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a  b  s  t  r  a  c  t

‘Green’  nanocomposites  were  prepared  by solution  induced  intercalation  method  using  starch,  jute,
glutaraldehyde,  nanoclay  and  glycerol.  The  concentration  of  glycerol  was  optimised.  The  synthesized
composites  were  characterized  by  various  physicochemical  and  spectrochemical  techniques  such  as
Fourier  transform  infrared  spectroscopy,  X-ray  diffractometry,  transmission  electron  microscopy,  scan-
ning  electron  microscopy,  and  thermogravimetric  analysis.  Fourier  transform  infrared  spectroscopy  study
eywords:
tarch
ute
anoclay
lutaraldehyde

indicated  an  interaction  between  the jute,  starch  and  clay.  Good  adhesion  exists  between  starch  and  jute
surface  as  revealed  by  scanning  electron  microscope  study.  The  extent  of  exfoliation  of clay  was  studied
by X-ray  diffraction  and  transmission  electron  microscope  studies.  The  addition  of  glutaraldehyde  and
nanoclay  has  been  found  to  improve  the  thermal  stability,  flame  retardancy,  dimensional  stability  and
mechanical  strength  of the prepared  composite.
reen nanocomposite

. Introduction

The growing awareness of the pressing need for greener,
ore sustainable technologies has focussed attention on use of

cofriendly and cost-effective material with high performance (Ma,
u, & Kennedy, 2005). Another aspect, which is receiving more
ttention, is the use of alternate source prior to the use of the
onventional materials (Satyanarayana, Arizaga, & Wypych, 2009).
iopolymers, which exist abundantly worldwide, are one of such
romising material. They offer many fundamental and practical
dvantages of relevance to the chemist as well as to the chemi-
al industries, which are constantly searching for high performing,
ost-effective and environmentally friendly materials (Bastioli,
995; Pandey & Singh, 2001; Scott, 2000; Shogren, Fanta, & Doanne,
993). Besides these, natural fibres with their characteristics prop-
rties such as low cost, easy availability, low density, high specific
trength, renewability and less abrasive with respect to process-
ng tools, can be added to such class of materials (Ray, Sengupta,
engupta, Mohanty, & Misra, 2007; Saheb & Jog, 1999). Among
arious natural fibres, jute fibre is cheap and widely available (espe-
ially in some Asian countries) (Ray & Sarkar, 2001). Jute, mainly
omprising of cellulose and lignin, is an extensively demand-

ng materials in cloth and other such industries (Jahan, Saeed,
e, & Ni, 2011; Saha, Das, Basak, Bhatta, & Mitra, 2000). There-

ore, with the use of greener methodologies and environmentally
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benign materials (such as biopolymers), jute can be modified to a
cost-effective and environmentally friendly ‘green’ products with
improved physical properties (Plackett, Anderson, Pedersen, &
Nielson, 2003).

One of the most studied and promising raw materials for the
production of biodegradable products is starch, a natural, renew-
able carbohydrate and low cost polymer obtained from a great
variety of crops such as corn, wheat, rice and potato (Corre, Bras, &
Dufresne, 2010). Starch is basically a mixer of amylose, a linear poly-
mer  with molecular weight between 103 and 106 and amylopectin,
a branched polymer with a (1–6) linked branch points (Dufrense
& Vignon, 1998). Native starch commonly exists in a granular struc-
ture with about 15–45% crystallinity. Under the action of high
temperature and shear, starch can be processed into thermoplas-
tic starch (Forssell, Mikkilä, Moates, & Parker, 1997). Starch based
films have significant potential to replace synthetic films such as
polyethylene in packaging and agricultural mulching industries
(Chen & Patel, 2012). Starch has been investigated widely for the
potential manufacture of medical delivery systems and devices
(Fishman, Coffin, Konstance, & Onwulata, 2000). However, starch
based films have limited applications due to their two main disad-
vantages such as high hydrophilicity and inherently low moduli of
elasticity (Ban, JianguoSong, Argyropoulos, & Lucia, 2006).

