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Starch  based  films  limit  their  application  due  to  highly  hydrophilic  nature  and  poor  mechanical  prop-
erties.  This  problem  was  sought  to  be overcome  by forming  a nanocomposite  of  Thermoplastic  starch
(TPS)  and  Nano-Cellulose  fibers  (NCF).  NCF  was  successfully  synthesised  from  short  stable  cotton  fibres
by  a chemo-mechanical  process.  TPS/NCF  composite  films  were  prepared  by solution  casting  method,
and  their  characterizations  were  done  in  terms  of  differential  scanning  calorimeter  (DSC),  morphology
(SEM),  water  vapor  permeability  (WVTR),  oxygen  transmission  rate  (OTR),  X-ray  diffractograms,  light
hermoplastic starch (TPS)
ano-cellulose fibers (NCF)

transmittance  and  tensile  properties.  At  very  low  concentration  of NCF  filled  TPS  composite  film  showed
improvement  in  properties.  The  0.4  wt%  NCF  loaded  TPS  films  showed  46.10%  improved  tensile  strength
than  by  base  polymer  film,  beyond  that  0.5  wt%  concentration  tensile  strength  starts  to  deteriorate.  WVTR
and OTR  results  showed  improved  water  vapor  barrier  property  of TPS  matrix.  The  DSC  thermograms  of
TPS and  composite  films  did  not  show  any  significant  effect  on the  melting  point  of  composite  film  to  the
base  polymer  TPS.
. Introduction

Starch is a widely available, renewable, low cost, and biodegrad-
ble agro-polymer. For these reasons starch generates a great
nterest and it is considered as a promising alternative to syn-
hetic polymers for packaging applications. The general procedure
o process starchy materials involves the granular disruption by
he combination of temperature, shear and a plasticizer, which
s usually water and/or glycerol (Averous, 2004). As a packag-
ng material, starch alone does not form films with appropriate

echanical properties unless it is first plasticized, or chemically
odified. Common plasticizers for hydrophilic polymers, such as

tarch, are glycerol and other low molecular weight polyhydroxy
ompounds, polyethers, urea and water. As films or bag, starch
ould be employed as packaging for fruits and vegetables, snacks or
ry products. In these applications, however, an efficient mechan-

cal, oxygen and moisture protection is needed. Thermoplastic
tarch (TPS) alone often cannot meet all these requirements. In par-
icular, because of the hydrophilic of the starch, the performance
hanges during and after processing, due to the water content
hanges. To overcome this drawback, many different routes have

een reported. Research and development of bio-nanocomposite
aterials for food applications such as packaging and other food

ontact surfaces is expected to grow in the next decade with the
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advent of new polymeric materials and composites with inorganic
nano-particles Nowadays, the largest parts of materials used in
packaging industries are produced from fossil fuels and are prac-
tically un-degradable. For this, packaging materials for a foodstuff,
like any other short-term storage packaging material, represent
a serious global environmental problem. A big effort to extend
the shelf life and enhance food quality while reducing packaging
waste has encouraged the exploration of new bio-based packaging
materials, such as edible and biodegradable films from renew-
able resources (Sorrentino, Gorrasi, & Vittoria, 2007). Biopolymer –
clay nanocomposites are a new class of materials with potentially
improved mechanical properties. These composites are prepared
by addition of low amounts of clay to the biopolymer matrix (Zhao,
Torley, & Halley, 2008). The main challenge for preparing nanocom-
posites is the nanoscale dispersion of clay in the biopolymer matrix.
Montmorillonite is the most commonly used natural clay and has
been successfully applied in numerous nanocomposite systems
(Giannelis, 1996; Paul & Robeson, 2008; Pavlidou & Papaspyrides,
2008; Raquez, Narayan, & Dubois, 2008; Ray & Okamoto, 2003).
A number of researchers have presented work in the field of
starch-based bionanocomposites, which can be obtained by filling a
thermoplastic starch matrix with nanofillers such as layer silicates,
carbon nanotubes, carbon black, cellulose and starch nanocrystals.
Montmorillonite (Huang, Yu, & Ma,  2006; Kampeerapappun, Aht-
Ong, Pentrakoon, & Srikulkit, 2007) and kaolinite (Zhao, Wang,

