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Abstract Uniform distribution of nanofillers in polymer
matrix is posing a major challenge in exploiting the full
potential of nanomaterials. Various fillers are being eval-
uated to improve the performance of biopolymer films like
starch. In this work, nanocellulose is used as fillers to
increase the performance characteristics of starch film. Due
to high surface energy and hydrophilic nature of nanocel-
lulose, they tend to aggregate during the film forming
process. To circumvent this problem, Gum arabic (GA)
was added to distribute the nanocellulose uniformly. GA
helps in reduction of surface energy (as analyzed by con-
tact angle) and thus facilitates the uniform distribution of
nanocellulose (as demonstrated through polarized light
microscopy). Nanocellulose as filler improved the tensile
strength of starch film by 2.5 times while that of uniformly
distributed nanocellulose by 3.5 times. Moreover, while
nanocellulose as such could reduce the water vapor per-
meability of starch film by 1.4 times, uniformly distributed
nanocellulose reduced it by 2 times proving the importance
of GA. Starch film filled with nanocellulose and GA will be
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Introduction

Synthetic polymers, mostly petroleum-based, are used as
packaging materials essentially due to their excellent
thermo-mechanical properties and cheap availability. But
their recalcitrant nature in environment poses a major
threat compelling us to look for biopolymers. Starch is one
of the most promising candidates for future composite
materials because of their low cost, renewable nature,
biodegradability and thermoplastic behavior (Mali et al.
2005a). The successful use of starch films depends on their
mechanical and permeability properties (Arvanitoyannis
1999). The major problem with plasticized starch is its
increased permeability to water vapor/oxygen and low
strength. Starch owes much of its functionalities to its
major components, amylose and amylopectin and their
physical organization into granular structure (French
1984). To reinforce the starch matrix, nanocellulose pre-
pared by acid hydrolysis is being used to improve the
mechanical and functional properties (Teixeira et al. 2009;
Chen et al. 2009; Wenjuan 2011). In these processes, the
acid hydrolysis introduces bulky sulfate groups that help in
uniform dispersion during composite formation. Even at
low levels, the sulfate groups caused a significant decrease
in degradation temperatures and an increase in char frac-
tion confirming that the sulfate groups act as flame retar-
dants (Roman and Winter 2004). But, the problem arises in
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biodegradability and hence nanocellulose without surface
modification is essential for 100% eco-friendly biode-
gradable polymer composites.

Gum arabic (GA) is natural polysaccharide derived from
the exudates of Acacia species. It is a complex branched
hetero-polyelectrolyte with a backbone of 1,3-linked
f-galactopyranose units and side chains of 1,6-linked
galactopyranose units terminating in glucuronic acid or
4-0O-methylglucuronic acid residues (Dickinson 2003). The
emulsifying activity of GA is mostly due to its protein
content and to trace levels of lipids (Al-Assaf et al. 2009).
Commercially, GA is being used as stabilizer, thickening
agent and hydrocolloid emulsifier. Recently, the use of GA
has been extended to nanotechnology due to its stabilizing
nature of nanostructures; it has been probed for the coating
over iron oxide (Roque et al. 2009) and gold (Kannan et al.
2006) nanoparticles.

The reinforcing effect of any filler in polymer matrix is
determined by the interface, aspect ratio, distribution and
orientation. Nanocellulose, a biodegradable filler material,
is reported to increase the puncture strength by 117% while
reduce the water vapor permeability by 26% (Khan et al.
2010) even with a very low level of filler loading (0.25%).
To improve the properties of starch films, nanocellulose
having the Young’s modulus as high as 134 GPa is being
tried by various research groups as nanofillers. In this work,
we have prepared nanocellulose from microcrystalline
cellulose (Beckham et al. 2010) by high pressure homoge-
nization process and the resultant nanocellulose was eval-
uated as fillers in starch films with GA as dispersing agent.

