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Abstract: This study delves into sustainable bio-nanocom-
posite of polypropylene (PP) with thermoplastic starch and
de-laminated nano-talc as filler. Synthesis and characteri-
zation were done in two stages, at first, thermoplastic
starch in the PP matrix was kept at 15, 20, and 25% and bio-
composite was investigated for their spectral, optical, mechan-
ical, and thermal properties. Results revealed enhanced tensile
strength, elongation, flexural strength, melt flow index, and
melting point of the composite with 20% starch compared to
other formulations. Thereafter, the PP matrix with 20% starch
was taken as the base polymer, the concentration of nano-talc
was kept at 1, 3, and 5%, and investigation of their mechanical
properties revealed composite with 20% starch and 3% nano-
talc to be better than those with 20% starch and nano-talc of 1
or 5%. Integration of 3% talc filling into the bio-composite
material increased the tensile strength to 29.27 MPa and flex-
ural modulus to 2964.6 MPa but, with marginal reduction in
elongation and flexural strength to 1.03% and 40.59 Mpa,
respectively. Increased mechanical properties can be attrib-
uted to the action of glycerol as a plasticizer and the uniform
dispersion of fillers. X-ray diffraction study revealed uniform
interplanar arrangement and crystal size whereas UV-Visio
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studies showed a decrease in ultraviolet absorbance.
Differential scanning calorimetry and thermogravitational
analysis studies revealed improved thermal stability.
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1 Introduction

Polypropylene (PP), a synthetic polymer and second most
widely used [1] thermoplastic material, is one of the most
popular choices for common industrial and household
applications, ie., electrical insulation, electrical and electronic
component housing, beverage packaging, food industry, agri-
cultural applications, automobile components, civil construc-
tion materials, etc. [2,3]. Despite huge worldwide plastic
consumption, only 10% of the total disposed of plastic mate-
rial stands recycled and the rest ends up either in landfill or is
left in the environment as pollutant [4]. Global plastic pollu-
tion has come to an extent, causing significant ecological imbal-
ance and global climate threat. Green theory [5] evolved during
these days and has brought the attention of researchers toward
the development of materials from environment-friendly
sources, produced with minimal environmental impact
and offering benefits throughout the product life cycle. In
the quest for sustainable and renewable plastic material,
several researchers incorporated several bio-fillers [6-10]
in the PP matrix for bio-degradability and cost reduction.
Starch being one such naturally available thermoplastic
polymer became popular [3,6,11,12] to the extent that 1% of
the total global plastic production now contains starch [13].
Thermoplastic starch, which has been certified for its sus-
tainability and biodegradability by several prominent orga-
nizations such as International Sustainability and Carbon
Certification, Roundtable on Sustainable Biomaterials, Global
Bioenergy Sustainability Framework, and USDA BioPreferred,
exhibits all the characteristics of green futuristic material, i.e.,
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source, production, and life cycle. Therefore, blending ther-
moplastic starch with a conventional polymeric material such
as PP offers ecologically sustainable bio-materials, but such
materials find limited industrial application because of the
hydrophobic nature of PP which is just opposite to that
of hydrophilic starch. Several researchers investigated the
hydrophobicity [14,15], bio-degradability [14,16], morphology
[17] crystallinity [3], dielectric strength [18], and thermal and
mechanical properties [14,15,19] of starch-based PP bio-com-
posite. Results therein indicated a reduction in mechanical
[20-22], thermal, and electrical performance [23] attribu-
table to the poor diffusion of starch molecules in the poly-
meric matrix and poor bond of filler molecules with a
polymer matrix [24,25]. Talc, another low-cost natural filler
is a magnesium silicate-based geo-material that has also been
found readily compatible with the PP matrix [26], this mineral
material has been found to enhance the mechanical, thermal,
and electrical properties of thermoplastic polymer in several
studies [27-29]. It was found that talc as filler in the PP matrix
increases the tensile strength and flexural strength but simul-
taneously reduces the impact strength [30-34] of composite
materials. To address such issues and several other chal-
lenges like scalability and cost-effectiveness in developing
sustainable engineering material, and Kkeeping in view the
bio-degradable nature of starch, this study delves into the
synthesis and characterization of starch-based bio-composite
of PP. To cater to the starch-induced decrease in mechanical
properties, de-laminated nano-talc was also incorporated as
another natural filler. Bio-nanocomposites were character-
ized for the effects of starch and nano-talc on their mechan-
ical, thermal, and ultraviolet (UV) absorbance properties.

