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Abstract: Plasticized potato starch being a sustainable,
renewable, and cost-effective reinforcement has been melt
mixed in this study with nano-TiO, and polypropylene (PP)
and compression molded into test specimens. Starch concen-
tration was kept at 20%, whereas nano-TiO, was varied as
1, 3, and 5% in the hybrid composites. Investigations were
done for the dispersion of TiO, and starch in the base
polymer, and studies for the impact of nano-TiO, on the
mechanical, electrical, and thermal characteristics were
also done. No adversative degradation in the dry arc resis-
tance and dielectric property of the PP composites was
found even at high starch loading of 20%, whereas mechan-
ical characterization revealed a decline in percentage elon-
gation and flexural strength but nearly similar tensile and
impact strengths. Dynamic mechanical analysis studies
showed a decrease in the mechanical strength of the bhio-
composite PPST-20, which improved upon the fusion of
nano-Ti0,. Uniform dispersion of nano-TiO, in the morpho-
logical structure was examined using scanning electron
microscopy, whereas intact melting behavior and increased
crystallization temperature indicating the nucleating effect of
nanofiller were verified using differential scanning calorimeter
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studies. Two-stage degradation patterns due to biomaterial
and PP were also evident in the thermo gravimetric analysis
studies.

Keywords: electrical properties, hybrid bio-composite, mechan-
ical properties, nano-TiO,, polypropylene, starch

1 Introduction

Polypropylene (PP) and its composites are one of the most
consumed and most cost-advantageous commodity poly-
mers in the field of mechanical, electrical, and electronics
engineering. PP is a non-biodegradable and petroleum-
based material, which exhibits extraordinary mechanical,
electrical, and thermal properties, i.e., lower density, high
crystallinity, excellent elasticity, stiffness, hardness, better
tensile properties, high thermal stability, resistance to
fatigue, high electrical resistivity, high dielectric strength,
but lower dielectric loss [1]. Inherently exceptional proper-
ties of these composites have made them one of the widely
used materials for battery separators, electrical wire insu-
lation, switches, transducers, capacitors, field emission dis-
plays, EMI shielding, control cables, thin wall applications,
etc. As per the report of “ChemAnalyst,” the worldwide
PP market, which stood at 74 million tonnes in 2022, is
projected to reach 114 million tons by 2030. Such high con-
sumption of PP may be a catastrophic or environmental
disaster if left without proper checks, balances, and dis-
posal [2,3]. To reduce the production cost, and simulta-
neously enhance the electrical, mechanical, and chemical
characteristics of the PP-based composite materials, fillers and
nanomaterials were incorporated into it [4] by researchers.
Lewis, a material scientist, highlighted that [5] “nano-fillers
with a diameter of less than 100 nm usually disperse homo-
geneously into base polymers, thus enhancing the properties
of respective polymer matrix.” With the insight of this obser-
vation, Lewis brought the attention of material scientists to
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nano-dielectric materials and their electrical breakdown phe-
nomena. This understanding was later extended by Tanaka
in a separate study [6,7]. Another researcher, Usuk et al,
extended previous studies and presented the composite of
PP/clay as the first-ever nano-dielectric material [8]. This
research formed the basis to incorporate nanomaterials
such as MgO [9], silica [10], CNT [11], and graphene [12] in
the PP-based nano-dielectric materials. Despite several con-
current studies in the field of PP composite materials for
electrical and electronics engineering, a significant influ-
ence of poor impact strength and Young’s modulus of
pure PP limits its extensive application in high voltage appli-
cations [1,13]. PP-based non-woven fabrics were also devel-
oped and investigated for application as battery separators
in several other research [14-23].

