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Abstract
Polymers reinforced with metal oxide nanoparticles exhibit interesting possibilities from application
point of view due to homogeneous distribution of nanoparticles, and superior thermal and mechanical
properties. In the present work, SiO2, ZrO2 and ZnO nanoparticles were prepared by the microwave
hydrothermal method, and nanocomposites based on them were processed in polyvinyl alcohol
(PV A) matrix. The thermal decomposition behaviour of pure PVA and composites was studied using
the thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). In the case, of
composites, at 50% weight loss, the temperature was shifted by nearly 80°C, in comparison to the
pure PVA. The SiO2 doped nanocomposites showed, a three stage temperature decomposition in the
DSC spectra.
Keywords: Polyvinyl alcohol, Metal oxide nanoparticles, Thermal properties, Microwave hydrother-
mal method, Differential scanning calorimetry (DSC).
1. Introduction

Nanomaterials due to their large surface area to volume ratio, and enhanced structural stability
have a unique physical and chemical properties. In comparison to their bulk counterparts, they have
gained significant attention in technologically important applications [1, 2, 3, 4]. The synergy of nano
sized particles as fillers and polymer matrix, not only produces a material with novel functionalities,
but also the individual features of the filler and polymer are intact. The advantage of using nano-sized

particles over micro-sized particles as fillers in polymer matrix to create materials called as polymer
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nanocomposites, is that they have enhanced strength, improved thermal stability, and high electrical
conductivity, to name a few. The polymers have advantage of processability, high load bearing capa-
bility and flexibility. Similarly, nano fillers have selectivity, electrical conductivity, high thermal and
boiling points [5, 6, 7, 8]. Polymers such as polyvinyl alcohol (PVA) has unique properties such as
high hydrophilicity, bio-compatibility, chemical resistance, physical properties, film forming ability,
biodegradability and non-toxicity [9, 10].

Commonly used nanoparticles that have been used as a filler in polymer includes pure metals,
metal oxides, metal salts, carbon nanotubes and graphene [11, 12]. The carbon chain backbone in
PVA has hydroxyl group that can facilitate the hydrogen bonding with an inorganic metallic com-
pound present in the nano filler to form polymer complexes. Similarly, Radoici¢ et al. [13] have
reported that in comparison to the metal oxide nanotubes and nanorods, the spherical metal oxide
nanoparticles due to their high surface area to volume ratio, acted as an excellent filler to block the
flow of heat in the PVA matrix. The formation of nano metal oxides and metals formed by different
techniques to introduce as a filler in the PVA matrix with improved mechanical and thermal proper-
ties have been reported in the past [8, 6, 14]. Addition of nano fillers into the polymer matrix, signif-
icantly improves the thermal, electrical, optical and mechanical properties of the polymer. The com-
posites formed using nano fillers and polymers can be used in various diversified fields such as pro-
tective garments, aerospace, optical devices and automotive [10, 15].

Si0z2 has a porous structure, adsorption properties, high surface reactivity due to which they
can be used for antimicrobial agents, ceramics, abrasive, aerospace, insulation materials and chemis-
try [16]. Zirconium has a strong resistance to corrosion and ZrO: nanoparticles can be used as bio-
medical implants, ionic conductivity, solid oxide fuel cell electrolytes, and catalysts [17, 18]. ZrO2
nanoparticles have been synthesized by solvothermal method [19], and microwave method [20]. The
microwave synthesis of ZrO: and its characterization by different techniques has been reported by

Matias and coworkers [21] for application in energy storage. Likewise, the mesoporous SiO2 nano-
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particles have been synthesized by the microwave method [22]. S. Verma et al. has reported the syn-
thesis of the Si02 nanoparticles by sol-gel method to study the effect on growth of bacterial species
such as T. Harzianum and Rhizoctonia on them [23]. The ZnO nanoparticles can be synthesized using
sonochemical method [24], mechanochemical methods [25], flame spray pyrolysis [26], and micro-
wave-assisted technique [27].

Zn0 is a n-type semiconductor with a band gap of nearly 3.4 eV [28]. Various forms of na-
noparticles of ZnO includes nanorods, tetrapods and nanowires [28]. The exceptional electrical, anti-
bacterial, magnetic, chemical, and optical properties of ZnO nanoparticles have made it an excellent
candidate for application as UV-shielding material [29], solar cells [30], piezoelectric devices [31],
semiconductors [32] and antibacterial agents [33], to name a few. Similarly, the synthesis of ZnO
doped polymer nanocomposites has been reported in poly ethylene glycol (PEG) [34], polyvinylidene
fluoride (PVDF) [35], polymethylmethacrylate (PMMA) [36], and polystyrene [37], to name a few.
The interested reader is invited to consult Ref. [28] for further details for applications of ZnO based
polymer nanocomposites.

A number of ZrO2 nanoparticles doped composites has been reported in polyaniline (PANI)
[39], PMMA [40], high density polyethylene (HDPE) [41], poly(vinylidene fluoride—tryfluoreth-
ylene) [P(VDEF-TrFE)] [42], polyethylene glycol (PEG) [43], polypropylene (PP) [38, 44], and PVA
[45, 46, 47]. Similarly, various SiO2 nanoparticles doped composites in polyaniline (PANI) [48],
polyimide (PI) [49], PVDF [50], furfuryl alcohol (FA) [51], Poly(L-lactide) (PLLA) [52], poly lactic
acid (PLA) [53], and PVA [54, 55, 56, 57, 58]. SiO2 and ZrO: nanoparticles-based polymer nano-
composites find applications in other fields, such as photocatalytic and antibacterial materials [20],
electromagnetic interference shielding [5], hybrid optical resins [59] and non-linear optics [54].