& Li, 2008) is the usual layer silicates used in starch-based bio-
nanocomposites. Cellulose nanocrystals or whiskers have been
used to reinforce starchy material (Angles & Dufresne, 2000; Angles
& Dufresne, 2001; Kvien, Sugiyama, Votrubec, & Oksman, 2007;

dx.doi.org/10.1016/j.carbpol.2012.02.063
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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athew & Dufresne, 2002). Cellulose is the most abundant natu-
al polymer found in nature, and considerable interest has been
ecently focused on finding new material applications for this
iopolymer. One of these applications has been the development
f cellulose nanocrystals. It is well known that native cellulose,
hen subjected to strong acid hydrolysis, can be readily hydrolyzed

o micro or nanocrystalline cellulose (Beck-Candanedo, Roman, &
ray, 2005; Bondeson, Mathew, & Oksman, 2006; Samir, Alloin, &
ufresne, 2005; Zhang, Elder, Pu, & Ragauskas, 2007). Cellulose
hiskers and their use as a reinforcing material in composites

s a relatively new field within nanotechnology that has gener-
ted considerable interest in the last decade, especially within the
iopolymer community. Aqueous and solvent solution casting is
he most common method of preparing cellulose nanocompos-
tes (Dufresne, Kellerhals, & Witholt, 1999; Kvien & Oksman, 2007;
etersson, Kvien, & Oksman, 2007; Pu et al., 2007; Roman & Winter,
002). Since 1995, publications describing the use of cellulose
hiskers as reinforcing fillers (Favier, Canova, et al., 1995; Favier,
hanzy, & Cavaille, 1995; Gauthier & Perez, 1995) have resulted in
n unparalleled increase in interest in producing new polymeric
anocomposites reinforced with cellulose-based nanowhiskers,
anocrystals, and nanofibers, instead of cellulose fibers (Choi &
imonsen, 2006; Favier, Canova, Shrivastava, & Cavaille, 1997;
elbert, Cavaille, & Dufresne, 1996; Roman & Winter, 2002; Samir,
lloin, Sanchez, & Dufresne, 2004; Wang, Sain, & Oksman, 2007;
ongpanit et al., 2007). Both biodegradable polymeric matrices

such as starch (Choi & Simonsen, 2006; Lu, Weng, & Cao, 2006;
athew & Dufresne, 2002), soy protein (Lu, Weng, & Zhang, 2004),

ilk fibroin (Wongpanit et al., 2007), polylactide (PLA) (Huang
t al., 2006), or poly(vinyl alcohol) (PVA) (Zhang et al., 2007)
nd nonbiodegradable polymeric matrices (such as polypropy-
ene (Ljungberg et al., 2005), poly(vinyl chloride) (PVC) (Chazeau,
availle, & Perez, 2000), poly(oxyethylene) (Samir et al., 2005), or
poxy resin (Shimazaki et al., 2007) have been utilized in making
anocomposites containing cellulose nanowhiskers, nanocrystals,
r nanofibers as fillers. However, in comparison with their conven-
ional microcomposite counterparts filled by microscale cellulose
bers, these nanocomposites exhibit some outstanding proper-
ies as a result of the nanometer size effect (from only few to
everal hundred nanometers in width) from the nanowhiskers,
anocrystals, and nanofibers (Samir et al., 2005; de Souza Lima &
orsali, 2004). In addition, the reported large specific interfacial
rea (greater than 100 m2 g−1) (Favier, Canova, et al., 1995), high
spect ratio (up to 100) (Samir et al., 2005), high elastic modu-
us (up to 145 GPa (Giga Pascal)) and high Young’s modulus (up to
50 GPa) (Sturcova, Davies, & Eichhorn, 2005).

The goal of this work is to study the effect of nano-cellulose
bers (NCF) concentration on the properties of TPS. TPS was  used
s a matrix with water and glycerol as a plasticizer and with 0.1%,
.2%, 0.3%, 0.4%, 0.5%, and 1% NCF as reinforcements.

. Experimental

.1. Materials

Thermoplastic starch soluble (TPS), Extra pure procured from
.d. fine chem. Ltd., Mumbai, India. Cotton fibers (CF) were pro-
ided by CIRCOT (Mumbai, India). Acetic acid glacial (99–100%)
as from Merck Specialities Private Ltd., Mumbai, India. Glycerol
urified (Glycerine) eas from s.d. fine chem. Ltd., Mumbai, India.
.2. Synthesis of nano cellulose fibers

