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ARTICLE INFO ABSTRACT

Keywords: This article reports on the ultrasound-assisted acid hydrolysis for the synthesis and evaluation of starch nano-
Starch nanoparticles particles (SNP) as nanofillers to improve the physical, mechanical, thermal, and barrier properties of poly-
Nanofiller

urethane (PU) films. During the ultrasonic irradiation, dropwise addition of 0.25 mol Lt H,SO4 was carried out
to the starch dispersion for the preparation of SNPs. The synthesized SNPs were blended uniformly within the PU
matrix using ultrasonic irradiation (20 kHz, 220 W pulse mode). The temperature was kept constant during the
synthesis (4 °C). The nanocomposite coating films were made with a regulated thickness using the casting
method. The effect of SNP content (wt%) in nanocomposite coating films on various properties such as
morphology, water vapour permeability (WVP), glass transition temperature (Tg), microbial barrier, and me-
chanical properties was studied. The addition of SNP to the PU matrix increased the roughness of the surface, and
Tg by 7 °C, lowering WVP by 60% compared to the PU film without the addition of SNP. As the SNP concen-
tration was increased, the opacity of the film increased. The reinforcement of the SNP in the PU matrix enhanced
the microbial barrier of the film by 99.9%, with the optimal content of SNP being 5%. Improvement in the

Mechanical strength, Water vapor
permeability, Bacterial barrier
Ultrasound treatment

toughness and barrier properties was observed with an increase in the SNP content of the film.

1. Introduction

The widespread use of petroleum based polymeric films for various
applications generates a huge number of environmental pollutants. The
limited petroleum resources and non-availability of techniques for the
complete disposal of synthetic polymers make the use of such synthetic
polymers dangerous and harmful to the environment. As a result, there
is a pressing need to create ecologically benign and biodegradable
polymers. Waste generated from agriculture, marine, and food industry
may be used as a renewable resource for the synthesis of degradable
natural polymers [1]. Biopolymers such as chitosan [2], protein [3], and
cellulose [4] have been successfully blended with polyvinyl alcohol
(PVA) [5] and glycerol [6] for the preparation of polymers that degdrade
faster than synthetic polymers.

Starch and its derivatives have gained considerable attention
because of their abundance in nature and wide potential for various
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applications in food industries, polymer nanocomposite coatings, and
films [7]. The use of ultrasound (US) to help modify the structure of
starch granules has been reported. During the cavitation event, cohesive
forces were created in the liquid to cause disturbance in the liquid. Ul-
trasonic irradiation creates cavities that collapse resulting in localized
high pressures and temperatures, leading to the formation of radicals.
Furthermore, the generation of shock waves during bubble collapse
significantly improves mass transfer and emulsification processes, two
critical factors that influence reaction rates and improve reactant de-
agglomeration. The green chemistry approach for the synthesis of
biomass-based nanoparticles using US can bring some advantages as
compared to larger reactors as it can be eco-friendly, non-thermal
technology [10,11]. The high intensity irradiation of US may cause the
destruction of microcapsules in the solution. Inui et al. [12] studied the
phenomenon of destruction of microcapsules of starch under US irra-
diation. The shear stress induced due to the collapse of bubbles in
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solution is one of the reasons for the physical destruction of structure of
starch [12]. Haaj et al. [13] found that at high intensity US irradiation
(24 kHz, horn tip diameter 13 mm, 170 W) physically damage the
crystalline structure of starch. They also reported the higher yield for the
synthesis of SNP as compared to the conventional acid hydrolysis
method. Zhou et al. [14] reported acid vapour hydrolysis assisted with
US irradiation (20-25 kHz) for the synthesis of elliptical shaped SNP.
However, they also found that gelatinization temperature and overall
crystallinity of synthesized SNP were lower than the native starch
granules.

Ultrasonic irradiation can easily achieve a uniform distribution of
nanoparticles. Shear forces caused by shock waves, collisional impact on
particle surface, and cavitation induced by the US pressure gradient are
among the key characteristics determining nanoparticle distribution.
Girard et al. [15] reported the effect of sonication on the dispersion of
cellulose nanocrystals. They discovered that raising the energy level
resulted in a well-dispersed suspension As expected, by increasing the
time of ultra-sonication, more mixing cycles can be done and the process
can be accelerated. However, the multiple particle interactions and the
higher local concentration of nanoparticles can overcome the dispersion
energy induced by US. Sumitomo et al. [16] reported a comparative
study between the dispersion developed by mechanical stirring and US
irradiation. They found that US is much more efficient to achieve a well
dispersed solution as compared to mechanical agitation. As the irradi-
ation period increased, the viscosity and average size of the aggregates
in suspension decreased [17].

Starch is hydrophilic in nature, it also shows poor water vapour,
oxygen and bacterial passage barrier properties. For the application of
starch-based polymer films for wider applications, it is necessary to
overcome these limitations. The synthesis of starch-based polymeric
films using various plasticizers has been reported in the literature [18].
The addition of plasticizers such as glycerol [19,20], formamide [21],
urea, sucrose, and sorbitol [22] effectively enhances the mechanical
properties of polymer film such as tensile strength, modulus of elasticity,
break-even point. These modified starch-based nanocomposite polymer
films are sensitive to moisture and heat, due to the hydrophilicity of the
starch granules [12]. Therefore, the investigation of strategies to
improve the properties of starch-based polymer films are still necessary.
The blending of proteins with starch brings hydrophobicity in the starch-
based polymer films as well as increases the tensile strength of the
polymer film [3].