In the past, we have extensively studied the effect of the introduction of transition nano metals
and metal oxides on the mechanical and thermal properties of PVA and polyaniline [6, 7, 8, 60].
Some of these composites were also explored for application in defence sector as an electromagnetic

interference (EMI) shield in C-band and X-band [5].
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In the present work, spherical shaped SiO2, ZrO2 and ZnO nanoparticles were prepared by the
microwave hydrothermal method and introduced into the PV A matrix to create polymer nanocompo-
sites to study the thermal properties of the composites. The nanoparticles and the composites were
characterized by various methods.

2. Experimental Details

The chemicals and reagents used in this work are of analytical grade. Tetraethyl orthosilicate
(TEOS), ammonium hydroxide (25%) (NH4OH), Triton X-100, zirconium isopropoxide, sodium hy-
droxide (NaOH), ethanol (99.8%) and polyvinyl alcohol (PVA) (Merck) with Mw = 115,000; degree
of polymerization: 1,700-1,800; viscosity: 25-32 cps were procured from trade and used without
further purification.

2.1 Synthesis of SiO2 nanoparticles

In a typical procedure, 10 ml ethanol, 3 ml deionized water, 1ml TEOS, 1.1 ml ammonium
hydroxide (25%) and 2.5 ml of Triton X-100 were mixed in a Teflon jar. pH of the mixture was
around 6 and NH4OH was added to the mixture to control the pH. The solution was stirred at 60°C
for 10 minutes. The colour of the reaction mixture was changed to turbid, showing formation of sili-
con hydroxide. The solution was then subjected to microwave irradiation power of 300 W in a Teflon
bomb for 15 minutes using a C-MARS microwave with an adjustable minimum power of 300 W and
a maximum power of 1200 W. The pressure of the Teflon jar was released after five minutes of
cooling. The resultant precipitate was collected by centrifugation, washed by the deionized water and
then dried at 100°C. The dried powder sample was annealed at nearly 650°C for 1h to obtain SiO2
nanoparticles.

2.2 Synthesis of ZrO; nanoparticles

1g of zirconium isopropoxide was taken in Teflon jar and 6 ml of ethanol was added to it.
Afterwards, 25 ml of NaOH aqueous solution was added to the mixture. The mixture was subjected
to 300 W of microwave irradiation power in Teflon jar for 15 minutes. The pressure was released

after 15 minutes of cooling. The resultant precipitates were collected by centrifugation, washed by
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the deionized water and then dried completely at 100°C. The dried powder was calcined at 600°C for
2h to obtain white soft powder.
2.3 Synthesis of ZnO nanoparticles

25 ml aqueous solution of 0.2 M Zn (II) acetate was mixed with 25 ml aqueous solution of
0.4 M sodium hydroxide (NaOH). This mixture was stirred for several minutes, and 1.2 ml of trieth-
anol amine (TEA) was slowly added to the mixture. It was then stirred for an additional ten minutes.
Finally, the mixture was placed under microwave irradiation 300 W for 20 minutes. The white solid
product was filtered, washed with deionized water and dried at room temperature. It was then calcined

at 500°C for 1 hour.

2.4 Synthesis of polymer nanocomposites

The metal oxide-polymer composites were synthesized by the solvent casting method. The
aqueous solution of PVA was prepared by dissolving 10.0 wt% of PV A powder in 100 mL of distilled
water and stirred for 2 h at 80°C until a viscous transparent solution was obtained. The aqueous
solution of SiO2 nanoparticles (2.5 wt%, 6.0 wt% and 9.0 wt% in 100 mL of water), ZrO> nanoparti-
cles (3.0 wt%, 4.5 wt% and 5.0 wt% in 100 mL of water) and ZnO nanoparticles (2.5 wt%, 5.0 wt%
and 10.0 wt% in 100 mL of water) were sonicated for 1 h and added drop-wise to the PVA solution,
and stirred for 2 h to obtain composites with different compositions. The polymer solution consisting
of nano metal oxides mixture was transferred to petri dish and dried at room temperature to obtain
the nanocomposite film.
2.5 Characterization

UV-Visible spectrum of nanoparticles was recorded using Lab India UV—-Vis 3000+ spectro-
photometer. FTIR spectral analysis of SiO2 nanoparticles powder and its composite in PVA was car-
ried out by using Perkin Elmer FTIR spectrophotometer in the spectral range of 4,000-400 cm™. The
elemental analysis of the nanoparticles and composite was carried out by the energy dispersive X-ray
spectroscopy (EDX). Morphological characterization of composite film was carried out using Quanta

200 field emission gun scanning electron microscopy (FESEM) with an accelerating voltage of 20
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kV was used for recording images. The crystallographic analysis was carried out using X-ray diffrac-

(20) with a wavelength of radiation at A = 1.5406 A. Thermal decomposition behaviour of the com-

posites was studied by thermal gravimetric (TGA) and differential scanning calorimetric (DSC) anal-

..... o

ture range of 30-500:.:" C in N2 atmosphere maintaining a flow rate of 50 mL/min using DSC 60
model of Shimatzu, Japan.
3. Results and analysis
3.1 UV-Visible spectroscopy
3.1.1 Optical characterization of ZrQO: nanoparticles

Figure 1 shows the UV-Visible spectra of ZrO2 nanoparticles. ZrOz is a direct band gap insulator
with direct band to band transitions at nearly 200 nm [19, 61]. Due to the synthesis of ZrO2 nanopar-
ticles using microwave method, a blue shift in the UV spectra is obtained, and clearly indicates a

reduction in the size of the particles [20, 21].
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Fig. 1. UV-Visible spectra of ZrO2 nanoparticles