2 Materials and preparation

PP (homo-polymer) of grade PPH350FG was procured from
Reliance Industries (India) as a base polymer matrix. Potato
starch (MW 162.14) was obtained from Loba Chemie (Mumbai),
de-laminated nano-talc from Golcha Group (Rajasthan, India),
and glycerol (99.5%) from M/s Fisher Scientific (Mumbai, India).
The bio-nanocomposites were prepared by homogeneously
mixing starch with glycerol and left over for a night hours to
swell. The thermoplastic starch and PP were then mixed in an
ultrahigh-speed mixer until they turned into molten form.
Finally, molten material was molded into a test specimen by
compression molding techniques, and specimens were pre-
pared as per applicable ISO/ASTM standards. The formulation
of PP bio-nanocomposite is given in Table 1.
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Table 1: Formulation of starch and nano-talc-filled PP bio-composite

Sample PP (% Thermoplastic De-laminated
name volume) starch (%) nano-talc (%)
Pure PP 100 0 0

PPST-15 85 15 0

PPST-20 80 20 0

PPST-25 75 25 0

PPSTTL 79 20 1

2001

PPSTTL 77 20

2003

PPSTTL 75 20 5

2005

3 Characterization

3.1 Spectral characterization

The plastic identification test was done by Fourier trans-
form infrared (FTIR) spectroscopy as per test standard
ASTM E 1252-98 (Ra 2021), samples were scanned in
the wavelength range 400-4,000 cm™, and the spectrum
was evaluated to obtain stretching/bending vibrations for
identification of the molecular structure of the composite
materials.

Bio-nanocomposite specimens were also subjected to
an X-ray diffraction (XRD) pattern, and the intensity of
X-rays diffracted by the specimen in 20 range 5° to 80°
was recorded to assess its atomic orientation/structure,
crystallinity, and phase purity. XRD spectrum gave insight
into the crystallinity and molecular orientation of bio-
nanocomposite material.

UV-Visio range UV-visible [UV-Vis] spectrophotometry
of the samples was also done to obtain their UV-Vis range
optical absorbance, and specimens were scanned in the
wavelength 200-800 nm for absorbance spectrum.

3.2 Thermal characterization

Differential scanning calorimetry (DSC) test has been done
as per standard ISO 11357-1:2023. The thermal behavior of
the bio-nanocomposite was obtained as a thermogram
which provided insight into its melting and crystallization
behavior. Thermogravitational analysis (TGA) was also
done to examine the pattern of thermal degradation;
results indicated the temperature range within which
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bio-nanocomposite shall remain stable. Test has been
done as per ASTM 1131:2000 test standards to ascertain
its decomposition behavior, thus indicating its reliability for
optimum performance.

3.3 Mechanical characterization

Mechanical characterization of bio-nanocomposite was
done by measurement of its tensile strength, elongation,
flexural properties, and melt flow index (MFI). Tensile
strength and elongation tests were done following ISO 527-
1:2019 standards, whereas measurements of flexural proper-
ties and MFI were done following ISO 178:2019 and ISO 1133-
1:2022 (procedure B), respectively.
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Figure 1: (a) FTIR spectrum of PP, PPST-15, 20, and 25. (b) FTIR spectrum

of PPSTTL 2001, 2003, and 2005.
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4 Results and discussion

4.1 FTIR spectroscopy

Figure 1(a) depicts the FTIR spectra of PP, PPST-15, 20, and
25, this spectrum helps identify the presence of PP and ther-
moplastic starch in the bio-composite. Absorbance peaks
near 972261 and 1168149 cm™ may be attributed to the
stretching vibration because of C—C bond, which is the back-
bone of the PP matrix. C-H bond in the CH; (methyl group)
and CH, (methylene group) can be attributable to the C-H
stretching vibration linked to an absorbance peak between
2865.123 and 2993.56 cm ™.