SNPs can be used as nanofillers in the continuous matrix of other
natural or synthetic polymers for the production of packaging films
[7,23]. The reinforcement of SNPs not only improves the mechanical
and physical properties but also the biodegradability of the host polymer
matrix. An effective reduction in water vapour and oxygen permeability
of rubber latex was successfully demonstrated through blending of SNPs
with natural rubber latex by Angellier et al. [24]. Concha et al. [25]
found a 50% increase in the relative crystallinity of granules due to a
reduction of starch granule size. This rise in the crystallinity of starch
granule in SNPs provides strength and increases the rigidity of the host
polymer [26].

Polyurethane (PU) is the most popular polymer used in various
products and applications owing to its low cost and low toxicity. How-
ever, poor wear and tear resistance, optical properties, and lower
hardness are the drawbacks of PU based films. The modification in PU
based films has been studied and demonstrated by various blending
materials such as vegetable oil [27], coumarin derivatives [28], nano-
silver [29], cellulose nanocrystals [30], etc. This results in the
improvement of the mechanical, physical, and chemical properties of
the PU films. Zhang et al. [31] used thermoplastic PU and blended it
with the lactic acid to achieve more interfacial compatibility with PU.
They found enrichment in the mechanical properties of the PU based
polylactic acid film. In another research, Zhang et al. [32] reported the
improvement of mechanical properties and optical properties of PU
based films by the addition of monocrystalline cellulose. They found that
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the variation in hardness is only 1.5% but the properties like abrasion
resistance of PU based films with monocrystalline cellulose was
enhanced by 60%, a good achievement for coating application. Another
successful attempt reported by Lu et al. [33] was the blending of glycerol
plasticized starch granules with PU. The reported PU film presented
enhanced surface area, hydrophobicity, and water resistance. However,
the toughness of the film was not affected. Yazdi et al. [34] modified the
PU matrix with the addition of multi-walled carbon nanotubes. The
authors reported enhancement in modulus of elasticity and tensile
strength of the PU film modified with multi-walled carbon nanotubes.

The commercially available water-born PU has a wide range of ap-
plications, starting from polymer barrier coating for food, decorative,
protective coatings to the PU foam. The PU polymer structure is adaptive
and easily accommodates/compatible with the filler material in the
suspension. Though, starch is abundantly found, the nano starch syn-
thesis and applications are not well explored. The abundantly available
starch and its conversion to the nanoscale can be achieved with inten-
sified ultrasound assisted acid hydrolysis. Further, the PU used is a water
based resin, which is environmental friendly and can be used for
coatings.

To the best of our knowledge, a few studies have explored the
modification of PU with SNPs. In our previous report [35], we demon-
strated the preparation of SNPs through ultrasound assisted acid hy-
drolysis. It was observed that, in the ultrasonically treated starch
granules, the lower size as well as a narrower particle size distribution
(PSD) were observed in a very short time as compared to other particle
size reduction methods. However, the morphology of the produced SNPs
was also altered from a plate-like structure to an oval shape under ul-
trasonic irradiation [36]. The acid hydrolysis assisted with ultrasonic
irradiation enhances hydrolysis rate with the available starch granular
surface. This rise in acid hydrolysis produces the lower particle size of
starch granules at the reaction termination [25,37]. The major advan-
tage of the ultrasound assisted acid hydrolysis is that due to shearing
action and improved diffusion of acid inside the native starch there is
reduction in particle size of the SNPs. Which is not observed in the
conventional acid hydrolysis process. The obtained nanocrystals of
starch were used as nanofillers and distributed uniformly in the PU
matrix with US assistance.

In the present work, the synthesis and improvement in dispersion of
SNP in a PU matrix using the ultrasonic irradiation has been reported.
The ultrasonic irradiation enhances the dispersion of SNP during mixing
(5, 10 20, 30 wt%) with the PU solution. The fabrication of SNP-PU
nanocomposite films and their performance against the transmission
of microorganisms and water vapor were investigated. These films have
also been analysed for thermal and mechanical strength using standard
characterization methods. It is observed that ultrasound assisted acid
hydrolysis shows lower particle size of SNPs compared to conventional
synthesis process, hence there is improved performance which is due to
increase in the local crystallinity.

2. Materials and process for the synthesis of SNP-PU
nanocomposite films.

2.1. Materials.

Analytical grade maize corn starch (29.1 £+ 1.07% amylose content)
and HySO,4 were purchased from Alfa-Aesar Pvt. Ltd., India. The PU resin
was purchased from Merck Pvt. Ltd., India. Vacuum filtration was used
for the separation of hydrolyzed starch. All the chemicals were used as
supplied, and deionized (DI) water was used for all the stock solutions
preparation.

2.2. Ultrasound synthesis of starch nanoparticles and dispersion of SNP in
PU solution.

Synthesis of SNPs and dispersion of SNPs was carried out using
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ultrasound assisted method. Maize corn starch powder (5 g) was
dispersed in DI water at a temperature of 4 °C. The uniform dispersion of
starch grains in DI water was achieved with continuous stirring (250
rpm). The starch dispersion was sonicated with the help of probe (20
mm diameter) sonicator used in glass beaker surrounded with cooling
water (Dakshin Mumbai India 20 kHz,120 W) at 225 V and 0.9 A in pulse
mode (3 s on and 2 s off). During the ultrasonic irradiation, dropwise
addition of 0.25 mol L™} H,SO4 was made to the starch dispersion. The
temperature was kept steady during the whole process (4 °C). The starch
solution was maintained overnight in a shaker after 45 min of sonicat-
ion. A two-stage centrifugation was used to separate the produced SNPs.
The centrifuged SNP was dried in a vacuum desiccator before being
utilized in the next step of the process.