3.1.2 Optical characterization of SiO: nanoparticles and PVA—SiQO: nanocomposite

Figure 2(a) and 2(b) shows the UV-Visible spectra of SiO2 nanoparticles and PVA—Si02
nanocomposite, respectively. SiO2 is a wide band-gap insulator, with a band-gap of nearly 11.0 eV
[48]. The UV spectra, showed the Amax at nearly 226 nm and is in good agreement with previously
reported work [23, 48]. In the case of PVA—SiO2 nanocomposite, the spectra was further reduced
with the addition of 2.5 wt% of SiO2 nanoparticles into the PVA matrix. There is no presence of the
PVA absorption in the range of 200-500 nm. The reduction in the spectra of the composite can be

attributed to the interaction and aggregation of SiO2 nanoparticles within the PVA matrix [55, 58,

62].
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Fig. 2a. UV-Visible spectra of SiO2 nanoparticles
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Fig. 2b. UV-Visible spectra of PVA—SiO2 nanocomposite

3.1.3 Optical characterization of ZnO nanoparticles

Figure 3 shows the UV-Visible spectra of ZnO nanoparticles. The spectra of the ZnO nano-
particles showed an absorption at nearly 340 nm for pure ZnO nanoparticles. The band gap of the
Zn0O nanoparticles is about 3.37 eV. This is in good agreement with the previously reported results
[63, 64]. Similarly, it has been reported that due the quantum size effect, there is a reduction in the
intensity of the absorption peak. This shows a strong interaction between the surface of the ZnO and
microwave irradiation [27]. In addition, the irradiation significantly affects the particle size and the

absorption properties of the nano metal oxide [27].
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Fig. 3. UV-Visible spectra of PVA—ZnO nanocomposite
3.2 FTIR spectroscopy

3.2.1 FTIR spectra of PVA film, SiO; nanoparticles and PVA—SiO; nanocomposite

Figure 4 shows the FTIR spectra of PVA film, SiO2 nanoparticles and PVA—SiO2 nanocom-
posite. In the PVA spectra, the absorption peak at around 3300 cm™ is attributed to the O—H stretching
vibration of hydroxyl groups [54]. The absorption peak in the region of 3000 cm™! is related to the
stretching vibrations of CH and CH2 groups and also the peak at 1400 cm™ may be corresponding to
the C—H bending vibration in the PV A chains [55]. Furthermore, a strong absorption peak at 1770 cm’
!'is associated to the carbonyl functional units of the residual unreacted acetate groups presented after

production process in PVA [55]. The absorption peak at 1022 cm! is associated to the C=O stretching
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vibrations related to the PVA matrix [8, 55]. Similarly, in the SiO2 nanoparticles, the band around
770 cm! is symmetric stretching and 1125 cm™ corresponds to asymmetric stretching vibration of Si-
O-Si bond [55]; whereas 3300 cm™ and 1500 cm™ bands have appeared for OH-group and O-H
stretching, respectively [23, 55]. Another peak at around 910 cm™! corresponds to Si-OH bond [23,
55].

In the case of PVA—SiO2 nanocomposites, 3250-3500 cm’!, shows the shifting of the -OH
group of PV A due to the inclusion of the SiO2 nanoparticles and strong bonding with silicon, whereas
2200 cm! peak is due to the C-H in PVA structure [54]. The peak at 1750 cm™!, shows that the C=0
vibrational stretching peaks have shifted to higher wavenumbers, this elucidates the strong physical
interaction between PV A and SiO2 nanoparticles. The characteristic peaks due to the vibration of Si—

O-Si groups of nanoparticles are observed at nearly 900 cm!.
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Fig. 4. FTIR spectra of PVA film, SiO2 nanoparticles and PVA—SiO2 nanocomposite

3.2.2 FTIR spectra of ZrO; nanoparticles and PVA—ZrQO; nanocomposite
Figure 5(a) shows the FTIR spectra of ZrO2 nanoparticles. In the case of ZrO:2 nanoparticles
it can be observed that the 445-744 cm™! corresponds to the Zr—O vibration mode of ZrO> nanopar-

ticles [19, 20, 45, 46, 61]. Figure 5(b) shows the FTIR spectra of PVA—ZrO2 nanocomposite, the O-
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H stretching has shifted to 3265 cm™! due to interaction between ZrO> and -OH group due to hydrogen
bonding [45, 46, 47, 65], Similarly, the peak at 2907 cm™ is due to the C—H asymmetric stretching
vibration of PVA [45]; 1419 cm™! and 1325 cm™ bands correspond to the CH> vibrations of poly(vinyl
acetate) [45], 1086 cm! corresponds to the C—O stretching of poly(vinyl acetate) [45, 47], while the
peaks at 461-845 cm™! are related to the Zr—O vibration mode of ZrO2 nanoparticles embedded in

PV A matrix [19, 45, 46, 47, 61].
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Fig. 5a. FTIR spectra of ZrO2 nanoparticles
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Fig. 5b. FTIR spectra of PVA—ZrO2 nanocomposite

3.2.3 FTIR of ZnO nanoparticles and PVA—ZnO nanocomposite

Figure 6(a) and 6(b) shows the FTIR spectra of ZnO nanoparticles and PVA—ZnO nanocom-
posite, respectively. In the case of ZnO nanoparticles it can be observed that the peaks at 408 cm™,
453 cm™ and 540 cm™! corresponds to the Zn-O stretching vibration modes [66, 67], while the peaks
at 630 cm™! and 746 cm™! are due to the Zn-OH stretching [68]. Likewise, the peak at 1637 cm™ is
due to the C-C stretching group [67], and the peak at 3435 cm™! stretching is due to the vibration of
O-H group [67].

