/green epoxy
composites.

Fig. 8. (a) Typical Kq vs. displacement curves and (b) fracture toughness (K;.) of uncoated and
nanocellulose coated jute/green epoxy composites.

Fig. 9. Fracture surface morphology of jute/green epoxy composites; (a) CFO, (b) CF3, (c) CF5 and (d)
CF1o0.

Fig. 10. Fracture surfaces in the matrix region of jute/green composites; (a) CFO, (b) CF3, (c) CF5 and (d)
CF10.

Fig. 11. Storage modulus versus temperature for uncoated and nanocellulose coated jute/green epoxy
composites.

Fig. 12. Variation of storage modulus (£’) at different temperatures for uncoated and nanocellulose
coated jute/green epoxy composites.

Fig. 13. Loss' modulus versus temperature for uncoated and nanocellulose coated jute/green epoxy
composites.

Fig. 14. tand versus temperature for uncoated and nanocellulose coated jute/green epoxy composites.
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Fig. 14
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Table 1. T, values obtained from E" curves and tand peak height of composites.

Composites T, from E" nax Tand peak height
curve (°C)

CFO 95.17 0.59

CF3 88.19 0.53

CF5 91.04 0.45

CF10 95.36 0.42
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