Polymer–layered silicate nanocomposites, containing small
amounts of inorganic nano phase, have exhibited superior prop-

erties like modulus, strength, thermal stability, toughness, gas
permeability barrier, and flammability resistance compared to
those of the pure polymers (Yoonessi, Toghiani, Kingery, & Pittman,
2004). These unique properties shown by nanocomposites are due

dx.doi.org/10.1016/j.carbpol.2012.03.012
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:tkm@tezu.ernet.in
dx.doi.org/10.1016/j.carbpol.2012.03.012
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o the nanometric size effect, compared to conventional compos-
te even at low nanofiller content (Bondeson, Mathew, & Oksman,
006). Therefore, the use of such material can play a vital role

n improving the properties of composites based on biopolymers.
mong all the potential nanocomposites predecessors, montmo-
illonite clay is most commonly used layered silicates for the
reparation of nanocomposites. The use of nanoclay in various
rganic synthesis and other industry has been known for many
ears (Gao, Dong, Hou, & Zhang, 2012; Mitsudome et al., 2012;
ukitpaneenit & Chung, 2012; Zhang et al., 2012). However, their
pplications along with the renewable resources have not been
xplored fully and in recent year there has been considerable
nterest in the use of nanoclay for improvising the properties of
iocomposites (Ray & Okamoto, 2003).

In this study, we have prepared composites by using starch,
ute and glutaraldehyde (GA). The composites have been pre-
ared by varying the amount of GA from 30 to 70% and keeping
ther components (starch, jute and glycerol) constant. The effect
f the crosslinker, i.e. GA on the physiochemical properties such as
echanical, thermal and dimensional stability have been studied

y various techniques. The composites have further been modi-
ed by addition of different amount of nanoclay and their effects
n various properties of the composites stated above have been
tudied.

. Experimental

.1. Materials

Jute fabrics (0.450 g cm−2) were purchased from local market,
ezpur, Assam, India. Starch soluble extra pure, glutaraldehyde
5% (w/v), benzene (purity > 99%) and NaOH (purity > 97%) pel-

ets used for this study were obtained from Merck Private Limited
Mumbai, India). Glycerol (AR grade) and montmorillonite K-10
lay (purity 99.99%) were obtained from Qualigens Fine Chemicals,
Mumbai) and Sigma–Aldrich (USA), respectively. All other chem-
cals received as such were used without any further treatment.

. Methods

.1. Surface modification of jute

Jute fabrics (J) were first treated with 2% liquid detergent (Ran-
leen M/S  Rankem, India; pH: 6.5–7.5) at 70 ◦C for 1 h, then washed
ith distilled water and finally dried in a vacuum oven at 70 ◦C till

ttainment of constant weight. The washed fabrics were dewaxed
y treatment with a mixture of alcohol and benzene (1:2) for 72 h
t 50 ◦C. It was washed with distilled water and dried till attain-
ent of constant weight. The fabrics were then treated with 5%

w/v) NaOH solution for 30 min  at 30 ◦C, and washed with distilled
ater for several times to leach out the absorbed alkali. The fabrics
ere finally kept immersed in distilled water for overnight and
ere washed repeatedly to avoid the presence of any trace amount

f alkali. The alkali treated fabrics were dried in a vacuum oven at
0 ◦C to constant weight and stored at ambient temperature in a
esiccator.

.2. Preparation of the slurry

To process starch powder into a suitable resin for fabricating
green’ composites, it was mixed thoroughly with deionized water

t 1:10 ratio (by w/w) and stirred continuously. Starch was found
o be very brittle, weak and difficult to process into useful films in
bsence of plasticizer. Therefore, glycerol was added as a plasticizer.
he optimum amount of glycerol required to process starch into
olymers 89 (2012) 290– 297 291

useful film was  5% (w/w of dry starch). The slurry containing starch
and glycerol (5%, w/w) was  transferred to a 500 ml round bottom
flask and stirred with a mechanical stirrer maintaining the temper-
ature in the range 55–60 ◦C for 4 h. The temperature of the slurry
was  then cooled to 35 ◦C. To this, glutaraldehyde (GA) was added
and stirred for another 5 min  at that temperature. The amount of
GA was  varied from 30 to 70% (w/w of dry starch). This stage is
referred to as pre-cured resin. In order to prepare clay filled resin,
desired amount of clay (1–5% (w/w of dry starch)) was  first taken in
a beaker containing water, stirred for 6 h using mechanical stirrer
followed by sonication for 30 min  under 0.5 cycle and a wave ampli-
tude of 140 �m using a sonicator (Heilscher UP200S, Germany) and
finally added to the pre-cured resin.