The fig. 6(b) shows the FTIR spectra of PVA—ZnO nanocomposite, the peaks at 432 cm’!
and 572 cm™! corresponds to the Zn—O in the PVA matrix [69], while the 851 cm™! is due to the C-
C stretching [70]. The peaks at 919 cm™!, 1095 cm’!, 1142 cm™!, 1333 cm!, 1421 cm!, 1571 cm™,
1648 cm™!, and 2943 cm™! is due to the CH2 bending due to PVA [70], CO [70], vibration of C—C
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mode [69], bending vibration (CH—OH) [70], C—C stretching [71], C=C symmetric stretching [69],
bending of O—H bond [72], CH: stretching due to PVA [69], respectively. Lastly, the 3341 cm’!

corresponds to the shift in the O-H stretching due to the introduction of ZnO in the matrix [70].
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Fig. 6a. FTIR spectra of ZnO nanoparticles
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3.3. XRD analysis

3.3.1 XRD analysis of PVA-SiO; nanocomposite, SiO: nanoparticles and PVA film
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Fig. 7. XRD spectra of PVA—SiO2 nanocomposite, SiO2 nanoparticles and Pure PVA film

The intense peak at 24° corresponding to (100) crystallographic plane, indicates the silica
peak which represents the amorphous in nature due to the smaller particle size effect and incomplete
inner structure of the nano particles. As shown in Fig. 7, the intense diffraction peaks of the pristine
PVA are positioned at (101), (200) and (111) is 19.5° 23° and 41°, respectively [8, 46, 47, 73]. This
confirms the semi-crystalline nature of the polymer [8, 46, 47, 73]. The intensity of the diffraction
peaks as well as the size of the crystals phase in PVA is related to the number of PVA chains packing
together [45]. At a relatively low SiO2 loading (i.e. 2.5 wt%), the introduction of SiO2 did not reduce

the crystallinity of PVA, as the SiO2 nanoparticles are amorphous and could act as a heterogeneous

nucleating agent during the crystallisation [57, 58].

3.3.2 XRD analysis of PVA-ZrO; nanocomposite, ZrO: nanoparticles and PVA film
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Fig. 8. XRD spectra of PVA—ZrO2 nanocomposite, ZrO2 nanoparticles and pure PVA film,
where T depicts the tetragonal phase.

For the pristine ZrO2, the peaks at 25.0°, 28.4°, 30.46°, 34.54°, and 50.45°, corresponds to
(110), (-111), (111), (200), and (220), respectively, crystallographic planes of monoclinic phase
(JCPDS no.: 037-1484), respectively in fig. 8 [19, 20, 21, 38, 45, 59]. Also, a small fraction of the
tetragonal phase at (101) at 30.27° (JCPDS no.:17-0923) was observed [46]. In the XRD spectra of
the PVA—ZrO2 nanocomposite, shows the peaks which are also present in the undoped PVA, two
characteristic diffraction peaks were observed that show the presence of monoclinic structure of ZrOz
nanoparticles. This indicated that the pattern of ZrO2 nanoparticles was not distorted throughout the
ultrasonic process [45]. It has been reported that the inclusion of low concentration of ZrO2 nanopar-
ticles (i.e. 3.0 wt%), has not reduced the crystallinity of PVA [47].

3.3.3 XRD analysis of PVA-ZnO nanocomposite, ZnO nanoparticles and PVA film
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Fig. 9. XRD spectra of PVA—ZnO nanocomposite, ZnO nanoparticles and pure PVA film.

Similarly, fig. 9 shows the XRD patterns of ZnO nanoparticles and PVA—ZnO

nanocomposite film. The XRD spectra of ZnO nanoparticles shows the diffraction peak at 26 =

(101), (102), (110), (103) and (112), respectively. The XRD pattern of ZnO corresponds to the hex-
agonal wurtzite structure of ZnO for the JCPDS card no. 80-0075 [67, 27]. The XRD pattern of

PVA—Z7n0O nanocomposite film shows a peak at nearly 260 =~ 20° which corresponds to the (101)
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plane of crystalline PVA. The presence of ZnO nanoparticles has not affected the crystalline nature
of the PVA which consists of both the peaks, i.e., of polymer and oxide as shown in figure [74, 72,
70].

3.4 Morphological and elemental analysis

3.4.1 Morphological analysis of SiO; nanoparticles and PVA—SiO; nanocomposite

SEM images of SiO2 and its composite in PVA, where the concentration of SiO2 nanoparticles
is 2.5 wt% are included in Fig. 10a and 10b, respectively. Figure 10a image clearly shows the spher-
ical shape of amorphous SiO2 nanoparticles. The size of the SiO2 nanoparticles formed is around 110
nm. This is in good agreement with the previously reported study [23].

Although the SiO2 nanoparticles are uniformly dispersed in the PV A matrix; however, in some
spots in the SEM image the formation of clusters of SiO2 nanoparticles can be observed. This can be
due to the absorption of the polymer molecular chains and the SiO2 nanoparticles. M. Hatami et al.
[55] have shown that the presence of different functional groups such as hydroxyl and carbonyl
groups present in the PVA matrix have bonded with the SiO2 nanoparticles by physical interactions
which can cause the clustering of SiO2 nanoparticles in the PVA—SiO2 nanocomposite [54, 55].
Similar observations were reported by Z. Peng et al. [57], in their work, the negatively charged SiO2
nanoparticles were adsorbed on positively charged polyallylamine hydrochloride (PAH) molecular
chains by the electrostatic adsorption. PVA molecular chains were then assembled on the surface of
the SiO2 nanoparticles to form PVA—SiO2 nanocomposite. In another study, C. Y. Chee et al. [58]
have reported that, PVA reinforced with nanocellulose and SiO2 nanoparticles, where Si02 nanopar-
ticles were homogeneously distributed in the PV A matrix. The nanoparticles played an important role
in improving the tensile modulus and thermal properties of PVA due to the stiffening [58]. Likewise,
fig. 10c, shows the EDX spectra of SiO2 nanoparticles, the EDX confirms the presence of oxygen

and silicon.
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3.4.2 Morphological analysis of ZrO; nanoparticles and PVA—ZrQO; nanocomposite

The SEM images of ZrO: and its composite film with 3.0 wt% in PVA are given in fig. 11a
and 11b, respectively. The SEM image in fig. 11a, shows that spherical shaped ZrO2 nanoparticles of
uniform size (nearly 80 nm) were formed. This is in good agreement with the previously reported
work [20, 21]. Figure 11b shows that ZrO2 nanoparticles were homogeneously dispersed in the PVA
martrix.