The yield of SNP synthesized was calculated on the basis of the
weight of separated nano granules of starch after drying. In the first
stage of centrifugation (1000 rpm, 5 min). The coarser micron-sized
starch granules are observed to settle down at the bottom, and nano-
particles still remain in the supernatant. In the second stage, the su-
pernatant from the first stage is centrifuged for 5 min at 9500 rpm. At
this high speed, the nanoparticles from suspension gets settled down at
the bottom of the centrifuge tube, which were then dried and the weight
was noted for the calculation of the yield of SNP.

The dispersion of 205 mg of SNP in deionised water (50 mL, 200 mL
glass beaker) was achieved with the 5 min US irradiation in pulse mode
(3 s on and 2 s off). The pulse mode was utilized to control the tem-
perature of suspension. To enhance the easy interaction and dispersion
of SNP in PU solution, the SNP was initially dispersed in DI water to
adjust the viscosity for nanocomposite film preparation to apply on
substrate. The dispersion of SNP in solution of PU was accomplished via
20 kHz sonication (5 min) at temperature of 20 °C. The well dispersed
SNP-PU nanocomposite suspension than used for next process of thin
sheet preparation.

2.3. Casting of nanocomposite film.

The uniformly blended mixture of SNP and PU was exploited for the
synthesis of films through the casting technique. The 200 um thickness
of the nanocomposite sheets of well dispersed SNPs in PU solution was
achieved using stainless steel (SS) film applicator 9031 (Samriddhi In-
ternational Inc, Mumbai India). The produced nanocomposite thin
sheets were then dried with the help of vacuum oven (VT 6025, Thermo
Fisher Scientific India Pvt. Ltd.). Films of PU with SNP of 5, 10, 20, and
30% (wt) were synthesized and examined for variation in properties
such as mechanical property, transmission resistance to bacteria, and
water vapor permeability (WVP) at different temperatures. The 5% (wt)
SNP is blended with the PU solution with the help of ultrasonic irradi-
ation. This suspension is used to synthesize the nanocomposite film
denoted as SP1. The different amounts of SNP in the PU solution are 10%
(SP2), 20% (SP3), and 30% (SP3). These were made and stored in the
desiccator to keep them away from getting wet and contaminated by
bacteria.

The film applicator was used for the synthesis of films with uniform-
thickness. The thickness of the film was verified by the digital thickness
measurement device from the coating thickness gauge PCE-CT 80 (PCE
Instruments UK). The random checks at different points confirm that the
film’s thickness was the same everywhere.

2.4. Analysis of nanocomposite films.

2.4.1. Morphological study of nanocomposite SNP-PU films.

Field emission scanning electron microscope (FESEM) (Gemini 500,
M/s Carl Zeiss) was used to examine the morphology of films. FESEM
cross-sectional views of the film verified a consistent distribution of
SNPs. Malvern particle size analyser (Malvern, UK) was used to measure
the produced starch granules particle size.
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2.4.2. Thermophysical property analysis of thin films.

Thermogravimetric analysis (TGA) was used to estimate the glass
transition temperatures (Tg) of the films and the perfect thermal resis-
tance. The TGA studies were performed on the Perkin-Elmer instrument
(TGA 8000, USA) under a nitrogen environment to demonstrate the
thermdao-physical behaviour of nanocomposite film. An automated
Mettler balance was used to weigh 6 samples of the thin films with a
weight of about 5 mg was introduced in the pans. A fast press was used to
seal the pan after it was put on a spacer insert. The reference was an
empty pan with a cover that was sealed to provide a sufficient heat
capacity. The film was tested three times and TGA was carried out at a
heating rate of 5 °C min~! from 25 to 350 °C with nitrogen gas flowing at
a rate of 60 mL min~'. The enthalpy change (AH) was calculated using
the weight of the film and represented as J g~! of dry matter.

2.4.3. Mechanical property analysis of nanocomposite SNP-PU films.

The mechanical characteristics of the film were determined using the
Universal Testing Machine (UTM) T 150 tensile tester (KLA, India) as per
the ASTM D 882 [38] standard test methods. The specimen (100 mm
length x 3 mm thickness x 20 mm breadth) was taken in a tensile
machine to determine the elongation (% E), and the tensile strength (TS)
for the film with the constant crosshead speed of 5 mm/min.

Li—L;
% elongation (% E) = (fLi) X 100 1)

i

L¢is the final length of sample while L; is the initial length of sample.

2.4.4. UV-visible spectrophotometry for the light transmittance and
opacity.

UV-vis-NIR spectrophotometer (Cary 5000, Agilent technologies,
USA) was used to observe the UV-Vis response of the SNP-PU nano-
composite film. The transmission (%T) was noted for different samples
considering virgin PU film as the baseline. The individual component
transmittance at 600 nm wavelength was noted. Lambert-Beer’s equa-
tion was used to convert transmittance observation in absorbance. The
opacity of films was calculated by, Opacity = where X is the

thickness of thin-film in mm.

absego.
X

2.4.5. Determination of bacterial passage through synthesized SNP-PU
nanocomposite films.

To understand whether the films allowed the passage of bacteria, the
following experiment was carried out. Six sterilized conical flasks were
taken and 20 mL sterilized Luria-Bertani broth media was added to each
of them. The mouth of the conical flasks was tightly sealed using the
films and exposed to the environment for 24 h. One flask was left un-
sealed to act as a control. After exposure for 24 h, the conical flasks were
incubated at 37 °C for 24 h at 180 rpm. Following this, the absorbance of
the culture was measured at 600 nm using a spectrometer (UV-1800
model, Shimadzu Analytical Pvt. Ltd., India). The cultures were then
diluted and spread plated on Luria-Bertani agar plates. These plates were
maintained at 37 °C for 12 h and the bacterial count in each agar plate
was determined. The total bacterial count in each conical flask was
calculated after considering the dilution factor. All experiments were
performed in triplicate and the standard error of the mean was
calculated.