3.3. Impregnation of jute fabrics and fabrication of the composite

The pre-cured resin was then poured in a bowl and the surface
modified jute fabric was dipped into the resin slurry for 24 h at
ambient temperature (25 ◦C). The impregnated jute fabrics were
placed in a Teflon coated glass plate and dried over a heating plate
at 30–40 ◦C for 12 h. The weight of the jute fabrics was noted before
impregnation (W1).

Composite laminates were prepared by the method of film
stacking. The layers of impregnated jute fabric were placed on one
another on 15 levels in a metal mould of thickness 3 mm.  The lami-
nates were then compression moulded in a compression moulding
press (Santec, New Delhi) at 80 ◦C under a pressure of 100 MPa. The
laminates were 3 mm in thickness. The final weight of the compos-
ite was noted (W2). The calculations were made as per the following
equations:

Percentage of Jute in the composite =
(

W1

W2

)
× 100 (1)

Percentage of resin in the composite =
{

(W2 − W1)
W2

}
× 100 (2)

where W1 = weight of jute fabrics before impregnation and
W2 = weight of the final composite.

4. Measurements

4.1. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of the post-cured composite samples were
recorded in FTIR Nicolet, Impact 410 spectrophotometer, USA.
Small quantities of finely powder composite samples were thor-
oughly grounded with exhaustively dried KBr and pellets were
prepared by compression under vacuum.

4.2. X-ray diffractometry (XRD)

The XRD measurements were carried out in a Rigaku X-ray
diffractometer (Miniflex, UK) using Cu K� (� = 0.154 nm) radiation
at a scanning rate of 2◦ min−1 with an angle ranging from 2◦ to 30◦

to know the degrees of clay intercalation in composite.

4.3. Transmission electron microscopy (TEM)
The study of the dispersion of silicate layers of montmorillonite
clay nanoparticles in jute reinforced starch composite was  carried
out by using Transmission Electron Microscope (JEOL, JEM 2100) at
an accelerating voltage of 200 kV.
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Table 1
Different composition of prepared composite.

Sample Starch
(wt.%)

Glycerol
(wt.%)

GA
(wt.%)

Jute
(wt.%)

MMT
(wt.%)

S/J 100 5 – 75 –
S/J/G30 100 5 30 75 –
S/J/G40 100 5 40 75 –
S/J/G50 100 5 50 75 –
S/J/G60 100 5 60 75 –
S/J/G70 100 5 70 75 –
S/J/G50/M1 100 5 50 75 1
92 M. Iman, T.K. Maji / Carbohyd

.4. Scanning electron microscopy (SEM)

The surface morphology of some of the prepared samples was
tudied by scanning electron microscopy (SEM) before it was  sub-
ected to flexural test. The morphology of the fractured surface
f the samples obtained from flexural test was also studied by
EM. The analysis was performed by using a JEOL scanning elec-
ron microscope (model JSM-6390LV) at an accelerating voltage of
–15 kV. All of the samples were Pt coated before observation.

.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the composite samples were
one by using Shimazdu TGA 50, thermal analyzer under the nitro-
en flow rate of 30 mL  min−1 at the heating rate of 10 ◦C min−1 from
0 ◦C to 600 ◦C. The sample weight was approximately 5 mg.  Three
amples were tested of each set to obtain a constant value.

.6. Mechanical property

The tensile properties of the composites were determined in
ccordance with ASTM D-638 at a crosshead speed of 2 mm min−1.
he samples were cut into blocks of 100 mm × 3 mm × 20 mm
longitudinal × radial × tangential). For the flexural test, the spec-
mens were cut into dimension of 3 mm × 10 mm × 100 mm
radial × tangential × longitudinal) and examined as per ASTM D-
90 at a crosshead speed of 2 mm  min−1. Both the tensile and
exural strength of the samples were measured by Universal Test-

ng Machine-HOUNSEFIELD, England (model H100K-S) at room
emperature. Five samples were tested for each set and the mean
alue was reported.

