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Abstract

- Chirasmayee Mohanty' - Sibun K. Pradhan’' - Nigamananda Das'

High water absorption capacity and low biodegradation of fiber reinforced composites are the major drawbacks, which limit
their applications in different sectors. Development of composites with complete biodegradability is challenging as biodegra-
dability may be incomplete by lowering of its water adsorption capacity. In this work, a series of thermoplastic starch (TPS)
reinforced jute (10-40 wt%) composites were developed by compression molding and measured by their mechanical proper-
ties. The composite with 30% jute showed the maximum tensile strength (27.3 MPa). Contact angle, and water absorption
measurements exposed that composites are moderately hydrophobic in nature. Both soil burial and fungal degradation testing
showed biodegradability of composites. Characterizations of optimized composite before and after biodegradation test, were
carried out by FTIR, SEM and optical microscope. The present study showed promise on feasible applications of jute-starch
composites in packaging, automobile sector, cutlery, indoor furnishing, etc. as a substitute of plastic-based composites.
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Introduction

Starch, a natural polysaccharide available in different plant
resources, is an important substitution for synthetic poly-
mers for various applications. The hydroxyl group of starch
can form bond with the functional group of natural fiber
[1]. As starch alone cannot meet all the required properties
for practical applications, it is often blended with another
component like plastics (e.g. polyester) to develop ther-
moplastic starch (TPS) for wider applications. Blending of
starch with a non-biodegradable plastic not only promote
the biodegradability of that plastic but also acceptable as a
matrix for reinforcement of natural fiber or clay to develop
bio-composites [2].

In this regard several researchers have explored the
interaction between starch and different natural fibers
to develop biocomposites and assessed their proper-
ties [2—4]. Starch reinforced composite using different
natural fibers such as jute, sisal, and cabuya (0 to 15%
w/w) have been developed and the composites with 12%
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fiber loading showed the highest tensile strength. Further
increment in fiber content decreased the tensile strength
primarily due to the formation of voids and fiber clumps
in the specimens. Wood cellulose fiber was used with
starch to develop bio-composites and it showed higher
rigidity and tensile strength, but lower elongation at
break and poor water penetration stability over cellulosic
fiber film [3]. Recently sisal fiber (65% w/w) reinforced
starch (40 wt%) composites have been prepared, which
demonstrated low impact strength because of poor inter-
action between fiber and matrix [4]. In another study,
the composites prepared from rice starch with 10 wt.%
cotton fiber showed two times more tensile strength as
compared to that of the virgin cotton fiber, but decreased
on further incorporation due to the discontinuity of the
matrix on fiber surface [5]. Increase of tensile modulus
and strength of thermoplastic starch-eucalyptus cellulosic
composites by 156% and 120%, respectively with 16%
w/w of fiber content, and simultaneous decrease of mois-
ture absorption capacity from 22% to 15% as compared to
cellulosic fiber have been reported [6]. In contrast, mar-
ginal increase on tensile and flexural strength were noted
for natural fiber-reinforced (sisal and hemp fiber) ther-
moplastic starch with glycerol composites with increase
in percentage of reinforcement [7]. Thermoplastic starch

@ Springer


http://orcid.org/0000-0002-6172-0867
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-020-01944-z&domain=pdf

1032

Journal of Polymers and the Environment (2021) 29:1031-1039

reinforced wood composites were developed and found
higher water uptake due to lose interfacial adhesion
between reinforcing fiber and matrix [8]. Synthesis of
thermoplastic starch reinforced composites by foam mold-
ing process using four different kinds of natural fibers
such as straw, pulp, sisal and wood, has been reported [9].
In this study, the sisal composite showed the highest ther-
mal stability among all with tensile strength of 3.85 MPa
and compressive strength of 1.37 MPa, respectively due
to better reinforcing [9].

In view of above, synthesis and property evaluation
of composites based on other starch and natural fiber is
important to develop the composite(s) with correct con-
stituents for wider applications. In this work, the corn
starch blended with aliphatic polyester (TPS) was used
in different w/w percentage with jute felt to develop jute-
TPS composites. The prepared composites were charac-
terized by different techniques and their biodegradability
was studied by soil burial and microbial degradation test-
ing. As compared to others reported work, the research
work in this manuscript is completely different as devel-
oped composites are complete biodegradable in nature
with lower water absorption capacity. Since these com-
posites are biodegradable and leave safe carbon residue
after complete biodegradation, so they can be dumped
to form effective organic manure and improve fertility
of soil without harming environment. These composites
may find application in different sectors i.e., as decorat-
ing materials, false sealing, and workplace cubicles as a
replacement of non-biodegradable plastics. A schematic
representation of the experimental setup for jute-TPS
composite development to usage has been given in Fig. 1.