2.4.6. Determination of water vapor permeability of nanocomposite film.
WVP tests were conducted using ASTM (1996) [26] method E96 with
some modifications. Each film sample was sealed over a circular opening
of a cylindrical vessel of an opening diameter of 6 cm. The cylindrical
vessel was filled with water. The desiccator temperature was monitored
by a water-heated thermostat (28 °C, 35 °C, 40 °C) and a temperature
measuring indicator was placed inside the desiccator to monitor the
temperature. To maintain the relative humidity (RH) across the film,
anhydrous calcium chloride (75% RH) was placed in the desiccator. The
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effect of temperature on the water vapour transmission from inside
vessel to outside through the film was observed. The weight difference of
vessel and cross-sectional area of film were used to calculate the water
vapours permission rate (WVPR). After the attainment of steady-state
(about 32 h), the WVP (g/Pa.s.m) was calculated as WVP = [WVPR/S
(R; — R2)1 d, where S is the saturation vapor pressure of water (Pa) at the
test temperature, Ry is the RH in the desiccator, Ry is the RH in the
permeation cell and d is the film thickness (m).

2.4.7. Oxygen barrier performance of the SNP-PU nanocomposite film.

To measure the oxygen permeability of thin films, samples of thin
films were examined using the ASTM 3985 standard test [39]. By
inserting the test sample in one of the chambers, permeation cells were
employed to create a barrier between two compartments. Both chambers
were entirely decommissioned. Following that, one compartment was
filled with nitrogen, while the other was filled with oxygen. Because of
the barrier, oxygen may seep into the nitrogen carrier gas and be
transported to the colorimetric detector, causing an electrical current to
flow. The signal’s strength was related to the quantity of oxygen flowing
into the detector.

3. Result and discussion

Ultrasound probe reactor was used for the acid hydrolysis of the
starch granules using HySO4 (0.25 mol LY. The overall power dissipa-
tion to the suspension of starch granules and water was 202 W for 100
mL suspension with 40% power setting (power density = 0.808 W
em™3). In our previously reported work, we conduct the ultrasound
assisted acid hydrolysis with the different acid concentration and found
that with the same power index and other operating conditions at 0.25
M acid concentration, synthesized starch granules shows uniform par-
ticle size distribution with overall minimal particle size. Due to which
0.25 mol L! HySO4 was used in the present study to prepare SNPs[35].

Fig. 1 shows the effect of irradiation time on the granular size of the
starch. The results demonstrate that the rapid penetration of acid mol-
ecules through the cell membrane and the intensification of mass
transport of acid molecules through the surrounding film of starch
molecules are induced due to the physical effects caused by ultrasound
on the surface of the starch particles. Another possibility may be asso-
ciated with the surface pore volume associated with the starch particles.
These pores of starch granules could be occupied by air molecules. It is
also possible that trapped air pockets within the starch particles could
expand under negative acoustic pressure and this could rupture the cell
walls of starch particles [25].

According to the two-film theory of mass transfer, for the particles
suspended in the solution, two layers of film induce the overall mass
transfer resistance [40]. This mass transfer resistance offered by the two
films generated surrounding the starch granules must be overcome by
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Fig 1. Effect of ultrasonic irradiation time on the starch granular size.
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the acid molecules to reach the starch surface for the initiation of acid
hydrolysis. The breakdown of these two films was achieved during ul-
trasonic irradiation. This phenomenon helps acid molecules to reach the
starch surface rapidly as compared to the conventional acid hydrolysis
method [25]. The impingement and permeation of acid molecules in the
starch granules is aided by ultrasonic irradiation, which increases the
acid hydrolysis rate [25].

The observed particle size data indicate that as the irradiation time
increases, the resistive strength of starch granules against acid hydro-
lysis reduces leading to a breakdown of starch granules. The high power
density ultrasonic irradiation develops higher number of cavities during
the mild acid hydrolysis of starch using 0.25 mol L' HySO4. This results
in the higher number of collapses in the suspension. Probably, the
generated micro jets in solution leads to the local high pressure drop
which enhances the physical destruction of complex structure of starch
granules. Further, the shear forces generated by cavitation process may
cause cracks on the surface of starch granules. During this physical
destruction/pitting on the surface, the amorphous zone where the
amylose and amylopectin are randomly present gets exposed to the mild
acid. The branched o-1,4-d-glucopyranose (amylopectin) reacts with
0.25 mol Ll H,S04 solution producing a complex gel-like highly viscous
suspension that is dispersed in the solution. This degradation of the mass
of starch granule leads to the reduction in its particles size. The longer
time of ultrasonic exposure results in higher number of random collapses
at or near to surface of starch granules. The complex structure of the
product generated from hydrolysis diminishes the presence of crystal-
line structure at higher exposure time. The phenomenon of gelatiniza-
tion was observed at longer time exposures of ultrasonic irradiation. The
yield of synthesized SNP with the proposed ultrasound assisted acid
hydrolysis was found to be 43% with an average PSD below 50 nm. The
Change et al. [41] synthesized SNP with vacuum cold plasma followed
by the ultrasonic irradiation and have reported the 87% of yield of SNP
with particle size of about 500 nm. The proposed process yields more
than Dai et al. [42] where they experimented with ball milling assisted
acid hydrolysis of starch and achieved a yield of SNP of about 19.3% for
PSD of about 50 nm.