.7. Limiting oxygen index (LOI)

Limiting oxygen index (LOI) is defined as the minimum
oncentration of oxygen, expressed as percent volume, in a
owing mixture of oxygen and nitrogen that will support flam-

ng combustion of a material initially at room temperature.
he specimens were cut into 100 mm × 6 mm × 3 mm (longitudi-
al × tangential × radial) according to ASTM-D 2863 and placed
ertically in the flammability tester (S.C. Dey Co., Kolkata). The total
olume of the gas mixture (N2 + O2) was kept fixed at 18 cc. The
olume of nitrogen gas and that of oxygen gas were kept initially
t a maximum and minimum level. Now, the volume of nitrogen
as was decreased and that of oxygen gas was increased gradually.
owever, the total volume of gas mixture was kept fixed at 18 cc
uring the experiment. The ratio of nitrogen and oxygen at which
he sample continued to burn for at least 30 s was recorded.

imiting oxygen index (LOI) =
{

Volume of O2

Volume of (O2 + N2)

}
× 100

.8. Dimensional stability

The synthesised composite were cut into blocks of
 mm × 10 mm × 25 mm (radial × tangential × longitudinal) for
imensional stability test. Dimension of oven dried samples were
easured and conditioned at room temperature (30 ◦C) and 30%

elative humidity. The samples were then kept in humidity cham-
er at room temperature maintaining relative humidity of 65% for

2 h. The specimens were taken out from the humidity chamber
fter stipulated time period and volume were measured with the
elp of slide callipers. Swelling is considered as a change in volume
nd expressed as percentage of volume increase compared to oven
S/J/G50/M3 100 5 50 75 3
S/J/G50/M5 100 5 50 75 5

dried samples. The percentage of swelling in water vapour was
calculated as per formula given below:

% Swelling =
(

Vt − V0

V0

)
× 100

where ‘Vt’ is volume of the sample after “t” time and ‘V0’ is initial
volume of composite sample before water vapour absorption.

5. Results and discussion

Preliminary investigations showed that the optimum percent-
age of glycerol required to process starch into useful film was 5%
(w/w of dry starch) (data not shown). The samples, as coded in
Table 1, had been prepared by keeping the weight (%) of the com-
ponents viz. starch, glycerol and jute constant in all the samples
where as the percentages (%) of GA and nanoclay were varied. The
weight (%) of the various components used for the synthesis of the
composite are provided in Table 1.

5.1. FTIR study

The interactions between starch, jute, glycerol, clay and glu-
taraldehyde were studied by FTIR spectroscopy. FTIR spectra of
starch, jute, clay, S/J, S/J/GA and S/J/GA/M are presented in Fig. 1(A).
The FTIR spectrum of starch (curve (a)) shows the presence of
absorption bands at 571, 980, 1160, 1650, 2920 and 3400 cm−1

confirming the carbohydrate nature (Aboubakar, Njintang, Scher,
& Mbofung, 2008). The typical saccharide bands appeared in the
range 1180–950 cm−1 was considered as the vibration modes of
C C and C O stretching and the bending of C H bonds (Liu,
Chaudhary, Yusa, & Tade, 2011). Jute (curve (b)) shows the pres-
ence of peaks in the range 3440–3390 cm−1 for OH stretching,
1738 cm−1 for the C O stretching vibration of ester groups of hemi-
celluloses, 1640 cm−1 for C O stretching, 1254 cm−1 for C O C
bond in cellulose chain and 1057–1116 cm−1 for C O stretching.
Clay exhibits (curve (c)) peaks at 3465 cm−1 ( OH stretching),
1619 cm−1 ( OH bending), 1030–460 cm−1 (oxide bonds of metals
like Si, Al, Mg,  etc.).

Characteristics peaks of starch and jute were appeared in the
spectrum of S/J composite (curve (d)). Curve (e) represents the spec-
trum of glutaraldehyde crosslinked S/J composite. The intensities of

OH and C O stretching were found to decrease in the crosslinked
composites suggesting the formation of covalent bond between
jute and starch. The possible interaction between starch, jute and
glutaraldehyde are given in Fig. 1(B). In the spectrum of clay filled
(curve (f)) S/J composites, the intensity of peak corresponding to

OH had further decreased. The intensities of peaks at 1620 cm−1

−1
and 1030 cm assigned for Si O Si stretching were more pro-
nounced compared to glutaraldehyde crosslinked S/J composites.
All this suggested the participation of hydroxyl group of clay in
crosslinking reaction with starch and jute (Deka & Maji, 2011).
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Fig. 1. (A) FTIR spectra of (a) starch, (b) jute, (c) clay, (d) S/J, (e) S/J/G50 and (f) S/

The FTIR spectra taken for samples with different concentrations
f glycerol (not shown in Fig. 1(A)) did not produce neither any new
eak nor any significant change in intensity of other peaks except
he broadening of the OH peak which is of course expected.