Fig. 1 A schematic representa-
tion of the jute-TPS composite
development and usage

Jute production

Materials and Methods
Materials

Jute felt (non woven 400 gsm), collected from local market
of Bhubaneswar, India, was used as a reinforcing material.
Thermoplastic starch (TPS) was used as matrix was supplied
by Biograde (Nanjing) Pty, China. The TPS was formed by
blending corn starch with poly(e-caprolactone) along with
natural plasticizers. The basic resin, corn starch, is a renew-
able material and compiled with International standard ISO-
16929 and ISO-14855. Glycerol and sodium hydroxide used
were of AR grade and brought from local market.

Preparation of Jute-TPS Composites

Blends of TPS with glycerol (5 wt.%) were prepared by melt
mixing at 100 °C with 60 rpm stirring for 5 min using dou-
ble screw extruder of an internal mixer (Brabender mixing
chamber) [1]. Jute felts (400 GSM) was first dipped in 2%
NaOH solution for 2 h to activate the cellulosic functional
group as shown in Fig. 2a, followed by drying at open air
for 1 h and then cutting into pieces of size 15 cmXx 15 cm.
A series of composites were prepared with jute: TPS ratio
(w/w) 10:90, 20:80, 30:70 and 40:60. At first the TPS blend
was put on an aluminum foil placed in the mold and then
a piece of jute felt was kept over TPS followed by another
layer of TPS blend and finally covered with aluminum foil.
The mold was placed in a hot press and applied a pressure of
6 MPa at 110 °C for 10 min to obtain the requisite Jute-TPS
(JT) composites. The composites so prepared were coded as
JT1,JT2,JT3 and JT4 for sample with jute: TPS ratio (w/w)
10:90, 20:80, 30:70 and 40:60, respectively.

2% NaOH treated
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Fig.2 (a) A schematic representation of alkali treatment of cellulose of jute, (b) Digital photograph of soil burial degraded samples

Mechanical Properties Analysis

Mechanical properties of JT composites and virgin TPS were
measured using a HOUNSFIELD H10KS UTM instrument.
For measuring tensile strength, the cross-head speed main-
tained at 5 mm/min and the specific gauge length at 50 mm
respectively, whereas for flexural testing cross-head speed
was 2 mm/min. Six specimens of one sample were examined
and the mean value was reported [10].

Contact Angle and Water Sensitivity Study

SEO Contact angle meter was used for measuring contact
angles of JT composites. At least seven places on composite
surface are preferred for the testing and mean value in degree
is conveyed.

JT composites were tested for water absorption with
respect to jute and TPS according to ASTM D570-05.
Composite specimens were cut into small pieces of specific
dimension and initial weights (W,) were measured. Different
samples were kept in distilled water at room temperature for
a fixed time interval (24 h). After that specimen was taken
out of the water and excess water on surfaces were wiped
out using tissue paper. Final weight (W) of samples was
measured and using the Eq. (1) hydrophilicity of composites
were calculated:

W, - W,
Water absorption (%) = 100 X W

i

()

Similarly, thickness swelling of specimens after different
time intervals was calculated by the following equation:

-1
Thickness welling (%) = 100 X

2

1

where, T; and T} are the initial and final thickness of the
specimen.

Thermal Analysis

thermogravimetric analysis (TGA) of Jute, TPS and JT3
composite were investigated by using Netzsch (TGA-209F)
in the temperature range 32 + 1 to 500 °C in air atmosphere
and at a heating rate of 10 °C/min.

Soil Burial Degradation Analysis

Soil burial degradation of different samples was conducted
as per BIS 1623-92. For this test, 10 cm X5 cm sample was
taken and accurately weighed (W,). Specimen to compost
soil (manure: sand: soil in 2:1:1) weight ratio was main-
tained at 1:100 (w/w) and the samples were buried under
compost soil within a glass jar keeping moisture content
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36%. After stipulated times (7, 15, 30, 45 and 60 days),
specimens were collected, washed with water and dried at
45 °C in an oven for 24 h and final weight(W;) was taken.
Digital photograph of degraded sample is given in Fig. 2b.
The percentage weight loss of composites was calculated
by using Eq. 3.