The advantage of using microwave hydrothermal method to form nanoparticles is that the
method not only reduces the size of the particles, but also enhances the interactions between the
various groups of the polymer. Y. Xia et al. [65] have reported enhanced interaction between ZrO2
nanoparticles synthesized using the microwave method, where PVA was used as matrix for the for-
mation of the nanocomposite. In this work, ZrO2 nanoparticles were introduced as filler in the con-

centration ranging from 0-80.0 wt.%, it was found that the small size of the nanoparticles increased
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the interactions with the polymer chains and zirconium [65]. The Zr-OH bond increased strong inter-
action with the PVA, which assists in the uniform dispersion of the nanoparticles [65]. While, S.
Mallakpour and co-workers [45] have reported the formation of aggregates of surface modified ZrO2
nanoparticles that were not formed using the microwave hydrothermal method and used as a filler in
the PVA polymer. X. He et al. [59] have functionalized the surface of ZrO2 nanoparticles using alka-
line hydrogen peroxide and sodium hydrate. Due to this hydroxyl groups were introduced on the
surface of the ZrO2 nanoparticles which enhanced the dispersion of the nanoparticles in the PVA
matrix [59]. However, the technique is time consuming and requires the use of hazardous chemicals
[59]. Similarly, the formation of granular and globular aggregates of ZrO: nanoparticles in the
polypyrolle to form polypyrrole/ZrO2 nanocomposites has been reported [38]. Figure 11c, shows the

EDX spectra of ZrO2 nanoparticles, the EDX confirms the presence of oxygen and zirconium.

3/8/2013 det HV mag WD HFW | —— 500 hm
12:31:04 PM |ETD |20.00 kV| 160 000 x | 11.0 mm | 1.60 pm Quanta FEG
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Fig. 11a. SEM image of ZrO2 nanoparticles
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Fig. 11b. SEM image of PVA—ZrO: (3.0 wt% ) nanocomposite
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Fig. 11c. EDX of ZrO2 nanoparticles

3.4.3 Morphological analysis of ZnO nanoparticles and PVA—ZnO nanocomposite

The SEM images of ZnO and its composite in PVA, where the concentration of ZnO nano-
particles is 2.5 wt% are given in fig. 12a and 12b, respectively. Figure 12a image clearly shows the
spherical shape of crystalline ZnO nanoparticles. The size of the ZnO nanoparticles formed is around
100 nm. Although the ZnO nanoparticles are uniformly dispersed in the PVA matrix; however, in
some spots in the SEM image the formation of clusters of different size of ZnO nanoparticles can be
observed. This can be due to the absorption of the polymer molecular chains and the ZnO nanoparti-
cles [75]. S. Anitha et al. [70] have argued that the aggregation of nanoparticles can be a difficulty to
create polymer nanocomposites with desired properties [70]. Thus, to create large scale manufactur-
ing of the nanocomposites, it is necessary seek for efficient and cost effective methods to control the
dispersion of the nanoparticles [70]. In this regard, the electrospinning method and solvent casting
method have shown that overall, the aggregation of nanoparticles does not reduce the performance of

the polymer, where the concentration of particles is less than nearly 5.0 wt% [70, 74].
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The studies carried out by N. B. Kumar et al. [76] and S. M. Nayak et al. [77] have found that
the ZnO nanoparticles were homogeneously distributed throughout the PVA matrix. PVA reinforced
with ZnO nanoparticles, had clusters or chunks of nanoparticles. However, this did not limit the per-
formance of the polymer and rather assisted in improving, the mechanical properties, optical proper-
ties, and the electrical properties properties of PV A for potential application in sensing of the liquified
petroleum gas (LPG) [76, 77]. Figure 12c, shows the EDX spectra of ZnO nanoparticles, the EDX

confirms the presence of oxygen and zinc.

3/8/2013 det HV mag WD HFW | =——— 500 nm
12:41:50 PM |ETD [20.00 kV| 160 000 x |11.0 mm |1.60 pm Quanta FEG

Fig. 12a. SEM image of ZnO nanoparticles
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Fig. 12b. SEM image of PV A—ZnO nanocomposite
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Fig. 12c. EDX of ZnO nanoparticles

3.5 Thermal analysis
3.5.1 TGA analysis of PVA-SiO; nanocomposites

The thermograms of SiO2 nanoparticles doped in pure PVA were formed using the solvent
casting method is given in fig. 13. In this study, 2.5 wt%, 6.0 wt% and 9.0 wt% of SiO2 nanoparticles
were embedded into the PVA matrix to form PVA-SiO2 (2.5 wt%), PVA-SiO2 (6.0 wt%) and PVA-
S102 (9.0 wt%) nanocomposites, respectively. The thermal analysis data for pure PVA and compo-

sites formed using SiO2 nanoparticles as filler is given in Table 1. Pure PVA film showed, a two step

to the formation of carbonaceous mass because of the degradation of polymer chains leading to for-

mation of a layer on polymer surface which does not allow further decomposition of the polymer [8].
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Fig. 13. TGA of PVA-Si02 nanocomposites with different concentrations