.2. XRD study
The interlayer spacing (d-spacing) of the starch/nanoclay
anocomposites prepared via solution induced intercalation
ethod was detected by X-ray diffraction study. Fig. 2(A) shows

ig. 2. (A) XRD patterns of (a) jute, (b) starch, (c) S/J, (d) S/J/G50, (e) clay, (f) S/J/G50/M1, 

%  clay (a) 100 nm and (b) 20 nm scale.
M5. (B) Schematic diagram of glutaraldehyde crosslinked starch/jute composite.

the XRD patterns of Jute, starch, S/J, S/J/G50, clay and the nanocom-
posites. Clay shows sharp peaks around 2� = 24◦ and 9◦. The peak
around 9◦ corresponds to a d-spacing of about 1.2 nm in pure clay
(Huang & Netravali, 2006). Jute shows peaks at 2� = 22◦ (0 0 2 plane
of cellulose I) and 19◦ (1 0 1 plane of cellulose II) (Kvien, Sugiyama,
Votrubec, & Oksman, 2007). Curve (b) represents the diffractograms

of starch. A little broader peak around 2� = 20◦ was  found to appear.
Curves (c) and (d) representing the composites without and with
crosslinker exhibited no diffraction peak between 1◦ and 10◦ in the
2� range, reflecting the absence of any ordered structure of starch

(g) S/J/G50/M3 and (h) S/J/G50/M5. (B) TEM micrographs of S/clay composite with



2 rate P

a
t
l
t
s
n
s
a
t
d
(

f
t

5

o
l
t
p
T
m
b
t
s
w
a
(
a
i
i

5

f
s
(
d
t
H
a
a
H
f
s
w
fi
n
(
i
w
(

s
c
w
c
t

5

p

94 M. Iman, T.K. Maji / Carbohyd

nd jute in this range. The diffraction peak of the nanoclay tac-
oids was absent in the X-ray diffractograms for 1% and 3% clay
oaded composites (curves (f) and (g)). It could be said that either
he full expansion of the MMT  gallery occurred, which was  not pos-
ible to detect by XRD, or the MMT  layers became delaminated and
o crystal diffraction peak appeared (Lu, Zhao, & Xue, 2006). As
hown in Fig. 2(A) (curve (h)), the peak obtained for pure clay at
round 9◦ was shifted towards left with reduction in intensity in
he S/J/G50/M5 composites. This indicated that the layer in clay was
elaminated in the aqueous medium by the starch macromolecules
Chen & Zhang, 2006).

There was no characteristic change in the XRD pattern recorded
or various samples prepared by treating with different concentra-
ions of glycerol.

.3. TEM study

TEM analysis was carried out to verify the extent of exfoliation
f nanoclay in the synthesized composites. The dispersion of clay
ayers as dark lines (shown by arrow mark) was observed in both
he images. The TEM micrographs of nanoclay incorporated com-
osites are shown in Fig. 2(B). Fig. 2(B)-((a) and (b)) represent the
EM micrographs in 100 and 20 nm range. As indicated by TEM
icrographs, the clay layers were delaminated into thin lamellas

y starch having a dimension of 2–3 nm in thickness. This suggested
hat the nanoclay were well dispersed and partially exfoliated into
tarch matrix. This type of partially exfoliated structure of nanoclay
as also reported in various literatures and had been considered

s a successful intercalation of the nanoclay into the composites
Chen & Zhang, 2006; Yoonessi et al., 2004). Therefore, from XRD
nd TEM studies, it could be concluded that S/J/Clay nanocompos-
tes with a delaminated structure could be prepared by solution
nduced intercalation method in neutral aqueous medium.

.4. SEM study

SEM micrographs of jute, starch and the smooth surface and
ractured surface of S/J composite without and with clay are pre-
ented in Fig. 3(A). The surface of jute fibres was smooth and regular
Fig. 3(A)-(a)). The shape of starch particles were irregular compact
isc type as shown in Fig. 3(A)-(b) (Aboubakar et al., 2008). On addi-
ion of GA, S/J composite appeared rough (Fig. 3(A)-(c)) (Hillberg,
olmes, & Tabrizian, 2009). The roughness was increased with the
ddition of clay (Fig. 3(A)-(e)). The roughness might be due to the
dherence of either the starch or the starch/clay to the jute surface.
owever, on addition of GA into the composite less fibres were

ound to be the protruded out of the composite (Fig. 3(A)-(d)). This
uggested a failure in the brittleness of the starch matrix. The resins
ere found to adhere on some of the fibre surface. Surface of some
bres were smooth as there was no resin. Moreover, on addition of
anoclay into the composite, the brittleness was found to enhance
Fig. 3(A)-(f)). This might be due to the fact that the clay particles
ncreased the interaction with starch matrix and jute fibre surface

hich resulted in less pull out of fibres from the fractured surface
Ray et al., 2007).