NCF were prepared from short staple cotton by chemo-
echanical process using a lab disc refiner. Short staple cotton
ate Polymers 89 (2012) 146– 151 147

fibers (var: ‘Bengal Desi’) were soaked in the caustic solution (1%
NaOH) with material to liquor ratio of 1:20. To this, 0.2 ml  of nonyl
phenol ethylene oxide per 100 ml  was added as a wetting agent. The
vessel containing cotton fibers with caustic solution was autoclaved
(kier boiling) for 1 h at 15 psi to remove waxy and/or noncellulosic
materials. Then this was bleached by using sodium silicate and
hydrogen peroxide. For further bleaching the cotton fibers were
washed with distilled water and dried in an oven at 50 ◦C. The cot-
ton fibers were suspended in water and passed through the lab disc
refiner and are based mainly on a narrow gape treatment of the
cotton fibres to achieve the nanofibrillation. (Karande, Bharimalla,
Hadge, Mhaske, & Vigneshwaran, 2011).

2.3. Preparation of TPS/NCF composite films

The preparation of TPS/NCF films was based on a solution casting
and evaporation process. The varied amount of NCF (0.1%, 0.2%,
0.3%, 0.4%, 0.5%, and 1%, w/w of TPS) was  dispersed into the 95 ml
of distilled water under continuous stirring at 1000 rpm for 15 min.
After that designated weights of TPS (5%) were mixed and stirred
for the complete dissolution of TPS. Glycerol content based on TPS
was  fixed at 30 wt%  and Acetic acid 20 wt%  TPS. Glycerol and acetic
acid were mixed and heated at 70 ◦C for 30 min  with stirring until
the mixture was  gelatinized. The water was evaporated at room
temperature overnight after that solution was poured into acrylic
mould. Film formed uniformly and removed smoothly. Average film
thickness formed was  0.60 mm.

3. Characterizations

3.1. Tensile properties

The tensile strength and percent elongation of films were
determined using Universal Testing Machine (LR-50 K, LLOYD
instrument, UK) with 500 N load cell, in accordance to ASTM D 882.

3.2. Differential scanning calorimeter (DSC)

DSC was  used to measure thermal transitions of TPS films and
nanocomposite films. The test was  performed with Q100 DSC
(TA Instruments) equipment, fitted with a nitrogen-based cool-
ing system. The samples were weighed in aluminium pans and
hermetically sealed; an empty pan was used as reference. All the
measurements were performed in the range −50 to 150 ◦C at a
heating rate of 10 ◦C/min.

3.3. X-ray diffractometer

X-ray Diffraction (XRD) patterns were obtained using a Rigaku
Miniflex X-ray Diffractometer using Cu target and having X-ray
wavelength of 1.54 Å. The sample was  placed in a sample holder,
and analysis is carried out in a static position, and detector moving
through angle 2 to 60◦.

3.4. Water vapor transmission rate (WVTR)

Water Vapor Transmission Rates (WVTR) values of the films
were determined gravimetrically according to ASTM E96 method.
Each test film was  sealed on the top of permeation cells contain-
ing distilled water. The permeation cells were placed in desiccators
maintained at 0% RH. RH 0 was  maintained using anhydrous cal-
cium chloride in a cell. The composite films were cut into circles

and sealed over the cell with melted paraffin. The water transferred
through the film and absorbed by the desiccant was  determined
from the weight of the permeation cell. Anhydrous calcium chloride
(CaCl2) was  used as a desiccant. Each permeation cell was weighed
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The X-ray diffraction (XRD) patterns recorded for NCF and TPS
nanocomposites after conditioning are shown in Fig. 4. The NCF
diffractrogram displayed well-defined peaks, typical of a highly
crystalline structure. The peak at 2� = 14.7◦, 2� = 16.3◦, 2� = 22.6◦,
% Concentration of NCF

Fig. 1. Tensile strength of TPS/NCF composite film and Control TPS film.

t an interval of 24 h. The WVTR was expressed in gm mm/cm2 per
ay.

.5. Oxygen transmission rate (OTR)

OTR of the films was determined using an oxygen transmission
ate test machine (Labthink BTY-B1). After a film was placed in a cell
nd oxygen flow was introduced on 1 side of the films, and the oxy-
en transmission rate (OTR) was measured. OTR in (cm3/m2 d Pa)
as calculated from the mean OTR multiplied by the film thickness

�m) and divided by the oxygen gradient in the cell of the testing
achine (1 kgf/cm2).

.6. Light transmittance testing of the films

The light transmittance (Tr) of the PS and TPS/NCF films with a
hickness of 0.60 mm was measured using an ultraviolet–visible
UV–Vis) spectroscope (UV-160A, Shimadzu, Japan) at a wave-
ength range of 200–800 nm.