Absorbance peaks around 1455.88 and 1376.234 cm™
can also be attributed to the bending vibration due to the
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Figure 2: (a) XRD spectrum of Pure PP, PPST-15, 20, and 25. (b) XRD
spectrum of PPSTTL 2001, 2003, and 2005.
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C-H bond of the PP matrix [35-37]. Absorbance peak
around 3422.648 to 3790.027 cm ™" indicates O-H stretching
vibration; this can be attributable to the hydroxyl group
associated with thermoplastic starch molecule [35-37], and
another absorbance peak around 2837.139-2948.357 cm™
indicates stretching vibration due to its C-H bond. The car-
bonyl group and glycosidic bond are starch components, for
which, C=0 stretching vibration at 1707.736 to 1747.918 em™?
indicates carbonyl group and C-O stretching vibration at
1011.726-1254.253 cm ™ indicates glycosidic bond. Upon suc-
cessful verification of the presence of PP matrix and starch

Table 2: XRD data of bio-nanocomposite
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as filler, let us consider Figure 1(b) which depicts the FTIR
spectra of bio-nanocomposite PPSTTL 2001, 2003, and 2005;
this contains PP as a base matrix, 20% thermoplastic starch
as bio-filler, and de-laminated talc as nano-filler in concen-
tration 1, 3, and 5%.

From the FTIR spectra shown in Figure 1(b), it looks
like that all the absorbance peaks for PP and thermoplastic
starch, which were indicated in Figure 1(a), are present in
Figure 1(b) as well; those absorbance peaks are indicative
of the presence of PP and starch in the bio-nanocomposite.
In addition to all the absorbance peaks marked in Figure 1(a),

Sample 20 B cos 6 FWHP (0) FWHP (Rd) Crystal size (nm) d-spacing (A°)
PP 14.7 0.015986 0.92349 0.016118 8.673509 6.018909477
17.4551 0.017383 1.00765 0.017587 7.976127 5.074599634
19.161 0.017636 1.02476 0.017885 7.861791 4.626472208
21.966 0.022871 1.33489 0.023298 6.06215 4.041620362
22.5867 0.007851 0.4587 0.008006 17.66064 3.93194366
26.0744 0.011965 0.70367 0.012281 11.5882 3.413373412
29.2009 0.021235 1.2573 0.021944 6.529213 3.054627817
43.2354 0.02761 1.70169 0.0297 5.021551 2.09005269
PPST-15 9.4983 0.007361 0.42321 0.007386 18.83569 9.300255632
14.1616 0.010041 0.5797 0.01018 13.8091 6.246513564
16.988 0.009176 0.53157 0.009278 15.11031 5.213063991
18.6995 0.018583 1.07906 0.018833 7.461161 4.739616842
21.8461 0.014618 0.853 0.014888 9.484953 4.06352526
25.5956 0.009529 0.55986 0.009771 14.55088 3.476129827
28.6226 0.007756 0.45864 0.008005 17.87569 3.115015502
PPST-20 9.43393 0.00722 0.41511 0.007245 19.20233 9.363568638
14.14566 0.01684 0.97224 0.016969 8.233561 6.253507794
16.86148 0.009578 0.55478 0.009683 14.47577 5.25189428
18.80425 0.016763 0.97353 0.016991 8.271194 4.713442517
21.73178 0.017398 1.01505 0.017716 7.969175 4.084646213
25.43456 0.010231 0.60093 0.010488 13.55211 3.497767651
28.55698 0.007855 0.46441 0.008105 17.65102 3.1220198
PPST-25 9.58069 0.005918 0.34028 0.005939 23.42756 9.220461297
14.22654 0.008892 0.5134 0.008961 15.5935 6.218136961
17.02487 0.008658 0.50157 0.008754 16.01486 5.20185721
18.92364 0.013305 0.77281 0.013488 10.42125 4.683973484
21.92144 0.011317 0.66044 0.011527 12.25197 4.049733227
25.59312 0.009383 0.55131 0.009622 14.77647 3.476455705
28.67496 0.006682 0.39513 0.006896 20.75131 3.109442177
PPSTTL 2001 42.549 0.018694 1.1494 0.020061 0.021487 2122167757
48.46658 0.006573 0.41298 0.007208 0.002714 1.8759764
54.50358 0.019227 1.2392 0.021628 0.023827 1.681583664
59.05988 0.008377 0.55162 0.009628 0.004621 1.562251781
PPSTTL 2003 42.305 0.029209 1.79445 0.031319 0.052414 2.133841641
48.3441 0.006963 0.43731 0.007632 0.003045 1.880442744
54.47221 0.01139 0.73397 0.01281 0.00836 1.682477943
58.95131 0.007626 0.50192 0.00876 0.003828 1.564869847
PPSTTL 2005 42.346 0.024758 1.52122 0.02655 0.037662 2.1318704
48.276 0.006083 0.38193 0.006666 0.002323 1.882936217
54.32763 0.017233 1.10976 0.019369 0.019124 1.68661351
58.89365 0.007168 0.4716 0.008231 0.00338 1.566264408
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spectrum at Figure 1(b) contains a sharp and strong absor-
bance peak at 1016.031cm™ corresponding to the stretching
vibration of the Si-O bond and a peak at 3676.656 cm ™ corre-
sponding to the stretching vibration because of O-H without
hydrogen bond; both these peaks are indicative of the suc-
cessful presence of talc as nano-filler [38—40] in all the bio-
nanocomposite.