The rapid pace of industrialization and concern with
seeking sustainable industrial materials has necessitated
the incorporation of several bio-materials in the polymeric
matrix for reduced dependency on petroleum-based poly-
mers [24-26]. Thermoplastic starch (TPS) being a renew-
able, sustainable, and low-cost bio-material has shown the
potential to reduce the burden on fossil materials. Several
researchers in the recent past have successfully blended ther-
moplastic starch and suitable compatibilizers with PP/PE for
improved thermal and mechanical characteristics [27-30];
however, the hydrophilic nature and poor mechanical prop-
erties of starch limited its application in the electrical and
electronics engineering field. Nano-TiO, is another low-cost
material readily compatible with the PP matrix, which offers
characteristics to offset the majority of the starch-induced
property degradation in the composite material. The dis-
tinctly high dielectric constant, UV stabilization, chemical
inertness, anti-bacterial property, and high refractive index
of the nano-TiO, [31-35] make it a nanofiller desirable for
blending with bio-composite of starch and PP. Incorporation
of starch and nano-TiO, as fillers simultaneously in the
polymer matrix has some inherent difficulties, ie., formation
of agglomerate of nanoparticle, largely because of its long
chain organic origin, semicrystalline nature, and its intercala-
tion into bio-polymer. Such factors cause poor mechanical,
thermal, and optical properties of bio-nanocomposites; thus,
dispersion and intercalation of nanofillers pose the principal
challenge in the synthesis of starch and nano-TiO,-based bio-
nanocomposites [36-38]. This study addresses this challenge
by synthesis and characterization of the hybrid composites of
TPS, nano-TiO,, and PP using the thermokinetic melt mixing
method. The content of the starch and compatibilizer in PP
was kept at 20 and 10% separately, while the content of nano-
TiO, was varied as 1, 3, and 5%, and composites were named
PPSTTi0,-2001, 2003, and 2005, respectively. Hybrid bio-nano-
composites have been melt mixed using an ultrahigh-speed
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thermokinetic mixer, which exerts high shear force for rapid
and homogeneous melt mixing of base polymer with bio- and
nanofillers. This method of composite blending allows uni-
form distribution of compatibilizer and filler particles in the
polymeric matrix. The hybrid bio-nanocomposite obtained
was evaluated for electrical, mechanical, and thermal char-
acterizations, and the role of the starch and nano-TiO, loading
was also discussed to discover the relationship between mor-
phology and properties.

2 Experimental

2.1 Materials

PP (homo polymer) with melt flow index (MFI) of 35g
10 min™" and 2.16 kg at 230°C was used as a base polymer.
Thermoplastic potato starch with a molecular weight of
162.14 was used as a bio-filler. The glycerol of 99.5% purity
was used as a plasticizer and maleic anhydride grafted PP
(PP-g-MA) was used as a compatibilizer. The nano-TiO, of
particle size 20-80 nm and rutile grade with surface area
19.2m?* g™ acquired from Tata Chemicals was used as a
nanofiller.

2.2 Preparation of PP, starch, and nano-TiO,
bio-nanocomposite

Hybrid bio-nanocomposite of PP was prepared in two
stages. In the first stage, the starch powder was homoge-
neously mixed with 25% glycerol (w/w) using a mixer and
kept overnight for swelling. The next day, the suspension
was melt mixed uniformly with the PP and nano-TiO, in an
ultrahigh-speed thermo-kinetic mixer and the melt mix so
obtained of nano-TiO2, starch, and PP was molded into
ASTM standard test specimen in a compression molding
machine. The formulation of the hybrid bio-nanocompo-
site is mentioned in Table 1.

Table 1: Formulation of bio-composite of starch, nano-TiO,, and PP

Sample name PP (grade) % starch % nano-TiO, PP-g-MA
PP 100 0 0 0
PPST-20 70 20 0 10
PPSTTiO,-2001 69 20 1 10
PPSTTiO,-2003 67 20 3 10
PPSTTiO,-2005 65 20 5 10
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3 Characterization

3.1 Fourier transmission infrared
spectroscopy (FTIR)

FTIR spectrum of all five molded specimens was recorded
in the IRSpirit-X series (M/s Shimadzu Corporation, Japan). The
samples were analyzed in a wavelength of 400-4,000 cm™ in
absorbance method.

3.2 Thermal properties
3.2.1 Differential scanning calorimeter (DSC)

The DSC data of the bio-composites and bio-nanocomposite
specimens have been assessed in the presence of inert gas
“nitrogen.” Specimens were heated from -50 to 200°C at a
rate of 10°C min’, the temperature was kept constant at
200°C for 5 min, and then, specimens were cooled down at
the same rate. Melting temperature “T,,,” crystallization
temperature “T.,” change in energy “AH,” and “AH.”
and degree of crystallinity “X.” (38) have been documented
from the peaks and area under the DSC thermogram.

3.2.2 Thermo gravimetric analysis (TGA)

The TGA data of the bio-composites and bio-nanocomposite
specimens have been assessed in the presence of inert gas
“nitrogen” to avoid oxidation. Specimens were heated from
50 to 650°C at a rate of 10°C min™, and percentage weight
loss at the different temperatures has been documented.