Materials and methods
Preparation of starch—-nanocellulose composites films

Nanocellulose was prepared from microcrystalline cellu-
lose (AVicelTM; average size of 50 pum) by high pressure
homogenization process using pneumatic EmulsiFlex-C3
cell homogenizer (Avestin") operated at 1,500 bar
(21,756 psi) pressure for 20 passes. Since single pass was
not enough to reduce the size to nano range, multiple
passes were required to reduce the particle size. The par-
ticle size reduction was monitored by visual observation of
settling/suspension characteristics and by dynamic light
scattering (DLS) particle size analyzer (Brookhaven
90Plus®). The soluble starch derived from the potato starch
by acid hydrolysis to a consistent molecular weight is
supplied by Merck® Chemicals, India. The film forming
solution was prepared by gelatinizing the soluble starch
(4.0%) at 95°C followed by addition of 0.02% sodium
azide and 0.5% glycerol as antimicrobial and plasticizing
agents, respectively. Films were formed by solution-casting
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process on Teflon plates and kept at 50°C overnight for
drying. For nanocomposites, 1% (w/w of starch) nanocel-
lulose and 1% (w/w of starch) GA were added and stirred
well before casting.

Characterization of starch—nanocellulose composites

For polarized light microscopy, the starch films were
observed under Nikon® inverted microscope. Images were
collected with a color CCD camera. The atomic force
microscope (AFM; Digital Instruments, model Dimen-
sion’ " 3100) was used in tapping mode to characterize the
surface topography of the starch films. The silicon nitride
cantilever tip was used for imaging. All the images were
acquired under tapping mode with no software corrections.
The contact angles for the starch films with water, glycerol,
polyethylene glycol (PEG 200), 1-octanol and N, N-dime-
thyl formamide were analyzed using VCA Optima® ana-
lyzer. The Zisman plot method was used to calculate the
surface energy of the films from the contact angle data.
The solubility percentage (S%) of the film was measured
according to Romero-Bastida et al. 2005. The film strip
(40 x 20 mm) was dried to constant weight at 40°C in a
vacuum oven and its initial weight (M,) was taken. The
weight sample was immersed in 50 ml of water and kept
for 24 h at 25°C. The sample was taken out and again dried
to constant weight (M). The S% is calculated as follows:

S% = 100 x (M, — M)/M,

The water vapor transmission rate (WVTR; g/mzh) of
films was analyzed according to the modified ASTM
Method E 96-95 described by Gennadios et al. 1996.
Circular test cups made of poly methylmethacrylate with
3.0 cm internal diameter and 2.0 cm height containing
10 ml distilled water were sealed with the test specimen
(starch films) using O rings. These cups were kept in the
environmental chamber regulated at 25°C and 50% RH and
the weight was recorded every hour till 6 h. The WVTR
(g/m*h) was calculated as the slope of the regression line
drawn using time in X axis and weight in Y axis. FTIR
spectra of film samples were analyzed using the Thermal
Nicolet Nexus 670 FT-IR spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA) under ambient conditions
using the Smart MIRacle Accessorym. Each spectrum was
averaged over 256 scans with 4 cm™' resolution. The
mechanical properties, tensile strength and percent
elongation at break were analyzed using TAXT2iHR
Texture Analyzer (Stable Micro Systems, NY, USA)
according to ASTM standard method D882-91. The test
specimens were cut into pieces of 40 x 10 mm and
conditioned at 50% RH and 25°C for 48 h. The thickness
of the samples was measured using an electronic
micrometer before analysis. Initial grip separation was
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15 mm and cross-head speed was 5 mm/min. Ten
specimens were analyzed for each sample and their
average is reported. The tensile strength was calculated
by dividing the maximum force exerted on the film during
fracture by the cross-sectional area. Percent elongation at
break was expressed as percentage of change of the
original length of a specimen between grips at break.