. Wo =W,
Weight loss (%) = 100 x W 3
0

Fungal Degradation Analysis

Penicillium waksmanii, was used for fungal degradation of
composites. In Czapek Dox Broth, fungal stock cultures con-
taining different mineral salt solution were taken as reported
[11]. Composites were pre-weighed (W,) and mixed with
spore suspension of Penicillium waksmanii (1:10 w/v) in
different petridish. Then these petridishes were incubated at
30 °C in an incubator-cum-humidity chamber maintaining
80% humidity for maximum 60 days. Composite samples
were removed from above petridish after stipulated times (7,
15, 30, 45, and 60 days) and washed in ethanol to remove
cell mass from the residual sample and dried in oven at
45 °C for 24 h. Final weight (W;) of the composites was
taken and using Eq. 3, weight loss was calculated.

FT-IR, SEM, and Optical Microscopic Studies of Neat
and Degraded Composites

FT-IR spectra of as prepared JT3 and JT3 after soil and
microbial degradation were taken in KBr pellet using a
Thermo Nicolet, Nexus 870 IR spectrometer. The spectrum
was recorded in the range 4000-400 cm™! and averaging 32
scans to improve signal to noise ratio.

Morphological studies of Jute, TPS and representative
composite samples (JT3 and JT4), before and after soil and
micro burial degradation, were carried out using a SEM
(VEGA 1I, LSU, TESCAN, Czech Republic) with accel-
erating voltage between 5 and 10 kV. Optical microscopic

study of jute and JT3 composite was taken before and after
degradation, by an optical microscope (Leica DMLM 2500)
and micrographs are reported. FT-IR, SEM and optical study
of composite (JT3) showing the best mechanical properties
was only carried out.

Results and Discussion
Tensile and Flexural Testing of Jute-TPS Composites

The outcomes obtained on various testing of mechanical
properties of JT composites are presented in Table 1. As
evident from Table 1, the tensile strength of composite
increased with increase of jute content, reached to maximum
value with 30 w/w jute (JT3) and then decreased on further
increase of jute content. That is due to the mechanical inter-
locking was enough for JT3 to transfer the applied stress
from the starch surface to the jute fibres. For JT1 and JT2,
low amount of jute content caused little load transfer capac-
ity among the fibers, which led to quick failure of the com-
posites [12]. Chemical composition also affects the strength
of the composite, as jute contains nearly 65% of cellulose,
hence with increase in cellulose content (from JT1 to JT3),
mechanical properties also enhanced. Marginal enhance-
ment in tensile strength initially indicated that formation of
essential adhesion between fiber—matrix interface due to the
presence of similar functional group of starch and the cellu-
losic (jute) fiber. This development could be linked to strong
jute-TPS matrix interaction between the two carbohydrate
products. A schematic mechanism of formation of chemical
bonding between jute and TPS is shown in Fig. 3. This type
of interaction regarding other natural fiber has been reported
earlier [13]. Starch, a carbohydrate consists of amylose, and
amylopectin. They contain a lot of active functional groups,
which help to form hydrogen bonding with that of the cel-
lulose of jute [10]. That chemical linkage attributes strength
to the developed jute-starch composite.

The tensile strength of JT3 (27.3 MPa) is eight times
higher than that of virgin TPS (3.31 MPa). The tensile

Table 1 Mechanical properties

. Composite Jute TS+SD TM +SD EB+SD FS+SD FM +SD
of Jute-TPS composites
(wt%) (MPa) (MPa) (%) (MPa) (MPa)
Jute - 320 + 25 20,000 + 650 1.5+0.2 - -
TPS - 33102 53245 8.2+0.20 3.21+£0.3 55+5
JT1 10 122+1.2 102 + 11 9.1+0.38 9.75+£2.0 158+15
JT2 20 228+1.5 235+ 12 7.8 +0.41 11.9+19 169+18
JT3 30 273+13 296 + 13 7.6 +£0.44 132423 178 +16
JT4 40 245+1.6 335+ 12 72 +0.29 109+1.8 72.7+13

TS tensile strength, TM tensile modulus, EB elongation at break, FS flexural strength, FM flexural modulus,