.7. Morphology (SEM)

The morphology of NCF was observed by a scanning elec-
ron microscope (SEM). SEM analysis was carried out with the
EOL® 6380 LA (Japan) Scanning Electron Microscope. Samples

ere fractured under liquid nitrogen to avoid any disturbance to
he molecular structure and the specimens were coated with gold
efore imaging.

. Results and discussion

.1. Mechanical properties of the films

Figs. 1 and 2 show the tensile properties of the TPS/NCF com-
osite films. Tensile properties such as tensile strength (TS) and
longation at break (%E) have been evaluated from the experimen-
al stress–strain curves obtained for all prepared nanocomposite
lms. The Tensile strength and % elongation at break values of the
eat TPS film were 9.83 MPa  (Megapascal) and 7.03%, respectively.
hen comparing tensile strength of the TPS/NCF films (Fig. 1),

t was obvious that addition of NCF helped to improve the ten-
ile strength of the films. TS increased with the increasing of NCF

ontent up to 0.4% its showed 46.10% improvement. The tensile
trength value of TPS/NCF 0.5% and 1% composite film (12.84 MPa
nd 10.35 MPa, respectively) was lower than those of the TPS/NCF
.4% film. This indicated that due to the heterogeneous size
% Concentration of NCF

Fig. 2. Percentage strain at Break of TPS/NCF composite film and Control TPS film.

distribution and agglomerations of NCF within the TPS matrix, NCF
did not act as reinforcing filler in TPS. On the other hand, excess of
NCF content was a likely cause of phase separation, poor particle
distribution and larger agglomerates formation, which led to poor
mechanical properties as proven by decreased tensile strength (0.5
and 1 wt%).

The preparation of TPS/NCF composite could improve the ten-
sile properties of the base polymer. Hence, NCF addition was found
to enhance as well as impair the tensile properties depending on
the level of loading. Percentage strain at break decreases with the
increases percentage of NCF of the base polymer.

4.2. Differential scanning calorimeter (DSC)

The calorimetric thermograms for all samples are depicted in
Fig. 3 and given as heat flow (mW)  vs temperature (T). Due to the
nature of DSC where the relative heat between the sample and
the reference was measured; the relative thermal capacity is the
primary result. The DSC thermograms of TPS and composite films
samples showed that the transitions occur over a quite broad tem-
perature range. Fig. 3 it does not show any significant effect on
the melting point of composite film to the base polymer TPS, but
addition of 0.5% NCF it slightly shifted to lower temperature.

4.3. X-ray diffractometer
Fig. 3. DSC thermograms of TPS/NCF composite film and Control TPS film.
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Fig. 4. XRD of TPS/NCF composite film and Control TPS film.

nd 2� = 34.7◦ corresponds to the (1 0 1), (1 0 −1), (0 0 2), and
0 4 0) crystallographic planes, respectively, (Sun et al., 2007; Wang,
umar, & Zhang, 2009) which were characteristic of cellulose type

. (Klemm,  Heublein, Fink, & Bohn, 2005)
The NCF is crystalline materials therefore increase the concen-

ration of NCF increase the crystalline regions increase the rigidity
f cellulose nanowhiskers (Alemdar & Sain, 2008). As described
ater, the expected tensile strength of the composite materials could
e enhanced by using these NCF with higher rigidity as fillers in
olymer matrices. Percentage crystallinity of nanocomposite film

ncreases with increasing the percentage of NCF with in starch
atrix but up to 0.4 wt% after that its goes down.

.4. Water vapor transmission rate (WVTR)

The specific water vapor transmission rate (WVTR) of the TPS
nd composite films was shown in Fig. 5. TPS is hydrophilic in
ature and hence it has high WVTR. The high WVTR is decreased
y the presence of dispersed phase of NCF into the TPS biopolymer
atrix. But elongate of water particles path decreased this WVTR

n nanocomposite film. This nanocomposite consists of dispersed
hase of NCF into TPS biopolymer matrix. The NCF particles act as

 barrier for water vapor which results in the drop of water vapor
ransmission rate through the starch biopolymer matrix/NCF com-
osite films. WVTR of TPS/NCF composites decreased with increase
he NCF content. 7.8 × 10−3 g/h/sq m.  was the highest WVTR per-

eated easily through control TPS film. Significant decrease in

VTR value (4.3 × 10−4 g/h/sq m.)  was recorded as the NCF content

ncreased up to 0.4 wt%. Further increase in NCF content increase
he WVTR value slight. However is was still lesser than that of con-
rol WVTR value of TPS. This phenomenon can be explained by
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Fig. 5. WVTR of TPS/NCF composite film and Control TPS film.
% Concentration of NCF

Fig. 6. OTR of TPS/NCF composite film and Control TPS film.

the addition of NCF which enables a tortuous path for the water
molecules to pass through.