Further work was done through energy dispersive X-ray analy-
is of the nanoparticles observed in the fracture for the clay loaded
omposite as shown in Fig. 3(B). Elements such as Al, Na and Si,
hich are mainly from the silicate nanoclay, were detected indi-

ating that the nanoclay had been successfully incorporated into
he composite (Cai, Riedl, Zhang, & Wan, 2008).
.5. Mechanical property study

The flexural and tensile properties of composites with varying
ercentage of glutaraldehyde and clay are shown in Table 2. The
olymers 89 (2012) 290– 297

values shown in the table are the mean values of five readings. It was
observed that both the flexural and tensile modulus and strength
increased with the increase in the concentration of glutaraldehyde.
The increase in mechanical properties could be ascribed to the for-
mation of crosslinking between the polar groups of starch and jute
by glutaraldehyde as shown in Fig. 1(B). The mechanical properties
of composite were found to increase with the increase in the con-
centration of GA (Ramaraj, 2007). It was  observed from Table 2 that
except the flexural strength there was  no significant enhancement
on the properties such as flexural modulus, tensile strength and
tensile modulus beyond 50% of GA. This might be due to saturation
of crosslinking sites in both starch and jute surface. Since, all these
properties together culminate to the overall mechanical strength
of the composite. Hence, considering the 50% concentration of the
crosslinker as optimum, we  modified the composite (S/J/G50/M1,
S/J/G50/M3 and S/J/G50/M5) with different percentage of nanoclay
ranging from 1 to 5% (w/w)  of starch. The mechanical properties of
the clay treated samples were found better compared to the clay
untreated samples. The higher the percentage of clay, the higher
was  the mechanical properties. The increase in mechanical prop-
erties was due to the restriction in the mobility of the intercalated
polymer chains present inside the silicate layers of clay (Becker,
Cheng, Varley, & Simon, 2003).

5.6. Thermal property study

The influence of crosslinker and nanoclay on the thermal prop-
erties of the synthesized composites was  investigated by TGA, as
shown in Fig. 4(A). Table 3 (derived from Fig. 4(A)) shows the initial
decomposition temperature (Ti), maximum pyrolysis temperature
(Tm), decomposition temperature (TD) at different weight loss (%)
and residual weight (RW) of the composites. It was seen clearly
from the thermograms that the Ti, Tm, TD at different weight loss
(%) and residual weight (RW, %) were improved with the addition
of crosslinker.

Ti values of S/J composites were found to enhance with the
increase in the percentage of crosslinker concentration. Ti values
increased further due to incorporation of clay. The interesting area
of TGA of starch based composite is the 250–350 ◦C temperature
range. Tm values for both the stages of pyrolysis were found to
increase as the percentage of crosslinker increased. TD values of the
crosslinked S/J composite were higher than uncrosslinked S/J com-
posite. The higher the crosslinker concentration, the higher was  the
TD value. This might be due to the formation of crosslinking caused
by the interaction between glutaraldehyde and different polar
groups present in starch and jute. The TD values were improved
further when clay was  added to it. The increase in thermal stabil-
ity of the synthesized nanocomposites is attributed to the hindered
diffusion of volatile decomposition products within it (Gilman et al.,
2000). This might also be due to the physico-chemical adsorp-
tion of the volatile degradation products on the silicate surface
(Zanetti, Camino, Reichert, & Mulhaupt, 2001). The volatilization
of the degraded products originated by carbon carbon bond scis-
sion in the composite was delayed by tortuous path provided by
the silicates layer (Qin et al., 2004). Clay treated composite showed
a subsidiary increase in RW values over clay untreated composite.
Therefore, it could be concluded that the thermal stability of the S/J
composites increased on addition of crosslinker and nanoclay.