In comparison to the pure PVA film, different compositions of PVA-SiO2 nanocomposites
exhibited a three stage decomposition. According to the TGA curves, in PVA-SiO2 (2.5 wt%) and
and nearly 6.0-8.0% of weight loss is observed, this is due to the evaporation of absorbed water. Z.
Peng et al. [57] have reported an increase in the thermal stability of PV A by doping SiO2 nanoparticles
upto 0.5, 5.0 and 10.0 wt%. It was observed that the reaction activation energy of the composite was
divided into more than two stages in the TGA curve and was higher in comparison to the pure PVA

film [57].

the decomposition of the dehydration reaction on the polymer chain and degradation of the main

backbones of the polymer. This could be attributed to interactions taking place between the hydroxyl
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groups of PVA and the surface hydroxyl groups of SiO2 nanoparticles which is also observed in the
see the formation of carbonaceous mass, and weight loss of nearly 8.0-13.0 wt% was observed. It

has been reported that at this stage the degradation of polyene residues takes place [57]. In the case

attributed to the interaction of silicon with the oxygen of the secondary hydroxyl group of PVA which
formed a complex. This may have affected the flow of heat from one polymer chain to another. This
indicates that more thermal energy is required to further decompose the composite, thus indicating
the higher decomposition temperature. M. Hatami et al. [S5] also reported the enhancement in the
thermal stability for the composites that were doped with modified organic silicone SiO2 nanoparti-
cles into the PVA matrix. The particles acted as a barrier, and increased the heat insulation and re-
duced the volatile degradation of the products in the composite [S5].

Table 1. Thermogravimetric analysis of PVA and PVA-SiO; nanocomposites

Sample Decomposition tempe- Weight loss % Temperature at 50 %
rature range (°C) weight loss (::°C)
Pure PVA Film 220.25 — 400.00 75.2 300
400.00 — 520.0 8.5
PVA-SiO2 (2.5 wt%) 42.40 —228.00 8.0 350
228.00 —409.00 64.0
409.00 — 533.21 13.8
PVA-SiO2 (6.0 wt%) 86.66 —223.79 6.68 320
223.79 —390.01 78.56
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390.01 — 529.68 8.0349

PVA-SiO2 (9.0 wt%) 57.69 — 195.58 8.088 300
195.58 —392.94 74.83
392.94 —547.83 9.18

3.5.2 TGA analysis of PVA—ZrQO: nanocomposites

The thermograms of ZrO2 nanoparticles doped in pure PVA were formed using the solvent

casting method is given in fig. 14. In the current work, the thermal analysis data for 3.0 wt%, 4.5 wt%

and 5.0 wt% of ZrO2 nanoparticles embedded into the PVA matrix to form PVA—ZrO2 (3.0 wt%),

PVA—Z7rO2 (4.5 wt%) and PVA—ZrO2 (5.0 wt%) nanocomposites, respectively, is given in Table

2.
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Fig. 14. TGA of PVA-ZrO:2 nanocomposites with different concentrations
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In comparison to the pure PVA film, different compositions of PVA-ZrO2 nanocomposites

exhibited a three stage decomposition. According to the TGA curves, in PVA-ZrOz (3.0 wt%) and

sition of the dehydration reaction on the polymer chain and degradation of the main backbones of the
polymer. This could be attributed to interactions taking place between the hydroxyl groups of PVA
and the surface hydroxyl groups of ZrO2 nanoparticles which is also observed in the FTIR spectra. In
of carbonaceous mass, and weight loss of 8.0-13.0 wt% was observed.

In the case of PVA-ZrO2 (5.0 wt%), the decomposition temperature shifted by nearly 10.0—

the thermal stability can be due to the interaction of zirconium with the oxygen of the secondary
hydroxyl group of PVA which formed a complex. This may have affected the flow of heat from one
polymer chain to another. This indicates that more thermal energy is required to further decompose
the composite, thus indicating the higher decomposition temperature. X. He et al. [59] have also
reported the enhancement in the thermal stability for the composites that were doped with ZrO:z na-
noparticles into the PVA matrix. The particles acted as a barrier, and increased the heat insulation
and reduced the volatile degradation of the products in the composite [59].

Table 2. Thermogravimetric analysis of PVA and PVA—-ZrQO; nanocomposites

Sample Decomposition temperature Weight loss (%) | Temperature at 50%
range (°C) weight loss (:i°C)
220.25 —400.00 75.2 300
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Pure PVA 400.00 —520.0 8.5
Film
PVA-ZrO2 38.7-241.3 6.653 340
(3.0 wt%)
241.3-419.0 73.058

419.0 -516.25 13.85
PVA-ZrO» 38.73 —241.13 11.33 380
(4.5 wt%)

241.13 - 418.96 60.94

418.96 —516.25 17.95
PVA-ZrO» 57.59 —209.65 6.5 344
(5.0 wt%)

211.64 —403.29 70.11

403.29 — 537.86 14.36

The use of microwave hydrothermal method to synthesize nanoparticles gives mono dispersed
spherical particles which can be used to prepare polymer nanocomposite with enhanced thermal prop-
erties [S, 8, 45, 54, 78, 79]. Radoici¢ et al. [13] have reported that in comparison to the metal oxide
nanotubes and nanorods, the spherical metal oxide nanoparticles due to their high surface area to
volume ratio, acted as an excellent filler to block the flow of heat in the PVA matrix.