3.3 Dynamic mechanical analysis (DMA)

The DMA data of the formulations have also been calcu-
lated in the presence of inert gas “nitrogen” to avoid oxida-
tion. Specimens were heated from 25 to 160°C at a rate of
03°C min~!, with a strain amplitude of 0.05%. Under the
varying temperature, change in the storage modulus (E')
and Loss factor (tan §) was measured at 1Hz.

3.4 Tensile properties

For the evaluation of the tensile properties, the formula-
tions were pre-conditioned at 23°C temperature, and rela-
tive humidity of 50% for 24 h. The test was done as per
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ASTM D 638 standards at 23°C and the speed of the cross-
head was kept at 50 mm min~. The average results from
the five identical specimens were used as the tensile
strength of respective formulations.

3.5 Flexural properties

For the evaluation of the flexural properties, the formula-
tions were pre-conditioned at 23°C temperature, and rela-
tive humidity of 50% for 24 h. The test was done as per
ASTM D 790 standards and the speed of the cross-head
was kept at 05mm min . The average results from the
five identical specimens were used as the flexural values
of respective formulations.

3.6 Impact strength

For the evaluation of the Impact properties, the formula-
tions were pre-conditioned at 23°C temperature and rela-
tive humidity of 50% for 40 h. The test was done as per
ASTM D 256 standards and the energy of the hammer was
kept at 2.75]. The average results from the five identical
specimens were used as the impact strength of respective
formulations.

3.7 MFI

The MFI test of the bio-nanocomposites has been done as
per ASTM D 1238 standards. The test was done at 230°C
under a loading condition of 2.16 kg. The average results
from the five identical specimens were used as the melt
value of respective formulations.

3.8 Scanning electron microscopy (SEM)

SEM instrument from Hitachi-Japan, model no S-3700 N,
was used to obtain the microstructure of samples. The
morphological analysis was performed on fractured sur-
faces of compression-molded samples. The dried samples
were first sputter-coated with a golden layer and scanned
under a vacuum.

3.9 Electrical properties

The dry arc resistance tester and high voltage breakdown
tester of M/s Sensor, India, were used to estimate the
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electrical properties of samples as per standards ASTM D
495 for dry arc resistance and ASTM D 149 for dielectric
strength. The specimen was evaluated for its ability to with-
stand the arcing and breakdown at high voltage when
exposed to a high electric voltage of 12.5 kV s and 500 V s
rate of rise.

4 Results and discussion
4.1 FTIR spectroscopy

Figure 1 shows the FTIR image of PP and its composites
with thermoplastic potato starch and different composi-
tions of nano-TiO,.

FTIR spectroscopy was employed to verify the compa-
tibilization between PP, thermoplastic potato starch, and
nano-TiO,. Several absorbance peaks in the spectrum indi-
cate interlinking of molecular bonds of PP, starch, and
nano-TiO,. Peaks at 3,300-3,300 cm ! indicate O-H bond, peaks
at 1744.3 cm™ indicate C=0 bond, peaks at 1255.69 cm ™ indi-
cate —0—C(0)- and C—-OH bonds, peaks at 1152.36 cm ! indicate
C-O-C bond, and peaks at 1025.36 em™? indicate C-O bond;
these characteristic peaks and corresponding bond indicate
the presence of thermoplastic starch [39,40]. The peak observed
near 1744.3 cm ™ indicates the presence of an anhydride group
as the PP backbone; this also indicates the linkage between
biomaterial and PP [39]. The CH; bonds at 2950.5, 2867.28,
and 137623 cm ™, the CH, bonds at 2837.14 and 14544 cm™,
and three isotactic peaks at 1167.43, 997.3, and 972.9 cm™ con-
firmed the existence of the PP matrix in all the polymeric
bio-nanocomposites. The peak at about 840.9 and 807.9 cm™

457.78826
807.22852

100 \
95 \ \ \ ( <\\. s
g 90 3% g = £ =
585 8% & & g <
geofil |l A[28E2 & 8 -8
75) |5 /88
2 2o s ;é’;\_ ;/ Pure PP
R E £ // | — ppsTTiO 2001
T o - b @
1$22 52 |2 £ % ||——PPSTTiO,2003
60122 g% |9 ° 2
55]2€ 5 2 £ PPSTTiO,2005
2(5)_- 1376.23493 291606818 2950.50993