Results and discussion

To overcome the strength and permeability problems of
biodegradable starch film, montmorillonite (Kampeera-
pappun et al. 2007), nanocellulose (Lu et al. 2006) and
nano-silica (Xiong et al. 2008) are being tried as fillers;
however, the reduction on elongation at break was
unavoidable due to aggregation of fillers and poor com-
patibility between fillers and matrix. In this work, GA was
tried as dispersing agents to disperse nanocellulose (size:
392 + 36 nm) uniformly in starch film. Glycerol is used as
plasticizer in the preparation of starch film (Mali et al.
2005b). Sodium azide was used as an antimicrobial agent
in the composite films. The polarized light microscopy was
used to analyze the distribution of nanocellulose within the

Fig. 1 Polarized optical micrographs of starch 4+ nanocellulose film
(a) and starch + nanocellulose [dispersed by GA] film (b)

starch film. Since the size of nanocellulose is very less for
its visualization under optical microscope, their optical
activity was used for observation in polarized light. The
whisker-shaped nanocellulose is optically active and when
it aligns parallel with polarized light source, it appears
bright and vice versa. In case of starch film impregnated
with nanocellulose (without GA), aggregation of fillers was
noted (Fig. 1). In case of GA dispersed nanocellulose, the
uniform distribution of nanocellulose could be seen.

AFM analysis was carried out to understand the surface
roughness of both control starch film and the starch film
impregnated with nanocellulose dispersed by GA (Fig. 2).
The control starch film had smooth surface showing
globular structure of starch granules while that of nano-
cellulose impregnated starch film had network like rough
surface due to the presence of nanocellulose whiskers.
Moreover, the arrangement of nanocellulose whiskers is
found to be in both directions, perpendicular to each other

Fig. 2 AFM height images in tapping mode of starch film (a) and
starch 4+ nanocellulose [dispersed by GA] film (b)
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Table 1 Water vapor transmission rate (WVTR), surface energy, solubility and mechanical properties of starch film and its nanocomposites”

Starch films Surface energy Solubility WVTR Thickness  Tensile strength ~ Elongation at
(dyne/cm) (%) (g/m*>h')  (um) (MPa) break (%)
Virgin starch film 40.5 £ 2.5 395+ 0.5 388 +£ 15 140 £ 2 1.35+£ 0.8 202 £ 25
Starch + nanocellulose film 287+ 23 357 £ 1.7 265 £ 13 150 £ 2 327 +£ 1.1 228 +£29
Starch + nanocellulose dispersed by GA 212+ 22 32.1 £ 0.5 181 £ 10 150 £2 479+ 1.3 36.6 + 3.8

# Reported values are mean & SD of ten replicates

Fig. 3 Effect of nanofillers and |
traditional fillers (micron sized)

on the permeability behavior.
Nanofillers (left) introduced the
torturous path to the flow of
water vapor while micron-sized
fillers facilitate easy flow
behavior

—_—

SRR

and supported by polarized optical micrographs. This
arrangement may contribute to isotropic behavior in case of
strength analysis.

The surface energy of pure starch film was analyzed to
be 40.5 dyne/cm while that of starch impregnated nano-
cellulose film was 28.7 dyne/cm and of starch + nanocel-
lulose dispersed by GA was 21.2 dyne/cm (Table 1). The
drastic reduction in the surface energy of nanocomposites
can be attributed to the addition of hydrophilic polymer
like GA in the film and also due to the increased surface
roughness, as demonstrated by AFM analysis.

The percent solubility of pure starch film (Table 1) was
39.5 while that of nanocellulose impregnated film had only
35.7. This reduction could be attributed to the addition of
nanocellulose fillers as they are not soluble in water.
Though the nanocellulose was added at a concentration of
1%, an average of 4% reduction in solubility was noticed
due to the inter-surface interaction of nanocellulose and
starch. Moreover, the addition of GA has reduced the
solubility further down to 32% by increasing the interac-
tion between the nanofillers (nanocellulose) and the matrix
(soluble starch). WVTR is very critical for any films to be
used in agricultural field mulching operations. Pure starch
film was found to have WVTR of 388 g/m2 h (Table 1).
The addition of nanocellulose has drastically reduced the
WVTR down to 265 g/m* h. The phenomenon behind this
can be explained with the help of Fig. 3. The nanofillers,
by its uniform distribution through out the starch matrix
restrict the transmission of water vapor. The transmission
of water vapor through starch film will be a torturous path
leading to reduced rate of transmission.