4.2 XRD

Figure 2(a) and (b) depict the XRD spectra of PP, PPST-15,
20, and 25 and PPSTTL 2001, 2003, and 2005, respectively,
both spectra form the basis to identify the crystallinity and
atomic structure of bio-nanocomposite.

Diffracted X-rays were analyzed in 20 range 5-80° for
the phases plane, crystal size, and interplanar spacing.
Interplanar spacing was calculated by applying the fol-
lowing equation and the same is presented in Table 2.

From the Braggs law, we know that

niA =2xdxsin0, 1)

where n is the order of reflection, A is the X-ray wavelength, d
is the interplanar spacing, and 0 is the angle of diffraction.
XRD peaks and corresponding 26 values of pure PP,
PPST-15, 20, and 25 were found to be around 14-16°,
21-23°, and 29-31° which corresponds to the interplanar
spacing along (110) plane, (200) plane, and (040) plane,
respectively. Larger d-spacing found in all these bio-compo-
sites compared to the pure PP suggests less dense packing of
starch molecules within the crystalline structure. Furthermore,
the smaller interplanar spacing in the bio-nanocomposite
PPSTTL 2001, 2003, and 2005 indicates the more orderly distri-
bution of starch and delaminated nano-talc molecules
within the crystalline structure of the PP matrix; this can
also be verified from the crystal size of the starch-based
composite and delaminated nano-talc-filled bio-nanocompo-
site in Table 2. The relative decrease in XRD peaks of the bio-
nanocomposite indicates that some nanoparticles may have
been exfoliated. Even though FTIR and XRD spectral mea-
surement methods are volume dependent, i.e., the intensity
of a given peak of a substance is proportional to the volume
fraction of the substance in the sample, still, comparison of
the subtracted graph is not common in XRD analysis, which
is in contrast to FTIR analysis. Results indicate that the inten-
sity of diffraction peak at 90 due to nano-talc is highest for
PPSTTL 2003 (i.e., with 3% loading) in Figure 2(b). This indi-
cates the highest level of dispersion with a 3% loading of
nano-talc in bio-composites with 20% thermoplastic starch.
The same was also confirmed by improved thermal and
mechanical properties of PPSTTL 2003 bio-nanocomposites.
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4.3 UV-Vis spectrophotometry

Pure PP and its bio-composites, i.e., PPST-15, 20, and 25,
were subjected to UV-Viso spectrophotometry, and the absor-
bance spectrum is presented in Figure 3(a) for analysis.