400 800 12001600200024002800320036004000
Wavelength (cm™)

Figure 1: FTIR spectra of PP, PPSTTiO,-2001, 2003, and 2005.
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is attributable to Ti-0, and another vibration at 420 cm™
may be associated with a TiO-Ti vibration [41]. The stretching
vibration and corresponding absorbance peak at 800 cm™
may be associated with the Ti-O bond. The bonds at 760,
680, 560, 500, and 468cm™ can be linked to the TiO-Ti
bond [42,43], which further confirms the presence of nano-
TiO, in the bio-nanocomposites.

4.2 Thermal properties

The DSC thermogram in Figure 2 indicates the thermal
properties of bio-nanocomposite material. The heat flow
through the nanocomposite of PP, thermoplastic starch,
and nano-TiO, was studied with the view to get the transi-
tion points to the Ty, AHy,, and X.. The peaks and enthalpy
observed from Figure 2 are summarized in Table 2, which
indicates that the thermal properties of bio-composites remain
almost intact even after loading of bio- and nanofillers.

DSC data reveal the melting temperature of the pure
PP as 154.19°C, which remains nearly unaffected even after
the blending of 20% thermoplastic potato starch and nano-
TiO, up to 5%. The crystallization temperature of all the bio-
nanocomposites was found to increase slightly by 6.35-7.24%;
this can be attributable to the nucleating action of the well-
dispersed nano-TiO, [44]. The degree of crystallinity of the
bio-composite, ie, PPST-20 decreased by -19.74%, which
decreased further by -23.35 and -23.46% in PPSTTiO,-2001
and PPSTTiO,-2005, respectively, but increased to a net
decrease of -15.23% in PPSTTiO2-2003. An increase in the
crystallinity of PPSTTi0,-2003 confirms the nucleating effect
of the finely dispersed nano-TiO,. A decline in these proper-
ties in the case of PPSTTi0,-2001 and 2005 was also observed,
which can be attributable to the physical hindrance because
of the semi-crystalline character of starch, its long-chain
organic structure, and aggregate form, when subject to
heat and stress in the polymer matrix [45]. The crystallinity
first reduced and then increased after the addition of 3%
nano-TiO, in the bio-nanocomposites, which reduced again
at 5% nano-TiO, loading. Maximum crystallinity has been
observed in PPSTTi0,-2003, which declined again in PPSTTiO,-
2005. Reduced crystallinity of the hybrid composite with 5%
nano-TiO, can be attributable to the agglomeration of nanopar-
ticles at higher concentrations. Bonding of the hydroxyl group
of TPS with nano-TiO,, strong attraction force between the par-
ticles of nanomaterial, and insufficient diffusion at 5% nano-
filler loading causes filler particles to hind together and agglom-
erate. Hinderance in the close packing of filler particles in the
bio-nanocomposite and thermoplastic-starch-induced flexibility
are also seen. Such factors seem to have been neutralized to a
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Figure 2: DSC thermogram of (a) PP, (b) PPSTTiO,-2001, (c) PPSTTiO,-2003, and (d) PPSTTiO,-2005.

Table 2: The DSC detailed data of PP, PPSTTiO,-2001, 2003, and 2005

sample Tm(°Q) BHn(g™") Tc(°C) BDH() X (%)
PP 154.19 99.14 116.68  98.68 51.94
PPST-20 154.10 76.33 12513 79.20 41.68
PPSTTiO-2001 15445  76.28 124.09 75.64 39.81
PPSTTiO,-2003  154.16 82.55 124.06  83.65 44.02
PPSTTiO,-2005  154.67  74.66 125.04  75.53 39.75

great extent by the nucleating action of nano-TiO,, particles,
thus increasing the thermal stability and crystallinity of the
bio-nanocomposite material.

4.3 TGA

Figure 3 shows the TGA thermograms of the hybrid bio-
nanocomposite and Tables 3 and 4 present percentage
mass loss at 10, 90, and 90% and at 120, 250, 350, 450, and
550°C, respectively.