5.7. LOI study

The LOI values of the S/J composites with different percent-

age of crosslinker and clay are presented in the Table 4. From
that table, it was observed that LOI value increased with the
increase in the percentage of crosslinker. GA formed crosslinks
between jute and starch. The higher the concentration of GA, the
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Fig. 3. (A) SEM micrographs of (a) jute, (b) starch, (c) S/J/G50 smooth surface, (d) S/J/G50 fracture surface, (e) S/J/G50/M5 smooth surface, (f) S/J/G50/M5 fracture surface. (B)
Energy dispersive X-ray analysis of S/J/G50/M.

Table 2
Flexural and tensile properties of (a) S/J, (b) S/J/G30, (c) S/J/G40, (d) S/J/G50, (e) S/J/G60, (f) S/J/G70, (g) S/J/G50/M1, (h) S/J/G50/M3 and (i) S/J/G50/M5.a

Sample Flexural properties Tensile properties

Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa)

S/J 27.67 (±1.22) 1141.9 (±1.57) 12.59 (±1.26) 755.38 (±16.74)
S/J/G30 28.31 (±1.34) 1336.2 (±1.16) 18.62 (±1.84) 1117.10 (±13.46)
S/J/G40 37.8 (±2.31) 1641.6 (±2.11) 19.88 (±0.96) 1192.53 (±17.32)
S/J/G50 39.5 (±2.14) 2234.0 (±1.96) 22.54 (±1.03) 1352.18 (±15.34)
S/J/G60 45.8 (±1.12) 2575.6 (±1.32) 22.65 (±1.31) 1358.81 (±10.79)
S/J/G70 51.4 (±1.32) 2620.1 (±1.13) 24.64 (±2.07) 1478.53 (±14.08)
S/J/G50/M1 69.8 (±1.31) 3777.0 (±2.09) 28.42 (±0.74) 1705.47 (±11.67)
S/J/G50/M3 82.0 (±1.76) 4516.3 (±1.54) 32.40 (±1.37) 1944.78 (±17.62)
S/J/G50/M5 90.7 (±2.54) 6434.1 (±2.09) 40.53 (±2.31) 2344.67 (±12.78)

a Each value represents average five samples.

Table 3
Thermal properties of starch, jute, glutaraldehyde and nanoclay composite.a

Sample particulars Ti
ITm

IITm Temperature of decomposition at different weight loss (%) RW % at 600 ◦C

20 30 40 50 60 70

S/J 176 ± 1 220 ± 1 321 ± 2 283 ± 1 305 ± 2 315 ± 1 325 ± 1 334 ± 2 350 ± 2 10 ± 1
S/J/G30  182 ± 2 319 ± 1 360 ± 1 287 ± 2 308 ± 1 318 ± 2 326 ± 1 335 ± 1 354 ± 1 13 ± 1
S/J/G50  196 ± 1 322 ± 2 365 ± 2 291 ± 1 309 ± 1 319 ± 1 327 ± 1 338 ± 1 355 ± 2 15 ± 2
S/J/G70  197 ± 2 324 ± 2 366 ± 1 296 ± 2 310 ± 2 320 ± 1 328 ± 1 340 ± 2 357 ± 1 16 ± 2
S/J/G50/M1 218 ± 1 351 ± 1 391 ± 2 298 ± 1 313 ± 1 322 ± 1 331 ± 1 341 ± 2 361 ± 1 18 ± 2
S/J/G50/M3 219 ± 2 354 ± 2 393 ± 1 299 ± 1 314 ± 1 323 ± 2 332 ± 1 341 ± 2 361 ± 1 20 ± 1
S/J/G50/M5 221 ± 2 359 ± 1 397 ± 1 301 ± 2 316 ± 1 325 ± 1 334 ± 1 344 ± 2 364 ± 1 23 ± 2

Ti: initial decomposition temperature; ITm: maximum pyrolysis temperature value for 1st step; IITm: maximum pyrolysis temperature value for 2nd step.
a Each value represents average three samples.
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Fig. 4. (A) TGA thermograms of (a) S/J, (b) S/J/G30, (c) S/J/G50, (d) S/J/G70, (e) S/J/G50/M1, (f) S/J/G50/M3 and (g) S/J/G50/M5. TGA and DTG for curve (c) are shown in the
inset.  (B) Swelling behaviour of (a) S/J, (b) S/J/G30, (c) S/J/G40, (d) S/J/G50, (e) S/J/G70, (f) S/J/G50/M1, (g) S/J/G50/M3 and (h) S/J/G50/M5.