SD standard deviation
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Fig.3 A schematic representation of bonding between alkali treated cellulose of jute and amylase and amylopectin of starch

strength is nearly equal to that of the reported jute-poly-
propylene composite (28.4 MPa) [14]. Decrease of tensile
strength of composite (JT4) on further increase of fiber
content may be attributed to inadequate wetting of TPS
on jute surface or conglomeration of jute inside compos-
ite destroyed the homogeneous interlocking with resin.
A continuous non-linear increase of tensile modulus is,
however, observed with the increase of jute content. Fur-
ther, the elongation at break value decreased from 9.1
to 7.2 with increase in jute loading presumably due to
increase in fiber stiffness and high amount of fiber leads
to additional stress to break the composite earlier as com-
pared to other composites [12]. The flexural strength and
modulus of composites also followed the similar trend as
that of tensile strength showing highest values 13.2 MPa
and 178 MPa with JT3 (30 wt.% of jute) respectively.
Highest fiber content JT4, showed flexural strength of
10.9 MPa might be due to the small spacing between jute
fibers causes inefficient stress transfer between jute and
TPS. That accounts an early failure of composite due to
increased shear stresses on the jute fibers. The tensile
strength obtained from jute-TPS composite is the modest
one but higher than that of the reported value (26.1 MPa)
of other jute-starch composite [15], hence JT composites
can be applied in various fields as a substitute of plastic.

Surface Morphology Analysis of Jute-TPS
Composites

SEM of JT3 composite along with jute fiber and TPS
were carried out to see the morphological changes taken
place due to formation of composite and micrographs are
presented in Fig. 4a—c. From Fig. 4a, it evident that the
surface of reinforcing alkali treated jute fiber is smooth
and provides large surface area as compared to raw jute
fiber due to unbinding of fibrils for resin impregnation.
The surface of thermoplastic starch is also smooth and
without any damage. Figure 4c presents the micrograph
of long jute fiber entrenched and the fiber surface is wet-
ted by the TPS matrix. It is seen that fibers are spread
in the matrix homogeneously. The jute surface covered
by matrix indicates the solid bond between the fiber and
starch [11]. SEM micrographs presented in Fig. 4c con-
firmed, that during the tensile breaking some cracks are
developed and propagated around jute fiber in the matrix
confirming the morphological changes during tensile test.
The initial surface of starch and jute fiber changed into a
homogeneous and continuous surface such that stress can
propagate from fiber to matrix. This observation is indica-
tive of a good adhesion between fibers to matrix.
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Fig.4 SEM micrographs of (a) jute (b) thermoplastic starch and (c) fractured JT3 composite

Table 2 Water sensitivity of

. Sample Jute TPS JT1 JT2 JT3 JT4
Jute-TPS composites
CA(®) 42.6+1.2 97.1+£0.8 932+0.5 90.4 + 0.4 88.1 £0.7 84.6 £ 0.8
WA (%) 190+2.5 6.1 +£0.5 11.2+0.2 149+ 0.4 154+0.5 222+0.5
TS (%) - 5405 10.8 £ 0.9 146+1.2 162 +0.8 224 +1.2

CA contact angle, WA water absorption, TS thickness swelling, TPS thermoplastic starch

Contact Angle, and Water Absorption of Composites

For different applications of starch-based composites, lower
water sorption value is necessary. The results of water sorp-
tion (after 24 h at RT & RH), and contact angle values are
collected in Table 2. Water absorption was dramatically
enhanced with the incorporation of higher amount of fiber
loading due to the fact that jute fiber is more hydrophilic
than thermoplastic starch resulting higher water uptake [11].
The observed values of contact angle (CA) for jute, TPS,
and their composites are presented in Table 2. As evident,
the presence of hydrophilic fiber in the composite decreased
the CA value. Jute and TPS show the CA values of 42° and
97.1° respectively. According to Ufere and Sultan, (2016),
poly(caprolactone) is hydrophobic in nature, having aver-
age water contact value of 115.1 +2.6°, when it blends with
hydrophilic material, CA value decreases [16]. JT1 have
93.2° hence, developed composite is more hydrophilic in
nature as compared to its primary constituent TPS [17].
The effect of fiber contents on the water absorptivity and
thickness swelling of composites enhanced proportionally.
Compatibility and amount of fiber and matrix are one of the
factors of such thickness swelling of JT composites. JT4
exhibited thickness swelling of 22.4% after its immersion
in distilled water for 24 h due to highest amount of jute and
poor interaction between jute and TPS. While, JT1 showed
only 10.8% due to lowest amount of jute present and the
hydrophobic nature of TPS which helps the slow diffusion of
the water molecules within the composite. Other composites
displayed the instability in thickness swelling enlarged due
to higher percentage of jute and micro voids.