4.5. Oxygen transmission rate (OTR)

Fig. 6 showed the OTR versus percentage of nano cellulose fibers.
From Fig. 6, it is seen that the oxygen permeability is most largely
reduced, i.e. by 93%, in the 0.4% NCF/TPS compared to the control
TPS sample. Starch has high oxygen permeability but the decrease
in OTR of nanocomposite films due to which generates a more tor-
tuous path for the permeation of oxygen molecules presence of NCF
dispersed phase into the TPS biopolymer matrix.

4.6. Light transmittance testing of the films

The light transmittance (Tr) of the selected films in the wave-
length range of 200–800 nm was  shown in Fig. 7. The Tr value of
TPS/NCF film was significantly lower than that of the neat TPS film
at the same wavelength, indicating that the filling of NCF in TPS
decreased the transparency of the films. The Tr value at 800 nm
reflects the transparency of the films, which also provides some
information on the particle size and degree of dispersion of the
fillers within the matrix (Chen, Liu, Chang, Anderson, & Huneault,
2009). For example, at a wavelength of 800 nm,  the Tr values of
TPS/NCF 1 wt% and TPS were 62% and 88%, respectively. How-
ever in the case of 0.1 wt%  and 0.2 wt% NCF, the Tr values were
improved 92% and 94%, respectively. And for other composition

Tr, value decreases with increased content of NCF as compared to
control matrix TPS film. The results from the transmittance mea-
surement of the films at wavelengths from 200 to 800 nm showed

Fig. 7. Light transmittance (Tr) of A: TPS, B: TPS/NCF 0.2%, C: TPS/NCF 0.1%, D:
TPS/NCF 0.3%, E: TPS/NCF 0.4%, F: TPS/NCF 0.5% and G: TPS/NCF 1% films in the
wavelength range from 400 to 800 nm.
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Fig. 8. SEM photograph of NCF (A), the cross sections of TPS/NCF 0.4% (B), the cross sections of TPS/NCF 1% (C).
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hat the addition of NCF into TPS improved the performance of anti-
ltraviolet radiation while keeping or enhancing the transparency
f the resulting nanocomposite films.

.7. Morphology (SEM)

From Fig. 8(A) SEM analysis, it was observed that the diameter
f the fibril 242 ± 158 nm.  Fig. 8(B and C) was the SEM micrographs
f the samples which were fractured under liquid nitrogen, 0.4 wt%
CF filled TPS and 1 wt% NCF filled TPS, respectively. For each mate-

ial, different magnifications were used in order to display both
he cellulose dispersion within the TPS matrix and the interfacial
dhesion between the composite components. The incorporation
f NCF substrates had a modest effect on the TPS, since no resid-
al TPS granular structures were observed after the composite
rocessing. The SEM micrographs Fig. 8(B) (TPS/NCF 0.4 wt%) also
rovide the evidence of the strong interfacial adhesion between
he NCF and the TPS matrix. The strong interfacial adhesion is a
esult of their good dispersion within the matrix. Tensile strength
mproves to 46.10%, due to good dispersion and no noticeable
gglomerate of NCF. Obviously, in the case of 1 wt%  NCF filled

PS (Fig. 8C), poor interfacial adhesion between the NCF, and the
PS matrix observed. This poor interfacial adhesion is the result
f agglomeration of NCF which has subsequently reduced its ten-
ile strength. The uneven structure and agglomeration of the 1 wt%
NCF filled TPS can be the cause of higher water vapor transmission
rate.

5. Conclusions

NCF was successfully extracted from short stable cotton fibres by
a chemo-mechanical process. This study provides an initial insight
into the use and characteristics of NCF in TPS based biocomposites
film. While compared with the control TPS film and the TPS/NCF
film, nanocomposite films showed higher tensile strength; reduced
percentage elongation at break; decreased water vapor rate trans-
mission and oxygen transmission rate. This is due to the factors
such as the nanometer size effects of the NCF (high L/D), the high
content of cellulose crystalline regions, the homogeneous disper-
sion of NCF within TPS, and the strong interaction between NCF
and TPS matrix. The SEM result indicates, agglomerate formation
in higher concentration (i.e. 1 wt% Fig. 8C) because of nanometer
length size effect.
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