Table  4
Limiting oxygen indices (LOI) and Flaming characteristics of the prepared composites.a

Samples LOI (%) Flame description Smoke and fumes Char

S/J 22 (±2.0) Candle like Flame Small and black smoke Little
S/J/G30 29 (±1.0) Small localised flame Small and black smoke Little
S/J/G40 38 (±3.0) Small localised flame Small and black smoke Little
S/J/G50 39 (±1.0) Small localised flame Small and black smoke Little
S/J/G60 44 (±2.0) Small localised flame Small and black smoke Little
S/J/G70 47 (±1.0) Small localised flame Small and black smoke Little
S/J/G50/M1 51 (±2.0) Small localised flame Small and black smoke Higher
S/J/G50/M3 56 (±3.0) Small localised flame Small and black smoke Higher
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S/J/G50/M5 61 (±2.0) Small localis

a Each value represents average five samples.

igher is the crosslinking (Ramaraj, 2007). The network struc-
ure thus formed would restrict the accessibility of oxygen for the
roduction of degradable components from the composites and
ence LOI value would be more. LOI value was enhanced further
n addition of nanoclay. The LOI values of the nanoclay treated
omposites were found more compared to nanoclay untreated
omposite. The higher the percentage of nanoclay, the higher was
he LOI value. Jute, primarily composed of plant materials cellulose
nd lignin, requires a very less amount of oxygen for the production
f flammable volatiles and propagation of flame and hence showed
ery low LOI value. Whereas, the incorporation of the nanoclay par-
icle into the synthesized composite produced a silicate char on the
urface of it and hence improved their flame resistance property
Urbanczyk et al., 2010). The silicate rich surface had better barrier
roperty to heat and oxygen transport due to which ignition of the
omposite delayed. Therefore, with increase in the concentration of
lay, the resistance of flame propagation was improved and hence
igher LOI values were observed.

.8. Dimensional study

The effect of swelling in water vapour at room temperature
∼30◦ C) and 65% relative humidity for the composite samples for
ifferent time periods is shown in Fig. 4(B). In all the cases, the %
welling was found to increase with the increase of time. From the
gure, it was observed that the composites having higher percent-
ge of GA showed more reduction in swelling than the composites
ontaining lower percentage of GA (Das et al., 2010). Composites
ontaining higher percentage of GA swelled less due to higher

rosslink densities and less availability of the polar groups. Clay
reated composites swelled less than those of clay untreated sam-
les. The higher the amount of clay, the lower was the swelling.
he silicate layer of clay provided a tortuous path which hindered
me Small and black smoke Higher

the diffusivity of water through the composites (Rana, Gupta, Rao,
& Sridhar, 2005).

6. Conclusion

Environmental-friendly composites made of jute fabric and
starch matrix, plasticized with glycerol, were prepared by solu-
tion induced intercalation method and characterized by various
techniques. Effect of the crosslinking agent, GA and the nanoclay
particles were studied. The incorporation of the crosslinking agent
improved the physicochemical properties such as mechanical, ther-
mal, flame retardancy and dimensional stability via the interaction
of the aldehydic group of the crosslinker with the hydroxyl group
of starch and jute. The optimum concentration of GA for obtaining
overall improvement in mechanical properties of the synthesized
composites was  found to be 50%. FTIR study showed a strong
interaction among jute fabric, starch, glutaraldehyde and nanoclay.
XRD and TEM study showed the exfoliation of nanoclay in the
composites. The various properties such as mechanical, thermal,
flame retardancy and dimensional stability were found to improve
further by the incorporation of the nanoclay to the resultant com-
posites. The adherence of starch and clay particles on the surface
of the jute fibre was  shown by SEM study. SEM study of fractured
surfaces also revealed the intimate bonding between the jute fabric
and the matrix material. Therefore, such kind of nanoclay loaded
jute fabric reinforced starch composites are eco-friendly and can
find applications in newer fields.

Polymeric materials offer new possibilities and challenges, for
all types of materials having the capability to replace different

classes such as metallic, ceramic and wood with the combination
of different properties in the form of composites/nanocomposites.
In recent years the “green nanocomposites” have made their own
domain in the field of sustainable development. Most importantly,
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he green nanocomposites especially of those prepared by using
aturally available resources have contributed to an extent in
eplacing the conventional materials. These green nanocomposites
ave the potential for a wider application range such as com-
uter casings, packaging and panels for auto interior. Therefore,
hese synthesized plant based composites/nanocomposites having
ptimised properties may  add to the rapid development for more
ustainable and ecofriendly materials in near future.
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