The absorbance spectrum was analyzed in the UV short
wave range 200-280 nm, middle wave range 280-315nm,
and long wave range 315-400 nm for the effect of increasing
thermoplastic starch content on the UV absorption property
of the bio-composites. Thermoplastic starch is known to be
hydrophilic and possesses photosensitizer properties [37];
both this property causes the starch molecules to absorb
energy possessed by UV lights in all three UV ranges, and
this energy ultimately gets transferred to the PP matrix. UV
range absorbance spectrum for PPST-15, 20, and 25 is shown
in Figure 3(a) indicating its increasing absorbance of UV
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Figure 3: (a) UV-Visio absorbance spectrum of Pure PP, PPST-15, 20, and
25. (b) UV-Visio absorbance spectrum of PPSTTL 2001, 2003, and 2005.
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light in all three UV ranges; this can directly be linked to the
increasing concentration of the starch in the PP matrix [37].
Increased absorption of UV energy by all the bio-composite
may result in breakage of the chemical bonds of the PP
matrix and, thus, faster degradation of the material upon
UV exposure. To compensate for the increasing absorption
of UV energy by the bio-composite, delaminated nano-talc
was included as filler in the bio-composite of PP and starch.
PP composite having 20% starch concentration exhibited
better mechanical and thermal properties than other
bio-composites having 15 and 25% starch filler; thus,
nano-talc was infused into it at concentrations of 1%
(PPSTTL 2001), 3% (PPSTTL 2003), and 5% (PPSTTL 2005),
and the specimen was subjected to UV-Vis spectrophoto-
metry; thermal and mechanical studies of the bio-nano-
composite have also been done in the later part of this
study and not included in this section. UV-Visio absor-
bance spectra of PPST-20, PPSTTL 2001, 2003, and 2005
are presented in Figure 3(b).
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Figure 3(b) reveals increased UV absorbance of PPSTTL
2001 when compared to that of PPST-20, whereas the same
was found to decrease for the PPSTTL 2003 and PPSTTL
2005; the lowest absorbance in the entire UV range was
found to be of PPSTTL 2003 which contained 3% talc filler.
Talc is characterized by its property to take part in
absorbing some UV radiation and, simultaneously, is
also characterized to act as a nucleating agent when
used below 3% concentrations and act as a reinforcement
filler when used at higher concentrations [26]. From
Figure 3(b), it can be inferred that bio-nanocomposite
with delaminated nano-talc concentration of 3% acted
as a nucleating agent for both starch molecules and
polymer matrix, thus reducing the amount of UV radia-
tion penetrated in the PP matrix, hence slowing down the
UV induced degradation process [26,41,42]. Large crystals
scatter incident lights in a way different from that of
smaller crystal size, thus influencing their optical beha-
vior. In this study, small crystal size and smaller

O} Pure PP Peak: 164.2°C 21 pPST 15 Peak: 166.6°C
= Area: 79.69 J/g i Area: 105.6 J/g
g1 123.0°C 176.1°¢ P 131.1°C 176.3°C
B | e ' = = ‘
Eo 95.4°C w2 0 109.0°C 138.8°C
= 1286C  , E : J
£ 2
= =
- =2 a: -
53 Area: - 85.18 J/g s 1 Areaz- 2.Jig
= -
-4 -2
P Peak: 118.4°C 3 Peak:{ 129.6°C
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature (°C ) Temperature (°C )
(@) (b)
2 Peak: 166.3°C
21 PPST 20 Peak: 167.6°C 1 PPST 25 Area: 96.52 J/g
ob Area: 117.3 J/, _ o 174.6°C
£ s 1783°C B e AL 6, ‘
= 132.7°C Eo ”
E v % 111.4°C 139.3°C
g 0 107.1°C 138.8°C J Ea
= S —
= -1 Area: - 126.0 J/g = Areas-3747 /g
= g 2
2 ==
3 -3
Peak: 1129.5°C Peak: 130.8°C
47740 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature (°C)
(©) (d)

Figure 4: DSC thermogram of (a) pure PP, (b) PPST-15, (c) PPST-20, and (d) PPST-25.
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Table 3: DSC detailed data of the pure PP, PPST-15, 20, and 25
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Samples Melting Enthalpy change Crystallization Enthalpy change Degree of
temperature (melting) temperature (cooling) crystallinity
Tm (°C) AHy (/9) T. (°C) AH ()/9) X (%)

Pure PP 164.2 79.69 118.4 85.18 44.83

PPST-15 166.6 105.6 129.6 12 58.95

PPST-20 167.6 17.3 129.5 126 66.32

PPST-25 166.3 96.52 130.8 97.47 51.3

interplanar spacing (d-spacing) within the crystal struc-
ture of bio-nanocomposite PPSTTL 2001, 2003, and 2005
when compared to that of PPST-15, 20, and 15 indicated
more uniformly and orderly distribution of delaminated
nano-talc molecules within the PP matrix. High orienta-
tion in the crystal chain of the bio-nanocomposite may
have led to the birefringence of incident light and, thus,
an obvious reduction in its UV absorbance.