The amorphous part of starch due to random packaging of amylose
and amylopectin shows higher reaction kinetics with the mild acid
environment than that of the crystalline compact packaging section of
the starch granule structure. The starch hydrocarbon in the crystalline
part of granule shows higher resistance for the hydrolysis. The physical
forces generated due to acoustic cavitation facilitate the contact be-
tween acid and the amorphous part of the starch granule [13]. This
enhances the rate of hydrolysis and reduces the granular size. A more
uniform distribution of SNP nanofiller in the PU matrix could also be
achieved by using ultrasound irradiation. The effective mixing of PU
results in a homogenous distribution of SNPs in the film as shown in
Fig. 2.

3.1. Morphological studies of SNP-PU nanocomposite films.

FESEM images in Fig. 2 show the cross-sectional view of nano-
composite films. The uniform distribution of the SNPs in the film can be
clearly observed in the cross-sectional view of the FESEM images. The
Fig. 2 (a, b, ¢, and d) shows the top view and cross section of the film.
When the SNP nano-fillers are mixed with PU under ultrasound irradi-
ation, with the increase in the concertation of the SNPs, more amount of
SNPs will be dispersed in the PU film. The images are taken for the top
view and cross section of the PU starch nanocomposite film. The cross-
sectional view clearly shows that, with the increase in loading of starch
nanoparticles (5 to 30 wt%, all right hand side images) in the PU matrix,
more number of entanglement of SNPs occurs in PU due to enhanced
shearing effect caused by the application of ultrasound irradiation.

The addition of nanoparticles induces additional molecular bonding
and interaction in the PU polymer complex. These additional molecular
interactions develop the higher mechanical and thermal properties in
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a)SP 1 (5% SNP ) T ¢)SP1 5%SNP

b) SP 2 (10% SNP) f) SP2 (10% SNP)

¢) SP 3 (20% SNP)

Fig. 2. FESEM images of films a) SP1, b) SP2, c¢) SP3, and d) SP4 are the surface microstructure views, and e) SP1, f) SP2, g) SP3, and h) SP4 are the cross-sectional
view of film.

the nanocomposite films. The increase in the number of SNP per unit agitation is ineffective to achieve better dispersion over ultrasound
volume of polymer not only induces additional strength but also addi- assisted technique for SNP’s loading in the PU matrix.
tional water and bacterial barrier to the PU matrix. The mechanical Several factors affect the homogeneity of the nanocomposite film
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3,

d) SP4 (30% SNP)
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Fig. 2. (continued).

[43]. Flocculation, coagulation, and clotting should be prevented during
the homogenization of the SNP with the polymer matrix [44]. During the
preparation of composites above 30% SNP additions, these phenomena
are very common, thus the synthesized films show lumps of SNP, and
uneven distribution across the film surface. The uneven distribution of
SNP is a major issue due to which the strength, barrier properties, and
thermal properties of nanocomposites can be affected [45].

3.2. Thermophysical properties of the SNP-PU nanocomposite film

DSC was used to investigate the molecular mixing of a SNP-PU ma-
trix. Increased heat resistance was achieved by using a thermosetting
polymer in conjunction with SNPs as a nanofiller in the PU polymer. The
additon of SNP in PU results in a wide thermogram ranging from 64 °C to
93 °C. There had been no consistent molecular mixing of the compo-
nents. Table 1 shows the effective Tg and melting point temperature
(Tm) for the thin films of individual nanocomposite films. The signifi-
cant difference in the Tg was observed for the nanocomposite film as the
SNP concentration increased. The second-order transition temperature
difference between the Tg and Tm rises by a few degrees, which
significantly increases the processability of the polymer. At the 30% SNP
addition, the difference between the two temperatures (Tm-Tg) is 42 °C,
which is higher than the plan PU film (31 °C). This increase in the
operating range of temperature at higher loading of the SNP will help to
enhance the temperature resistance in the coating application.

The thermal decomposition of composite film was studied using a
first derivative plot of weight % with respect to temperature. Fig. 3 il-
lustrates the decomposition nature of different nanocomposite films
against temperature.

The rise in the AH corresponds to the additional SNP mass in the
polyurethane solution. The crystalline structure of the synthesized SNP
blend with the PU solution develops the homogeneous suspension. The
interaction between the surface activated SNP granules and the PU

Table 1
DSC analysis of SNP-PU nanocomposites film.
Film composition Tg Tm AH
0 Qo) Ugh

PU 100% PU 33.6 64.7 3.34
SP1 5% SNP + 95% PU 38.1 73.2 8.51
SP2 10% SNP + 90% PU 42.3 80.9 11.29
SP3 20% SNP + 80% PU 47.8 87.6 14.89
SP4 30% SNP + 70% PU 51.2 93.3 17.33

solution is the prominent reason behind the rise in the AH observed
during the DSC of nanocomposite film. The rise in the AH occurs, when
SNPs are added into the PU composite. The phenomena responsible for it
is the local nucleation and crystallinity. Significant improvement in the
crystallinity of SNP-PU matrix was observed at higher loading of SNPs i.
e. the more number of polymeric changes are surrounded near the starch
nanoparticles. This induces requirement of higher energy for the first
phase change of SNP-PU nanocomposite polymer.

Fig. 2 shows that as the concentration of SNP in the PU solution in-
creases, the compactness of the film increases significantly. The melting
energy will be higher as the compactness of the film increases [46,47].
The presence of SNP requires a significant amount of enthalpy, Table 1
illustrates that, as with a 5% addition of SNP, the enthalpy rise is about
5 J g~L. However, adding more SNP to PU solution results in signifi-
cantly lower enthalpy values, which are around 3 J g~ for each 10%
SNP increase. The additional energy at an initial 5% SNP can be
attributed to higher PU-SNP interaction. At lower concentrations of SNP,
higher polymeric interaction requires more energy. At higher concen-
trations, SNP granules comes closer and thus the surface interaction
increases. Table 2 shows that increasing the concentration of SNP in PU
solution from zero to 5% increases the change in enthalpy per gm of
nanocomposite film by 5 J. Furthermore, for a similar 10% rise in SNP
concentration, the enthalpy change is 8 J per g.

Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) of the thermoset composite thin sheets are shown in Fig. 3. TGA
was carried out to understand the thermal stability and weight loss when
increasing from room temperature to 800 °C at a rate of 10 °C min~.
Initial weight loss was 10% for the pure PU thin sheet, which was
observed to be below 100 °C due to the loss of volatile components
present in the solution and moisture. A major weight loss of 40%
occurred when the sample was heated from 200 to 300 °C. Both of the
losses were due to the presence of low molecular weight components
and amorphous components present in the PU. However, the addition of
SNP to the PU solution shows higher resistance to degradation. The
results show that the first weight loss of 10% in the SNP added thin
composite sheets occurred at a temperature of 200 to 300 °C, which is
much more than basic PU thin films. In this first stage of mass loss,
observed due to the amount of moisture present in the thin sheet. As
reported by Liu et al. [46] starch shows the first degradation at about
100 °C, whereas the second stage of degradation was observed around
350 °C. The SNP dispersed using US in the PU solution shows an addi-
tional energy requirement for the degradation of the complex with
respect to virgin PU.
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Fig. 3. Thermal degradation of the nanocomposite films with different composition of SNP and PU a) TGA and b) DTG.

Table 2

UV-Vis observations of the thin film.
Composition of Transmittance Absorbance Opacity of ~ Optical
nanocomposite (T (A) the thin density of
thin film film the thin

film

PU 0.94 0.022 1.02 0.0086
5% SNP + PU 0.87 0.060 1.23 0.091
10% SNP + PU 0.73 0.137 291 0.464
20% SNP + PU 0.61 0.215 4.99 0.698
30% SNP + PU 0.53 0.276 5.87 0.768

As the weight percent of SNP in the PU solution increases, the
resistance to thermal degradation also increases. The degradation win-
dow for the PU film was observed in between 100 and 300 °C. However,
the SNP added nanocomposite shows higher degradation window which
is starts from 200 °C to more than 400 °C. It could be possible that,
addition of SNP in the polymer matrix develops an ionic bond with the
PU components. These electrostatic bonds develop heat resistance in the
nanocomposite thin sheets. The degradation rate of thin sheets decreases
as the quantity of SNP added more. The uniform mixing of the SNP in the
PU matrix substantially increases the thermal resistance of the film up to
certain limitations. The Multistage decomposition DTG curves also
favour the same conclusion as the TGA output of thermal analysis.

3.3. Mechanical strength analysis

The uniform mixing is the key feature to get the effective physical,
mechanical and thermal strength to the film. These films show the
various structural changes when they are exposed to external force. The
uniform distribution of the SNPs for each composition helps to
strengthen the film through the cross-section. The distribution of force
applied on the PU film was divided into the starch granules which
provides additional strength to the structure.

Fig. 4 shows the mechanical strength characteristics. Fig. 4 (a) gives
the variation of tensile stress of the nanocomposite, whereas Fig. 4 (b)
gives a clear idea of the flexural stress of nanocomposites. It can be
found that as the concentration of nanofiller increases the TS resistance
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Fig. 4. Mechanical characteristics of nanocomposite films: a) tensile strength
(MPa) and b) flexural strength (MPa).

and flexural stress resistance of nanocomposite films rise. However, at
concentrations above the 25% SNP, the stress resistance decreased. This
is because of the agglomeration of SNP nanofiller during the elongation,
these agglomerated lumps provide additional repulsive forces to the PU
matrix. This action of separation of SNP and PU reduces the overall
value of TS as well as the flexural stress. The rise in the TS shows
enhancement in the mechanical strength of PU films significantly. The
crystalline nature of SNPs not only gives mechanical strength but also
gives stiffness to the PU complex.

At the higher concentration of 30% SNP, the homogeneous SNP in-
teractions within the matrix reduces the strength. As, the PU molecules’
interaction with SNP overcomes the ultrasound irradiation energy the
resultant rise in agglomeration rate of SNP is dominant. This leads to the
formation of lumps SNP in the polymer matrix as seen in Fig. 2 (d) SP4
composition [47]. The lumps of SNP create the stress concentrated area
across the polymer matrix under variable load. It can be observed in
Fig. 5 that the percent elongation (%E) of nanocomposite films decreases
as the SNP composition increases in the film. The crystalline nature of
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Fig. 5. Mechanical performance of different SNP compositional thin film.

the SNP produces stiffness in the PU film while, the interconnected
bonds of the hydroxyl group and the sulphonic functional group offer
rigidity to the PU matrix. The additional strength to the PU matrix shows
significant variations in %E at lower applied forces. The results show
that the bond developed due to hydroxyl functional group between PU
and SNP will help the nanocomposite matrix to regain its shape and size
up to Young’s modulus of elasticity. The rise in %E with increasing SNP
concentration implies the increased Young’s modulus of elasticity with
the higher SNP concentration until agglomeration starts. The enhance-
ment in %E of nanocomposite film is also the function of uniform mix-
ing, as it helps to avoid the agglomerated lumps of SNP in the polymer
matrix. These lumps will generate the stress concentrated area at a
particular location which will reduce the film capacity to regain its
original shape and size. Thus, the ultimate %E value will be lower for the
nanocomposite film. The uniformly distributed SNP nanofiller connects
to the surrounding polymer matrix with a strong bond induced due to
the hydroxyl functional group and provides additional strength against
the externally applied force.