Starch is a thermally less stable polymer when com-
pared with PP and nano-TiO,. Despite this, the TGA ther-
mogram of PPSTTi0,-2001, 2003, and 2005, when compared
to that of PPST-20, shows improved thermal stability to
decomposition even after the loading of 20% thermoplastic
starch and nano-TiO, up to 5% in the PP matrix. Thermal
degradation of the thermoplastic starch involves
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Figure 3: TGA thermogram of PP, PPSTTi0,-2001, 2003, and 2005.

Table 3: Decomposition temperature and % weight loss

sample T4 (-10) T4 (-50) T4 (-90)
PP 446.97 486.32 —
PPST-20 287.09 479.23 500.89
PPSTTi0,-2001 307.41 479.48 500.43
PPSTTi0,-2003 315.11 483.45 505.04
PPSTTi0,-2005 311.17 488.45 512.10

dehydration, ring scission, and decomposition. TGA stu-
dies, in confirmation of the degradation behavior of starch,
showed a significant increase in the thermal degradation
of starch-based bio-composite PPST-20, which improved sig-
nificantly upon the addition of nano-TiO,. Comparative TGA
thermogram with and without starch/nano-TiO, shows the
highest decomposition rate and 10% decomposition at 287°C
in the case of bio-composite with 20% starch. This improved
significantly to 307, 315.17, and 311.17°C in the case of 1, 3, and
5% nano-TiO, loading, respectively. The second stage of
degradation of PPST-20 above 550°C was attributed to the

Table 4: Effect of thermoplastic starch and nano-TiO, on thermal
degradation of PP and hybrid bio-nanocomposite

Sample I(120°C) 1I(250°C) I(350°C) I(450°C) I(550°C)
PP 0 0.25 0.77 11.05 28
PPST-20 0.26 6.83 22.62 28.01 95.15
PPSTTiO,- 0.32 6.05 20.97 26.97 96.12
2001

PPSTTiO,- 0.55 5.13 17.65 23.14 94.45
2003

PPSTTiO,- 0.46 5.03 17.85 23.34 9.7
2005
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breakdown of PP, which involved the breakage of C—C and
C-H bonds. Among all the formulations, bio-nanocomposite
with 3% nano-TiO, showed thermal decomposition at the
lowest rate, thus increasing the thermal stability. TGA results
therefore conform to the findings of DSC studies. Changes in
the thermal properties from DSC and TGA studies both point
to an effective distribution of nanoparticles in the polymer
matrix, effective plasticization effect of glycerol, PP-g-MA, and
nucleating action of nano-TiO, at lower concentrations of 1
and 3%.

4.4 DMA

The bio-nanocomposite of PP-based polymeric matrix is
expected to exhibit some elastic response, which can be
evaluated in the DMA study by investigating the change
in loss factor (tan 6) and storage modulus (E') represented
in Figure 4(a) and (b), respectively.
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Figure 4: (a) Loss factor (tan 6) of PP, PPST-20, and PPSTTiO»-2003. (b)
Storage modulus of PP, PPST-20, and PPSTTiO,-2003.
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DMA study in Figure 4 enables us to evaluate the
damping properties, stiffness, and mechanical strength of
the specimen. The plot of tan § against temperature as
shown in Figure 4(a) shows the decline in the tan § value
of pure PP upon the blending of starch and nano-TiO,. This
graph shows lower energy dissipation, indicating a slight
increase in the rigidity and brittleness of the hybrid com-
posite material when compared with the pure PP, and the
same was verified by tensile, flexural, and impact studies.
The loss factor (tan 6) of the hybrid biocomposites PPST-20
and bio-nanocomposite PPSTTiO,-2003 remained almost
the same at lower temperatures, but started improving
above 70°C in PPSTTiO,-2003 and subsequently became
nearly equal to that of pure PP at around 120°C. These
results indicate improvement in the damping property of
PPSTTi0,-2003 at a temperature exceeding 70°C. Another
graphical representation shown in Figure 4(b) represents
comparative stored energy in the pure PP and bio-nano-
material. Results from this graph show a considerable
decrease in the stored energy in PPST-20 at temperatures
below 100°C, which improved to a great extent in the bio-
nanocomposite PPSTTi0,-2003. The decrease in stored energy
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of PPST-20 and the subsequent increase in PPSTTiO,-2003
imply a significant increase in the flexibility of bio-composite,
which is reduced to a great extent in PPSTTi0,-2003 but
remains greater than pure PP. The PP-g-MA in the bio-nano-
composite material and the plasticization effect of thermo-
plastic starch seem to have induced changes in the DMA
properties of PPST-20 and PPSTTiO»-2003. These changes
can also be attributable to the increased interfacial compat-
ibility between pure PP and fillers, ie., starch and nano-TiO,.
DMA results in this regard are also supported by results
derived from the thermal studies and SEM studies.