4.4 DSC studies

DSC thermogram in Figure 4(a)-(d) represents the thermal
behavior of pure PP, PPST-15, 20, and 25, respectively; this
curve indicates their melting and crystallization phases
during the heating and cooling cycle, respectively. The
results extracted from the thermogram are summarized
in Table 3.
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Figure 5: DSC thermogram of (a) PPST-20, (b) PPSTTL 2001, (c) PPSTTL 2003, and (d) PPSTTL 2005.
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Table 4: DSC detailed data of PPST-20, PPSTTL 2001, 2003, and 2005
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Samples Melting temperature  Enthalpy change  Crystallization temperature  Enthalpy change  Degree of crystallinity
Tm (°C) AHm (/9) T. (°C) AH (/9) X (%)

Pure PP 164.2 79.69 118.4 85.18 44.83

PPST-20 167.6 17.3 129.5 126 66.32

PPSTTL 2001 166.5 118.1 130.3 122.6 64.53

PPSTTL 2003  167.1 91.27 129.6 95.25 50.13

PPSTTL 2005  166.4 86.02 130.2 89.9 47.36

DSC thermogram and its summary in Table 3 reveal
that PPST-20 exhibited the highest melting temperature and
enthalpy of 167.6°C and 117.3]/g, but the lowest crystallization
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Figure 6: (a) TGA thermogram of pure PP, PPST-15, 20, and 25. (b) TGA
thermogram of PPST-20, PPSTTL 2001, 2003, and 2005.

temperature of 129.5°C when compared to pure PP, PPST-15,
and PPST-25. This is indicative of enhanced processibility and
improved mechanical and thermal stability offered by PPST-
20. The higher melting temperature of PPST-20 indicates a
higher degree of crystallinity in PPST-20, which is indicative
of the presence of starch as an additive in the PP matrix. The
area under the melting peak was found to be highest in PPST-
20; this is indicative of increased heat of fusion, which can
directly be related to the contribution of starch as an additive
in increasing the crystallinity of bio-composite. Another DSC
thermogram in Figure 5(a)—(d) represents the thermal beha-
vior of PPST-20, PPSTTL 2001, 2003, and 2005 while being in
the heating and cooling cycle. Data obtained from the ther-
mogram are summarized in Table 4.

DSC thermogram and its summary in Table 4 reveal
that PPSTTL 2003 exhibited the highest T,, among the other
bio-nanocomposites, but the same was almost equal to
that of PPST-20; however, a significant reduction in the
enthalpy of PPSTTL 2003 and 2005 was found when com-
pared to PPST-20 and PPSTTL 2001. Reduction in enthalpy
can be attributable to the action of de-laminated nano-talc
as a nucleating agent which increased the crystallization
rate upon its infusion as nano-filler in PPST-20. Lowering of
enthalpy in PPSTTL 2003 and 2005 indicates an increase in
thermal stability, and it can lead to better dimensional
stability and better stiffness of products developed by these
polymeric bio-nanocomposites. The melting and crystalli-
zation behavior of bio-composite PPST-20 and bio-nano-
composite PPSTTL 2003 indicates that thermoplastic starch
when acting alone in the PP matrix was serving the pur-
pose of filler; however, infusion of delaminated nano-talc
as a nucleating agent in the PP matrix improved the crys-
tallization rate, thus reducing the total energy absorbed by
the bio-nanocomposite.

4.5 TGA studies

During TGA testing, samples were heated from 30 to 750°C
in the presence of nitrogen; TGA thermogram of the pure
PP, PPST-15, 20, and 25 and PPST-20, PPSTTL 2001, 2003, and
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Table 5: Decomposition temperature at 10, 50, and 75% weight loss
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Samples Td (°C) (10% weight loss) Td (°C) (50% weight loss) Td (°C) (75% weight loss) Td (°C) (80% weight loss)
Pure PP 416.21 451.44 462.48 464.49

PPST-15 445.45 464.9 473.64 476.2

PPST-20 447.94 466.8 476.46 480.25

PPST-25 448.17 469.48 480.83 79% at 753.67

PPSTTL 2001 453.7 473.08 483.03 486.83

PPSTTL 2003 454.46 478.09 490.29 78% at 752.73

PPSTTL 2005 4497 479.23 490.74 495,95

2005 was obtained and is presented in Figure 6(a) and (b),
respectively, and data from the thermogram are summar-
ized in Tables 5 and 6.