A significant increase in mechanical characteristics is seen when
substantial thermal blending is carried out, with both the TS and %E
increasing, resulting in the formation of toughened films. The %E of the
films is in the range of 23 to 68% on average. When the films were
subjected to vigorous mixing, it was discovered that the tensile qualities
of the films were changed in a variety of ways. As a general rule, films
with the highest proportion of TS also had the lowest rate of %E. From
Fig. 5, it can be seen that when nanocomposite films are mixed inten-
sively, they develop a significant degree of toughness as well as a high
toughness-to-volume proportion.

The %E at the SP3 composition of SNP-PU nanocomposite shows
lower value than that of SP4 in the Fig. 5. The reason behind it could be
that the elongation phenomenon in the virgin PU corresponds to the
effect of polymeric interactions, i.e., all the monomeric units are linked
by strong covalent bonds and show corresponding elongation properties.
The addition of SNP nanofiller will induce the directional secondary
interactions in the SNP-PU polymer matrix, such as non-covalent bonds
and hydrogen bonds. The overall %E of the SNP-PU nanocomposite film
will be the cumulative effect of these intermolecular interactions. At
lower concentrations of SNP, such as SP1 and SP2, the covalent bonds in
the PU polymer complex will be dominant. However, at a higher con-
centration of SNP at SP4, the %E will be driven by the strength of
directional secondary interactions of non-covalent bonds due to SNP
nanofiller. At the critical concentration of SP3, the lower value of the %E
in SNP-PU nanocomposite film will be due to a cumulative effect for
which conventional covalent bonds and additional directional second-
ary interaction will be responsible [48].
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3.4. Opacity of the SNP-PU thin film

Measurements of reflectance and transmittance over the visible
spectrum are other important properties of these films. The opacity
measurement is critical for packing items that are light sensitive. The
ratio of light intensity that is incident on the surface of a thin film from a
source to the fraction of light transmitted is defined as the opacity of the
film. The transmitted portion of the light will depend on the film
thickness and film composition. The resistance to direct transmission of
light through the packaging film needs to be optimal enough to maintain
the bacterial growth in the packed material, besides the visual appear-
ance. The optimal value of nanofillers is dependent on the required
optical density for the packed material.

Transmittance value at a wavelength of 600 nm was noted for the
different compositions of SNP-PU nanocomposite film. The baseline
comparison was carried out with virgin PU thin film. The observed
values of transmittance show a gradual decrease with an increase in SNP
composition in the nanocomposite film. This decrease in the trans-
mittance was due to the addition of crystalline SNP to the PU complex.
The strong crystalline structure of SNP induces resistance to light trav-
eling through the film. The portion of light incident on the crystalline
structure was reflected that was recorded. This reflection increases as
the number of SNP increases in the fixed surface area of the thin film,
which is nevertheless the concentration of SNP. The optical density of
the film is calculated by, Optical Density = Log;,(Opacity). Table 2 shows
that as the SNP concentration increases, the optical density of the film
decreases significantly. As the increase in compactness of the film with
SNP concentration results in a rise in optical density. The observations
show clearly that, with the addition of 5% SNP in pure PU complex, the
rise in optical density was about 9%, whereas, with the addition of 10%
SNP, it was 46%. The rise in SNP by 20% and 30% show a rise in optical
density of 69% and 76%, respectively. The relative increase from 5% to
10% SNP was significant as it showed an 80% rise in optical density.
However, addition above 10% SNP enhances the optical density by 33%
and 9%, respectively, for 20% and 30% SNP addition.

3.5. Bacterial barrier property analysis of nanocomposite films

The diluted culture after the absorption study was placed on the agar
plate to measure the bacterial count. The number of bacteria growing on
each plate was determined as discussed in the experimental section, and
the total bacterial count in each flask was calculated. The absorbance at
600 nm of the cultures in conical flasks after exposure to the environ-
ment was measured and the results are shown in Fig. 6. The absorbance
values were high in the control flask when compared to the flasks sealed
with polyurethane films. Though the results were conclusive, we still
determined the bacterial count by serial dilution and plating. This might
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Fig. 6. Bacterial density using UV spectroscopy.
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be due to the fact that the flasks sealed with polyurethane film allow
bacteria to pass through them while the SNP-PU composite films filter
the bacteria present in the external environment. Although the poly-
urethane film closed flask had bacterial growth, the bacterial count was
significantly less than the control. It was found that the control flask had
a high bacterial count of 5 x 10°, whereas the flask sealed with PU films
had a bacterial count of 2.5 x 103, The conical flasks sealed with SP1,
SP2, SP3, and SP4 did not have any bacteria growing in them.

The commonly found E. coli was used for the experiments. The size of
E. coli varied from 1.0 to 2.0 pm in length with a radius of about 0.5 pm
[49]. However, the pore size of virgin PU synthesised by the casting
method was reported to be between 50 and 100 pm [50]. From the
experimental results, it can be concluded that ultrasonically dispersed
SNP gets occupied in the pore of the PU complex. The uniform distri-
bution of SNP in the PU solution reduces the overall pore size of nano-
composite thin film. This phenomenon of nanofilling helps to develop
resistance to bacterial as well as air passages through the thin sheet.

The compact structures of the film were attributed to the ultrasonic
irradiation during the blending of the SNP and PU. The rate of trans-
mission of bacteria across the film from a bacteria-rich environment to a
closed culture inside the flask decreased due to the narrower pore
openings at the surface of the nanocomposite film [51,52]. The nano-
composite film shows higher resistance to even 24 h of continuous
environmental exposure. Thus, bacterial resistance at the lower addi-
tional SNP in the PU matrix is positive for its packaging application. This
again shows that the polyurethane films have the ability to filter mi-
croorganisms from the external environment, but the efficiency is far
less than the SP films.