4.5 Mechanical properties

Figure 5 shows the mechanical properties of the bio-nano-
composite formulations under investigation.

The tensile strength, % elongation, impact strength, and
flexural strength of PPST-20, PPSTTiO,-2001, 2003, and 2005
were compared with each other and to that of pure PP
in Figure 5. Results show an obvious decline in all the
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Figure 5: Mechanical properties of the PP, PPST-20, and PPSTTi0,-2001, 2003, and 2005.
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mechanical properties of biocomposites and bio-nanocompo-
site material upon blending starch and nano-TiO,. Such
deterioration in properties can mainly be attributable to
the function of starch and nano-TiO, as particulate filler in
PP-based composite materials; this result is confirmed by the
change in flexural strength of PPST-20. It is apparent from
Figure 5 that the bio-nanocomposite shows the impact strength
to be nearly comparable to the pure PP and PPST-20, as verified
by the findings of the DMA studies. The blending of TPS
enhanced the flexural strength of the blend, but the addition
of nano-TiO, reduced it by 30%, which can be attributable to
the weak union of nano-TiO, with the PP matrix. As far as
change in the tensile and elongation properties of the bio-
nanocomposite is concerned, a substantial decline in the tensile
strength was observed in all the specimens; however, % elon-
gation was found more than that of PPST-20 but considerably
less than that of pure PP. Such wide variation of the mechan-
ical properties confirms the weak bonding of starch molecules
with the PP matrix, which improved substantially because of
the nucleating action of nano-TiO, molecules.

4.6 MFI

The MFI test values of different formulations, i.e., PP, PPST-
20, PPSTTi0,-2001, 2003, and 2005, are shown in Figure 6.

The highest MFI values of the PPST-20 among all the
formulations point toward the plasticization effect of the
20% thermoplastic starch and uniform diffusion of filler
particles in the polymer matrix. The presence of nano-
TiO, in the bio-nanocomposites decreases the MFI values
by 50%, attributable to the surface roughness of inorganic
particle fillers TiO, when compared with thermoplastic
starch. This result validates the results from the DMA study
and mechanical characterization.

=
19/]
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4.7 Morphological analysis

Figure 7 illustrates the typical SEM images of the fractural
surface of pure PP and bio-nanocomposites. Image points
toward starch molecules in granule form and nano-TiO, par-
ticles in particulate forms in PP, PPSTTi02-2001, 2003, and
2005. The images also reveal that thermoplastic starch and
nano-TiO, are uniformly distributed in the polymer matrix,
thus forming a homogeneous phase of bio-nanocomposite.

Results also indicate the action of coupling agent PP-g-
MA, which reduced the interfacial energy, thus increasing
the interfacial cohesion amongst phases of the TPS, nano-
TiO,, and PP matrix. SEM image exhibited nano-TiO, mole-
cules to be strongly nested in the polymer matrix, thus
improving the compatibility and cohesion among the filler
particles and polymer matrix. These enhancements caused
the advancement of mechanical, thermal, and morphological
characteristics of the bio-nanocomposites. Such results are in
validation of the comparative change in the tensile strength,
% elongation, impact strength, and flexural strength of PPST-
20, PPSTTi0,-2001, 2003, and 2005.

4.8 Electrical properties

Table 5 represents the dry arc resistance and di-electric
strength of samples under test.

During the electrical testing, bio-nanocomposite mate-
rial “PPSTTiO,-2003” displays excellent dry arc resistance,
which is as close as 94.3% of the pure PP, but other samples
stood at a marginal low value of 88%. This result indicates
localized breakdown because of thermal erosion and che-
mical degradation when exposed to a high voltage of 12.5 kV.
As far as the electric di-electric strength of the specimen
under test, all the developed hybrid bio-composite materials

S
(]

w W
S N

et N
SN

Melt Flow Index (gm/10m)
= O

PP
PPST-20

Figure 6: MFI of PP, PPST-20, and PPSTTi0,-2001, 2003, and 2005.
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Figure 7: SEM image of (a) PP and (b) PPSTTiO,-2001. SEM image of (c) PPSTTiO,-2003 and (d) PPSTTiO,-2005.

display slightly improved dielectric strength between 10 and
12 kV against 10 kV of the pure polymer. Despite the polar
nature of starch molecules, the dielectric environment within
the PP matrix appears to be largely unchanged because of the
uniform distribution of starch molecules and the nucleating
action of nano-TiO,. Such phenomena cause improved elec-
trical properties of the bio-nanocomposite.