TGA thermogram and the corresponding summary table
reveal that the bio-nanocomposite lost its moisture content
between 30 and 200°C. Pure PP lost 10% of its weight around
416°C, whereas starch filling increased this temperature to
445-448°C for bio-composite, which was further elevated
between 449 and 453 upon the addition of delaminated
nano-talc. PP usually loses its significant weight above
300°C, this was verified by 90% weight loss of pure PP at
500°C, but a significant decrease in % decomposition (78-85%
for bio-composite and 68-80% for bio-nanocomposite) at this
temperature was observed considering the fusion of thermo-
plastic starch and nano-talc in it. TGA studies reveal the
enhanced ability to sustain thermal stress to a great extent
by the addition of nano-talc in the PPST-20.

4.6 Tensile strength and % elongation

Tensile strength and elongation of pure-PP and its bio-com-
posite PPST-15, 20, and 25 and bio-nanocomposite PPSTTL
2001, 2003, and 2005 were evaluated and presented as a bar
graph in Figure 7(a) and (b), respectively.

The bar graph reveals the tensile strength of PPSTTL
2003 and PPST-20 to be 28.32 and 29.27 MPa, respectively,

Table 6: Decomposition at 30-200, 600, and 750°C

Samples % decomposition of samples
30-200°C 500°C 750°C
Pure PP 0.163 99.70 0
PPST-15 0.224 85.72 0.27
PPST-20 0.253 80.96 0.453
PPST-25 0.679 78.65 0.284
PPSTTL 2001 0.392 80.20 0.617
PPSTTL 2003 0.36 69.80 0.734
PPSTTL 2005 0.664 68.00 0.842

which is comparable to that of 30.72 MPa of pure PP. As far
as % elongation of bio-nanocomposite is concerned, a signifi-
cant decrease was observed in all the specimens; however,
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3.0- 2.92 Elongation

2.5+
2.24

2.0+

1.54
1.03

1.0 1
0.71

Percentage (%)

0.56 .52

PP ST-15 ST-20 ST-25 TL-01 TL-03 TL-05
Filler (%)

0.5

0.0 -

Figure 7: (a) Tensile strength of pure PP, bio-composite, and bio-nano-
composite. (b) % elongation of pure PP, bio-composite, and bio-
nanocomposite.



10 —— Rakesh Goswami et al.

PPSTTL 2003 and PPST-20 exhibited the lowest decrease in
elongation, i.e., 1.03 and 2.24%, respectively, and the same was
confirmed by the DSC studies also. A higher value of tensile
strength of PPSTTL 2003 and PPST-20, but the reduction in the
% elongation can be attributable to the high crystalline nature
and faster crystallization behavior of materials as is verified
in the thermal and XRD studies.

4.7 Flexural properties

Flexural strength and flexural modulus of the pure PP and its
bio-composite PPST-15, 20, and 25 and bio-nanocomposite

@ 4.

142.98

Flexural Strength

4133 40.59

39.35
35.2

=
<
1

29.01

w
(=]
1

25.52

Megapascal
[
<

p—
=]
1

=]
!

PP ST-15 ST-20 ST-25 TL-01 TL-03 TL-05
Filler (%)

Flexural Modulus
3103.83

2964.6

2893.53

2452.56

2091.39

o [

n S

[—3 S

(=} =}
1 1

Megapascal

N L

PP ST-15 ST-20 ST-25 TL-01 TL-03 TL-05
Filler (%)

Figure 8: (a) Flexural strength of pure PP, bio-composite, and bio-

nanocomposite. (b) Flexural modulus of the pure PP, bio-composite, and
bio-nanocomposite.
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Figure 9: MFI of pure PP, bio-composite, and bio-nanocomposite.

PPSTTL 2001, 2003, and 2005 are presented as bar graphs in
Figure 8(a) and (b), respectively.