3.5.3 TGA analysis of PVA-ZnO nanocomposites

The thermogram of ZnO nanoparticle with 5.0 wt% concentration doped in pure PVA is given
in fig. 15. In the current work, the thermal analysis data for 2.5 wt% and 5.0 wt% of ZnO nanoparticles
embedded into the PVA matrix to form PVA-ZnO (2.5 wt%) and PVA-ZnO (5.0 wt%) nanocompo-
sites, respectively, is given in Table 3. The thermal stability of the PV A-ZnO nanocomposites showed
an improved stability due to the incorporation of ZnO nanoparticles into the PVA matrix. The maxi-
mum weight loss in the nano composite decreased to nearly 70% and can be attributed to a stronger
interfacial bonding formed between the nanoparticles and PVA matrix [74, 80]. For the nanocompo-
sites a three-stage decomposition was observed for the compositions having 2.5 wt% and 5.0 wt% of
Zn0O nanoparticles each. The improvement in the thermal properties in comparison to the pure poly-

mer in the composite is evident. It can be observed that although the melting of the composites started
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at 30-50°C; however, the degradation continued upto 530-540°C, which shows that more energy was
required to create a carbonaceous mass.

For both composites, a slow decomposition with 10.0-14.0% weight loss was observed upto
230°C. This is due to the oxidative decomposition of the PVA chains having a low molecular weight
in the presence of the nanoparticles [8]. Afterwards, a steady decomposition occurred upto 375°C
with a reduced weight loss of 65.0-70.0%, while the PVA film by this time had a higher weight loss
of 75%. Thus, a shift of nearly 8°C in the decomposition temperature of the polymer is observed
when ZnO nanoparticles of 2.5 wt% were introduced into the PVA matrix. The decomposition was
gradual after 375°C and continued upto 531°C and 542°C for composites having 2.5 wt% and 5.0
wt% of nanoparticles, respectively. The composites do not exhibit any residue after 590°C. This can
be due to the formation of carbonaceous material that is formed due to the degradation of PV A chains
in the composites.

The improvement in the thermal stability of PVA due to the introduction of nanoparticles
indicates a shift in the decomposition temperature to a higher side [8]. The increase in thermal stabil-
ity is also due to the interaction of zinc with the oxygen of secondary hydroxyl group of PVA which
forms a complex. This also significantly affects the heat transfer between the adjacent polymer chains,
due to this higher energy is required to further decompose and the decomposition temperature is
increased [8]. D. M. Fernandes et al. [74] have reported the increase in the thermal stability of the
composites prepared in PVA in dimethyl sulfoxide (DMSO) solution using solvent casting by intro-
ducing ZnO nanoparticles. According to them, for composites having lower concentration of 1.0-3.0
wt% of ZnO nanoparticles showed an enhanced thermal stability, in comparison to composites having
a higher composition 4.0-5.0 wt%. This is due to the enhanced interaction between the ZnO nano-
particles and PVA. Similarly, Barman and co-workers [80] have shown that when ZnO nanoparticles
are introduced into the PV A matrix by in-situ and ex-situ. A weight loss of 5% and 6% was observed
for composites produced by in-situ and ex-situ methods, respectively. This was attributed to the re-

moval of the adsorbed water and a strong hydrogen bonding between the ZnO and hydroxyl group of
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PVA. Thus, the increase in the thermal stability of the PVA was not dependent on the process used

to prepare the composite, but rather on the introduction of the nanoparticles into the matrix. Lastly,

Gong et al. [81], have shown that the thermal stability of ZnO quantum dots (QDs) doped into the

PVA matrix was due to the higher crystallinity of PVA and polymer segment mobility is hindered

due to the formation of network of polymer chain and the inorganic nanoparticles. They also found

that the hydroxyls present on the surface of QDs were responsible to create a strong interaction be-

tween the nanoparticles and the PVA chains which enhanced the thermal stability.
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Fig. 15. TGA of PVA-ZnO(5.0 wt%) nanocomposite

Table 3. Thermogravimetric analysis of PVA and PVA—ZnO nanocomposites

Sample Decomposition temperature | Weight loss % Temperature at 50 %
range (°C) weight loss (:i°C)
Pure PVA Film 220.25 — 400.00 75.2 300
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400.00 - 520.0 8.5
PVA -7ZnO (2.5 37.46 —228.11 13.31 330
wt%)
228.11 —375.13 68.50
375.13 - 531.88 13.15
PVA —-7Zn0O (5.0 53.47 —220.09 9.03 310
wt%)
220.09 — 362.67 70.95
326.67 — 542.96 12.18

3.5.4. DSC analysis of PVA-SiO, nanocomposite

Table 4 and fig. 16 shows the comparison between the melting and peak decomposition tem-
perature, and melting and peak decomposition enthalpy of pure PVA film and the PVA-SiO2 nano-
composites. It can be observed that the endothermic temperature for the composites has improved

due to the presence of SiO2 nanoparticles. Similarly, the first melting temperature of pure PVA film

wt% of SiO2 nanoparticles, respectively. One of the intriguing aspects of our study is that for the
PVA-Si02(9.0 wt%), a third peak for the melting temperature and heat of fusion is observed at
the interactions of nanoparticles with the —OH groups of PVA increased showing a crosslink and it
significantly restricts the pyrolysis of the polymer [82]. However, it can be clearly observed that the
melting temperature first increased by two-fold at the first melting temperature and then by nearly

eight-fold by the time it reached the second melting temperature. The composite samples started to
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decompose, after the second melting temperature for composites having 2.5 wt% and 5.0 wt% of SiO2

nanoparticles.