5 Conclusion

This research work employs a thermo-kinetic melt mixing
method for the synthesis of sustainable composite material

Table 5: Electrical characteristics of bio-composite

of pure PP, potato starch, and nano-TiO, and retains the
excellent mechanical, thermal, and electrical properties of
PP as far as possible. Synthesis involves the blending of pure
PP as base polymer, 20% potato starch as bio filler (in PPST-
20), nano-TiO, as nanofiller (1, 3, and 5% in PPSTTi0,-2001,
2003, and 2005, respectively), and maleic anhydride grafted
polypropylene (PP-g-MA) as compatibilizer. The morpholo-
gical characterization based on the SEM image shows a uni-
form distribution of the thermoplastic starch and nano-TiO,
particles in the polymer matrix. This indicates the action of
PP/PP-g-MA in increasing the scattering of nano-TiO, and
starch particles in the polymer matrix. The SEM images of
nano-TiO, nanocomposite were found to be quite stable and

Sample Dry arc resistance test at 12.5 kV, ASTM D 495 (s) Di-electric strength ASTM D 149 (kV)
PP 193 "
PPST-20 170 12
PPSTTi0,-2001 170 10
PPSTTi0,-2003 182 1
PPSTTi0,-2005 170 12
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nano-TiO, particles were found well embedded in the poly-
meric matrix with thermoplastic starch. The DMA, MFI, DSC,
and TGA studies also point toward strong interaction between
the filler-matrix inter-phase because of the presence of
maleic anhydride-based compatibilizer (PP-g-MA). Results of
the DSC and TGA study indicate the action of PP-g-MA as an
effective dispersing agent, consequent dispersion of all the
fillers within the PP matrix, and function of nano-TiO, as a
nucleating center at lower concentrations of 1 and 3%. Thus,
less thermal degradation was observed in PPSTTiO,-2001,
2003, and 2005 compared to PPST-20. The decline in the %
crystallinity of all the bio-nanocomposites has also been seen,
which points toward the disorder in close packing of the PP
matrix. This disorder can be attributable to thermoplastic
starch molecules in the polymer matrix. All the nanocompo-
sites confirm similar thermal degradation behavior in the
TGA results, but bio-nanocomposite with nano-TiO, loading
of 3 and 5% exhibits much higher thermal stability when
compared to PPST-20.

The mechanical characterization has shown an increase
in the flexural strength but nearly constant impact strength
of PPST-20 compared to that of the base polymer. Both these
properties declined further upon the addition of nano-TiO,
but remained very near to that of pure PP. The tensile
strength of the PPST-20 and the other three bio-nanocompo-
sites have also been decreasing gradually with increasing
filler concentration. MFI and % elongation of the PPST-20
also reduced significantly compared to pure PP, which
increased considerably with increasing nano-TiO, concen-
tration in the bio-nanocomposite. DMA studies also indicate
a thermoplastic starch-induced decline in the loss factor (tan &),
signifying lower damping properties (i.e., lower energy dis-
sipation) and a significant increase in the flexibility (ie.,
storage modulus) of the PPST-20 when compared to pure
PP and PPSTTi0,-2003. These DMA properties improved sig-
nificantly at higher temperatures in PPSTTiO,-2003. Results
of the mechanical characterization and DMA studies indi-
cated the nucleating action of well-dispersed nano-TiO, par-
ticles in the starch-loaded PP matrix. Close packing of the
bio-nanocomposite material, nucleating behavior of nano-
TiO,, and increase in the matrix-filler interfacial compat-
ibility have induced excellent electric dielectric strength
and marginal decrease in arc resistance of bio-nanocompo-
site material. Finally, we can conclude by summarizing
that the futuristic bio-nanocomposite presented in this
research may reduce the reliance on fossil fuels and
prove a milestone for several electrical engineering appli-
cations such as electrical insulation, dielectric material,
and battery separators.
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