The bar graph reveals an expected decrease in the
flexural strength but an increase in the flexural modulus
of bio and bio-nanocomposite. The decrease in flexural
strength of bio and bio-nanocomposite can be attributable
to the poor interface and hydrophilic nature of starch;
however, talc content of 3% in PPSTTL 2003 seems to
have induced higher flexural strength and flexural mod-
ulus, attributable only to its function as nucleating agent.
Here, de-laminated talc acts as the nucleating center, which
was confirmed by the DSC studies also; this is further verified
by a reduction in the enthalpy of the bio-nanocomposites.
Thus, bio-nanocomposites developed in this study exhibit
better processibility, enhanced mechanical properties, better
thermal stability, and very good dimensional stability.

4.8 Melt flow properties

The MFI of the pure PP and its bio-composite PPST-15, 20,
and 25 and bio-nanocomposite PPSTTL 2001, 2003, and 2005
are presented as bar graphs in Figure 9.

The bar graph revealed almost linear decreases in the
MEFI of starch-based bio-composite upon increasing starch
content; this is in line with the expected starch behavior
due to its poor interface and hydrophilic nature, but, infu-
sion of de-laminated nano-talc in PPST-20 increased its MFI
due to its nucleating action. Infusion of talc in the PPST-20
increased the processability of bio-composite, thus making
it more suitable for industrial processability. Results indi-
cate that bio-filled nanocomposites when compared with
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inorganic fillers induce reduced friction in the machine,
thus increasing the life cycle of the screw and barrel of
the twin-screw extruder.

5 Conclusion

In this research work, thermoplastic potato starch and
delaminated nano-talc-based sustainable bio-nanocompo-
site of PP were prepared first time by ultra-high-speed melt
thermo-kinetic mixing method. Spectral, mechanical,
thermal, and optical properties of the bio-nanocomposite
were studied for the optimal bio- and nanofillers. At first,
the concentration of thermoplastic starch in the PP matrix
was kept at 15, 20, and 25%, among which 20% starch content
yielded tensile strength, elongation, flexural strength, MFI,
and a melting point of 28.32 MPa, 2.24%, 43.35MPa, 14.36
¢/10 min, and 167.6°C, respectively, which was comparatively
better than other formulations. In the second stage, the con-
centration of starch in the PP matrix was kept at 20% while
talc as nano-filler was varied to 1, 3, and 5% and characterized
by FTIR and XRD spectroscopy. This confirmed the crystal
size of starch and nano-talc molecules in bio-nanocomposite,
and its uniform dispersion in the PP matrix. Larger d-spacing
was found in all the bio-composites when compared to the
pure PP, which suggested loose packing and disoriented
starch molecules within the crystalline structure. Reduction
in the d-spacing was also found upon the addition of nano-
talc in the bio-composite with 20% starch concentration,
which confirmed the nucleating action of talc molecules,
thus lowering their d-space. This is indicative of close packa-
ging and more orderly distribution of nanoparticles within
the PP matrix. XRD results also indicated disorientation of
the starch molecules, whereas UV-Vis studies indicated its
photosensitizer properties, which were responsible for the
increased UV absorbance by the bio-composite materials.
This effect was counterpoised by the nucleating effect of
nano-talc in the bio-nanocomposite (PPSTTL 2003 and 2003)
with 3 and 5% nano-talc concentrations. DSC and TGA studies
revealed an increase in thermal stability and lowering of the
enthalpy which ultimately led to the improvement in the
thermal behavior of the bio-nanocomposite when exposed
to elevated thermal stress for a longer duration. Lowering
of enthalpy can also be attributable to the corresponding
change in its mechanical properties. Flexural properties of
the bio-nanocomposite were found to be comparable to
pure PP but melt flow studies indicated a slight decrease
in processability linked to an increase in starch content;
this was reversed to a large extent upon incorporation of
nanomaterial. Finally, we can conclude by summarizing the
encouraging results indicating the successful incorporation
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of 20% bio-material and 3% nanomaterial in PP for light-
weight and high-performance bio-nanocomposite materials
with low enthalpy for structural components to be used in
several advanced applications, i.e., aerospace, automotive,
energy storage, biomedical devices, advanced battery separa-
tors, and electrolytes.
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