In FTIR analysis (Fig. 4), since the chemical nature of
starch and cellulose is mostly similar, many of the
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Fig. 4 FTIR spectra of pure starch film (a), starch 4+ nanocellulose
film (b) and starch 4 nanocellulose [dispersed by gum arabic] film

(©

characteristic peaks overlap and hence distinction is diffi-
cult. The characteristic peaks for cellulose (Oh et al. 2005;
Satyamurthy et al. 2011) are the hydrogen-bonded
stretching at 3,299 cm™!, the OH bending of the adsorbed
water at 1,644 cm™!, the CH stretching at 2,921 cm™ !, the
HCH and OCH in-plane bending vibrations at 1,430 cm ™!,
the CH deformation vibration at 1,373 cm™!, the COC,
CCO, and CCH deformation modes and stretching
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vibrations in which the motions of the C-5 and C-6 atoms
are at 850 cm ™', and the C—OH out-of-plane bending mode
around 670 cm™'. These characteristics peaks for nano-
cellulose overlap with that of starch and hence a clear
distinction was not observed. Only a distinct peak was
observed at 1,017 cm™ ' in case of nanocellulose impreg-
nated starch film that could be attributed to the yCO at C-3.
yC-C (Kacurakova et al. 2002; Liang and Marchessault
1959). In case of GA stabilized nanocomposite films, a
distinct peak was observed at 1,736 cm~! that could be
attributed to the symmetric stretching of carbonyl group.
The mechanical properties of various starch films was
analyzed and given in Table 1. There is a marginal increase
in the thickness of the nanocomposite films than that of
pure starch film due to the addition of nanocellulose as
fillers. The tensile strength of pure starch film was
1.35 MPa which is insufficient for food packaging appli-
cations. When the nanocellulose is added as fillers, the
tensile strength has been increased to 3.27 MPa. Further,
the addition of GA enhanced their mechanical strength to
4.79 MPa due to their support in uniform distribution of
nanocellulose, resulting in a uniform stress distribution
behavior. In addition, the elongation at break increased
significantly due to the addition of GA that suggests the
role of GA as plasticizing agent. In an earlier study (Kumar
and Singh 2008), photo-cross linking of the starch matrix
using sodium benzoate as photo-sensitizer was reported to
improve the physical and mechanical properties when
MCC was used as filler. Since they have used MCC as
fillers, they had to use 10-15% (w/w) of starch matrix;
while we have used only 1% (w/w) of nanocellulose to
achieve the same result. This supports the advantage in
using nanofillers compared to that of micron-sized fillers.

Conclusions

To cope up with the limitation of petroleum supply and
environmental pollution concern, biopolymers like starch
are being explored for use in packaging industries. Due to
perfect crystalline nature of nanocellulose, they have high
modulus and will potentially act as efficient reinforcing
agent. Apart from improving the mechanical properties,
nanocellulose as fillers reduces water vapor permeability of
the starch matrix. To harvest the full potential of nanofil-
lers, in the present work, GA was evaluated as a dispersing
agent. Use of GA helped to reduce the surface energy of
matrix thereby assists in uniform distribution of nanofillers
through out the starch matrix. There is a significant
improvement in the mechanical and barrier properties of
starch—nanocellulose films prepared using GA as dispers-
ing agent. Being completely biopolymer based, starch—
nanocellulose film will revolutionize the fields of food

packaging, agricultural field mulching and healthcare
sectors.
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