@ Springer
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Thermogravimetric Analysis

Thermogravimetric curves of jute, TPS and JT3 composite
are presented in Fig. 5. As evident there is no weight loss
for both TPS and JT3 up to 100 °C while weight loss of jute
in this range is primarily due to evaporation of its mois-
ture content. As expected, jute showed two stage decom-
positions with maximum weight loss occurred in the range
280-420 °C. In contrast the decomposition patterns of TPS
and JT3 are more or less similar except higher percentage
of weight loss (ca. ~10%) in case of TPS. The first major
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weight loss of TPS occurs at 310 °C corresponds to decom-
position of polyhydroxylic groups while second loss, occurs
at 397 °C, is attributed to high molecular weight groups pre-
sent in the starch. The JT3 composite also decomposed, first
at 312 °C due to the elimination of polyhydroxylic groups
and second at 398 °C for cellulose. For all three samples,
the decomposition in the range 480—495 °C is attributed to
either some presence of metal or carbon burning as reported
previously [1, 18].

Degradation Analysis of Jute-TPS Composites

Weight loss after different bio-degradation of JT compos-
ites with respect to jute and TPS are reported in Table 3.
The total soil burial degradation in the case of pure TPS is
16.6 wt.% out of which ~50% wt. loss occurred within fif-
teen days. In comparison, both jute and composites showed
increasing wt. losses up to 60 days. The initial low wt. loss
of TPS is accounted due to the presence of aliphatic pol-
yester which restricted the attack of soil microbes in soil
burial studies [19]. In contrast, lower soil degradation of JT
sample in early period of time may be attributed to slower
absorption of water due to better fiber-resin crosslinking.
Krasowska et al. (2016) studied the biodegradation of
poly(caprolactone) and found 5.6% wt. loss after 2 weeks
due to favorable biotic and abiotic conditions [20]. Virgin
jute lost its 63.8 wt.% within 60 days as compared to only
22.8 wt.% of JIT1. The percentage of degradation increased
with increase of jute content and a maximum 45.6 wt.% deg-
radation is observed in case of JT4 followed by 43.9 wt.%
for JT3. The increasing wt. loss from JT1 to JT4 is obviously
due to increasing jute fiber content which enhanced free path
for microbial growth and easy degradation [21]. Presence
of micro voids in composite due to higher amount of jute
loading might be another reason for easy water penetration

and microbe attack. In microbial condition after 60 days,
JT1 composite lost only 10.1% of its initial weight due to
better stability against water penetration which hindered fun-
gal growth on the composite surface. Jute fiber lost 25.4%,
TPS 9.2%, JT3 12.6% after 60 days of microbial degradation
informing that developed composites are degradable in both
soil burial and microbial condition.

Spectral and Morphological Analysis of Composite
Before and After Degradation

In order to study the effect of the degradation, FT-IR spectra
of (a) neat JT3, (b) JT3 after 60 days of soil burial degrada-
tion and (c) JT3 after 60 days of microbial degradation were
recorded and are shown in Fig. 6. Overall, the intensities of
different peaks of neat JT3 composite are reduced after soil
or microbial degradation. The intensity broad peak, centered
at ~3420 cm™! due to ~-OH stretching, is reduced after the
degradation due to rupture of cellulosic hydroxyl group.
Also, the intensities of peaks appeared at 2700 cm~! and
2900 cm™! due to C-H stretching (Fig. 6a) are reduced due
to loss of cellulose and hemi-cellulose content after degrada-
tion. The intensities of characteristic peaks for C=0 stretch-
ing (1734 cm™") and bending of CH, group (1270 cm™") of
hemi-cellulose present in jute are also reduced indicating the
degradation of hemi-cellulose by soil microbes. The intensi-
ties of C-O stretching band of C—O-C moiety in starch at
1000 cm~! and C—C and C—O—H stretching bands of JT3 at
~1165 cm™! are seen to be reduced after degradation, indi-
cating loss of resin from composite surface [22].

The SEM micrographs of jute, TPS, JT3 and JT4 com-
posites, before and after 60 days of degradation are shown
in Fig. 7. Cylindrical smooth surface of jute (Fig. 7a) and
flat smooth surface of TPS (Fig. 7b) changed into rough and
degraded surface (marked in Fig. 7e and f) after 60 days.