Table 4. Melting and peak decomposition analysis of PVA—SiO> nanocomposites film

Sample Melting and peak decomposition | Melting and peak decompo-
temperature (::°C) sition enthalpy, AH ,,, (J/g)
Pure PVA 220.97 51.6
331.07 378.45
PVA—SiO2 (2.5 wt%) 218.20 31.564
331.87 232.93
PVA—SiO2 (6.0 wt%) 213.07 34.485
349.17 960.002
PVA—SiO2 (9.0 wt%) 143.2 67.926
219.40 41.975
337.57 901.562

Due to the doping of the nanoparticles into the PVA, the crystalline structure of PVA was not

affected. This can be due to the increase in the heat of fusion and degree of crystallinity [82]. In the

case of SiO2 nanoparticles doped composite, the peak decomposition enthalpy increased gradually,

showing a strong interaction, between SiO2 and —OH bonds. This can also be seen in the XRD

spectra given in fig. 5. Due to this, SiO2 nanoparticles have emerged as a strong candidate as a filler

for the PVA.
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Fig. 16. DSC of PVA-SiO2 nanocomposites with different concentrations

3.5.5. DSC analysis of PVA—ZrQO: nanocomposites

Table 5 and fig. 17 shows the DSC data for pure PVA and its nanocomposites containing 3.0
and 5.0 wt% of ZrOz. It can be observed that the endothermic temperature for the composites has
slightly improved due to the presence of ZrO2 nanoparticles. It can be clearly observed that the tran-
sition enthalpy first increased by two-fold at the first melting temperature and then by nearly eight-
fold by the time it reached the second melting temperature. The composite samples started to decom-
pose, after the second melting temperature.

Table 5. DSC analysis of PVA—ZrQO; nanocomposites
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Sample Melting and peak decomposition | Melting and peak decompo-
temperature, (::°C) sition enthalpy, AH ,(J/g)
Pure PVA 220.97 51.6
331.07 378.45
PVA—ZrO:2 216 25.469
(3.0 wt%)
353.90 113.673
PVA—ZrO2 216.4 49.683
(5.0 wt%)
331.13 842.55

R. C. de Azevedo Gongalves Mota et al. [47] has shown that the addition of the ZrO: nano
metal oxides to the polymer matrix makes the relaxation of the PVA polymer challenging in the
amorphous phase, this explains the improvement in the heat of fusion, when the melting temperature
was increased marginally in the composite samples. However, with the increase in the concentration
of the nanoparticles, the melting temperature did not change by a large value as it was observed in
the case of doping of the SiO2 nanoparticles into the PVA matrix. This can be due to the formation
of clusters of ZrO2 nanoparticles [47]. Also, the melting temperature initially increased as the con-
centration of nanoparticles was low; however, as the concentration of the nanoparticles further in-
creased, there was a reduction in the melting temperature. It has been reported by C-C. Yang et al.
[83], that the addition of ceramic nanoparticles such as ZrO2 in PVA, reduces the melting temperature,
due to the change from the crystalline phase to the amorphous phase. This shows that the amorphous
phase was increased due to the addition of the ZrOz nanoparticles and not to allow the recrystallisation
of the PVA polymer [83]. Similarly, it has been reported by A. Sultan et al. [38] that the synergistic

interaction between the polymer and the ZrO: nanoparticles, improves the thermal stability of the

polypyrrole.
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3.5.6. DSC analysis of PVA-ZnO nanocomposites

The DSC data for the pure PVA and its composites containing 2.5 wt%, 5.0 wt% and 10.0
wt% of ZnO is given in Table 6. Similar, to the SiO2 and ZrO2 based nanocomposites, the endothermic
temperature for the composites has slightly improved due to the presence of ZnO nanoparticles. The
decomposition enthalpy first increased by nearly 1.3, 1.47 and 1.71 times for the composite having
2.5 wt%, 5 wt% and 10 wt% of ZnO, respectively. The nanocomposite samples started to decompose,
after the second melting temperature. The results are in good agreement with the previously reported
work [47, 74, 80]. It has been reported that the increase in the glass transition temperature of PVA—
Zn0O nanocomposite is also due to the use of rigid metal oxide nanoparticles into the PVA matrix
[47].

Table 6. DSC analysis of PVA—ZnO nanocomposites
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Sample Melting and peak decomposition | Melting and peak decompo-
temperature, (:°C) sition enthalpy, AH ,(J/g)
Pure PVA 220.97 51.6
331.07 378.45
PVA/ZnO (2.5 wt%) 214.73 48.135
303.47 528.58
PVA/ZnO (5.0 wt%) 213.70 24.18
312.47 557.05
PVA/ZnO (10.0 wt%) 222.17 18.68
289.00 649.49

4. Conclusion

Si02, ZrO2 and ZnO nanoparticles were synthesized using the microwave hydrothermal
method. Nanocomposites based on SiO2, ZrO2 and ZnO were prepared in PVA as matrix using the
solvent casting method, without use of any chemical to improve the processasibility. The nanoparti-
cles and the composites based on them were characterized by FTIR and UV-visible spectroscopy.
The crystallographic, morphological and elemental analysis of the composite and nanoparticles was
carried out using XRD, FESEM and EDX methods, respectively. The XRD spectra confirmed the
amorphous nature of SiO2 nanoparticles and crystalline nature of ZrO2 and ZnO nanoparticles. The
introduction of nanoparticles into the PVA matrix did not affect the semicrystalline nature of PVA.
FTIR analysis confirmed the interaction of the nanoparticles with the hydroxyl groups of PVA chains.
The SEM images showed a uniform dispersions of the nanoparticles in PVA. It was observed that the
thermal stability of PVA increased due to the introduction of nanoparticles into the polymer matrix.
The enhanced thermal stability in the composites is due to the interaction of silicon, zirconium and

zinc metals with the oxygen of secondary hydroxyl group of PVA, which formed a complex. This
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may affect the transfer of heat from one polymer chain to another, and more thermal energy is re-
quired for further decomposition of the PVA, which was seen due to the increase in the decomposition
temperature.
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