3.6. Barrier performance of nanocomposite thin film.

3.6.1. Water vapour permeability (WVP).

The transmission rate of water vapour through the micropores of the
thin film is significant for packaging applications. The average 50 ym
thick thin film with a 78.54 cm2 area was used for the experiments. The
observed results are shown in Fig. 7. The SNP was added uniformly in
the PU complex producing a uniform PU-SNP film structure. The WVP
varies with the surrounding temperatures and concentration of SNP in
nanocomposite film. From Fig. 2, it was clear that as the SNP density
increases the compactness in the composite film also increases. This
phenomenon reduces the pore size of SNP-PU composite film due to
which the rate of transmission of vapours across the thickness of film
reduces. The travel time of water vapours increases as the thickness of
the film increases. At the higher thickness, the diffusion of water vapor
across the plane of the film may also be the reason for the reduction of
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Fig. 7. Water vapour and oxygen barrier performance of composite thin film.
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WVP across the film.

Another important parameter is the surrounding temperature. The
rise in the temperature directly affects the gross humidity across the
film. The humidity difference leads to the higher pressure gradient
across the film which is the reason for the higher WVP. The observations
from the experiments indicate that at the higher temperature the WVP
increases. The higher concentration of SNP (30%) shows the lowest WVP
about 0.917 g pa em™2 day ™!, which is again increasing at higher
temperatures. This may cause a higher diffusion rate of water vapor
across the thin film at higher temperatures above 35 °C. At higher
temperatures, the vapor pressure is overcome by the static pressure
leading to a higher pressure drop across the film. The relative humidity
inside the vessel increases with the rise in the temperature. The higher
difference in relative humidity across the film was the driving force for
the higher molecular transformation. Similar results for the starch
glycerol films were reported by Miranda et al. [53]. The film with the
addition of 20% concentration of SNP shows an effective reduction of
60% WVP and above. At higher addition of SNP in the polymer complex,
the formation of lumps was detected.

3.6.2. Oxygen barrier of nanocomposite thin film.

Fig. 7 illustrates the effect of SNP concentration enhancement in the
nanocomposite complex for the water vapor and oxygen transmission
through the thin film. The specimen used for the analysis was with a
uniform thickness of 200 um. The synthesized thin film with the specific
(dia. 50 mm) dimension was placed. The transmission rate of oxygen
was reduced as the % SNP increased in the composite film. The addition
of 5% SNP in the composite thin film shows the drastic reduction in
oxygen permeability. The results observed from the experiments show
44% reduction in oxygen permeability with the addition of 5% SNP.
However, the permeability reduction rate was reduced after 5% SNP.
With the addition of 10% SNP, a permeability reduction of 65% was
observed. The reduction of 75% and 84% were observed with the
addition of 20% and 30% SNP respectively. The uniform distribution of
SNP in the PU matrix will reduce the pore size at the lowest stage, this
will make thin-film most impermeable.

The synthesized nanocomposite SNP-PU films shows a lower oper-
ating stress zone between tensile stress and flexural stress. The effective
reduction in WVP to 60 to 85%, makes the film valuable for packaging
applications at lower temperature conditions. At lower temperatures up
to 40 °C, the film shows higher thermal stability, resistance against
bacterial (99%), water vapor transformation and higher mechanical
properties make it suitable as a packaging material. The extent of acid
hydrolysis with ultrasound assistance was enhanced significantly in the
starch granules during the synthesis of SNP. The process is robust and
produces a batch of SNPs with a nanoscale size. The SNP-based PU
nanocomposite thin film shows enhanced mechanical and thermal
moisture barrier performance. These films exhibit higher resistivity to
water vapour and oxygen permeability. Further, there is a significant
improvement in the resistance to bacterial transmission through nano-
composite films, which find prominent applicability in food packaging.

4. Conclusions

The synthesis of uniform distribution of starch nanoparticles in PU
was achieved with ultrasound assistance. The rise in the concentration
of starch nanofiller in the PU matrix enhanced the mechanical and
thermal properties of the thin film. Ultrasound assisted acid hydrolysis
showed lower particle size of SNPs compared to conventional synthesis
process, hence there is improved performance due to increase in the
local crystallinity. The synthesized nanocomposite films show 99%
resistance to bacterial transformation. The optimal value of the SNP to
achieve the maximum bacterial transformation resistance is 5%. The
glass transition temperature of nanocomposite films shows an increasing
pattern as the percentage of SNP increases in the PU complex. The in-
crease in the glass transition temperature is due to increase in the overall
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crystallinity imparted by uniform dispersion of starch nanoparticles in
the PU matrix. The uniform distribution of SNP in the polymer complex
reduces the pore size of the film surface as compared to the plan PU film.
The water vapour permeability (WVP) of the film was affected by the
temperature of the surroundings and the concentration of SNPs in the
film. Overall with the addition of 20% SNP, the WVP was reduced to
60%, whereas oxygen permeability was reduced to 75%. The opacity of
the film decreased as the SNP concentration increased, the film became
more rigid, and the flexural stress of the thin film showed a reduction
with a rise in SNP concentration. The tensile strength of the film was
increased by the addition of SNP which implies the rise in young’s
modulus of the film. At lower temperatures up to 40 °C, the prepared
SNP-PU nanocomposite film showed higher thermal stability, resistance
against bacterial, water vapour transformation, and higher mechanical
properties making it suitable as a packaging material.
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