Table 3 Weight loss of jute-TPS

. ; . Type of Degradation =~ Weight loss 7 days 15 days 30 days 45 days 60 days
composites after soil burial and
microbial degradation (%) (%) (%) (%) (%)
Soil Burial JF 224+08 409+17 596x16 627+23 63.8+28
TPS 34+05 82+04 126 +08 159+0.7 16.6+0.7
JT1 52+038 124+06 181+02 202+07 228+04
IT2 6.9+0.3 132+0.1 205+09 31.8+08 342405
JT3 9.1+14 13.7+09 232+06 367+02 439+09
IT4 108+0.6 140+05 255+09 404+31 456+12
Fungal JF 62+04 106+06 152+0.6 221+05 254+0.7
TPS 1.1+0.5 3.6+ 0.4 55+03 6.8 +0.4 92+0.5
JT1 1.9+0.1 45+02 6.9+0.4 7.8 +0.6 10.1+0.5
JT2 24+03 48+0.3 72+0.5 93+03 11.8+0.2
JT3 25+04 52+04 8.1+04 102+0.6 12.6+04
T4 27+02 59+05 87+03 11.1+£05 13.5+0.6

W Weight, JF Jute Felt, TPS Thermoplastic starch
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Fig.6 FTIR spectra of (a) JT3 (b) JT3 after 60 days of soil burial
degradation and (c) JT3 after 60 days of microbial degradation

As seen from these micrographs, the jute surface is cov-
ered with TPS resin (Fig. 7¢) and after 60 days of degrada-
tion fiberous structure appeared on the composite surface
(Fig. 7g). The smooth surface of JT3 composite changed
into coarse as a result of debonding of resin from jute surface
(marked by arrow) after biodegradation. SEM micrographs
of JT4 before (Fig. 7d) and after soil burial (Fig. 7h), and
those of JT3 and JT4 after 60 days microbial degradation
is shown in Fig. 71 and j, respectively. It is found that the
jute surface is completely roughened surface due to uncover
of maximum thermoplastic starch after soil burial degra-
dation of JT4 (Fig. 7h). This might be due to presence of

50 e

B

it

highest percentage of jute which allowed microbes prefer-
entially degraded the most as compared to JT3. In case of
microbial degradation, the whole composite surfaces (both
JT3 and JT4) were found covered with fungus after 60 days
(Fig. 7i and j) [23]. Optical analysis of jute and JT3 com-
posite before and after 60 days of soil burial degradation
are shown in Fig. 8. Figure 8b shows JT3 surface before
degradation which is smooth, but after 60 days the surface
topography changed, resin was uprooted in different places
with full of grooves (marked by circle in Fig. 8d) observed.
Plane surface of jute (Fig. 8a) was found degraded (marked
by circle) and with fibrous structure (marked by arrow mark)
in Fig. 8c after 60 days of degradation [10].

Both FT-IR and morphological analysis of composites
surface revealed that the developed jute-TPS composites
are degradable and have potential for an alternative to non-
degradable composites. Being biodegradable in nature, the
developed jute-starch composites can maintain fixed carbon
mass in soil after end of their service periods.

Conclusions

Jute reinforced TPS composites with varying jute con-
tents (1040 wt.%) were prepared by use of any hazardous
chemical solvent. Composite prepared with 30 wt.% jute felt
showed the highest tensile strength of 27.3 MPa and flexural
strength of 13.2 MPa, which is four times more than that of
TPS. Water absorption of developed composites is low up to
11.2% due to presence of thermoplastic starch. Weight loss,
FTIR, SEM and optical micrographs of composites after soil
burial and microbial degradation revealed that composites
are biodegradable in nature. Biodegradability and moder-
ate hydrophobic nature are the prime advantages of these

10 pm Mag:2 kx

Fig.7 SEM micrographs of (a) Jute, (b) TPS, (¢) JT3, (d) JT4 and (e) Jute before degradation, (f) TPS, (g) JT3, (h) JT4 after 60 days of soil

burial degradation, (i) JT3, (j) JT4 after 60 days of microbial degradation
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Fig.8 Optical micrographs
of (a) jute, (b) JT3, and (c)
Jute, (d) JT3 after 60 days of
degradation

composites over other natural fiber reinforced composites.
Starting from composite preparation to safe disposal, all
the process is clean and eco-friendly and therefore possess
great potential to be a part of green technology. As such, the
developed composites may find end applications in various
sectors including automobile, packaging units, indoor fur-
nishing, toys and sporting goods and transportation.
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