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Abstract: Poly(vinyl alcohol)-based nanocomposites consisting of shaped TiO,
nanocrystals (nanoparticles, nanotubes or nanorods) were synthesized by direct
blending of the polymer and a solution of titania nanocrystals or powder. In
order to elucidate the influence of the shape of the titania nanocrystals on ther-
mal stability of the polymer matrix and particles interaction with poly(vinyl
alcohol) (PVA) chains, structural and thermal characterizations of PVA/TiO,
nanocomposites were performed. Faceted nanoparticles increased the thermal
stability of the PVA matrix. Titania nanotubes and nanorods did not show any
stabilizing effect on the polymer matrix under an argon atmosphere. The ther-
mo-oxidative degradation temperature of PVA increased with addition of fa
ceted TiO, nanoparticles. The thermo-oxidative stability of the PVA matrix
was affected more by the presence of titania nanotubes and nanorods in com-
parison with its thermal stability under an inert atmosphere. The degree crys-
tallinity (X;=32 %) of the PVA matrix slightly decreased in the presence of the
faceted TiO, nanoparticles in nanocomposite samples.

Keywords. nanocomposite materials; thermal properties; differential scanning
calorimetry; thermogravimetric analysis; TiO,; poly(vinyl acohal).

INTRODUCTION

The usage of nanoparticles instead of sub-micron- or micron-sized particles
as polymer fillers presents a new dimension in the development and application
of this class of advanced materials.12 The main benefits of this type of composite
materials are based on the large specific surface area of nanocrystals and their
size and shape dependent properties, such as enhanced chemical reactivity and
specific bindings. On the other hand, they are based on the desired properties of
the polymer matrix, such as long-term stability, reprocessability, etc. Although
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700 RADOICIC et al.

the individua features of both inorganic and organic constituents of nanocom-
posite are preserved, their synergy can produce completely novel functionalities.
However, the resulting properties of nanocomposites are primarily the ssmple
combination of the properties of al the constituents.

Nanocomposites posses several advantages, such as greater thermal stability,
increased strength, enhanced electrical conductivity, improved flammability pro-
perties, etc. of polymer matrix. Much effort has been made to improve these pro-
perties by changing the size and shape as well as amount of applied nanopar-
ticles. However, still not all the possibilities have been completely exploited.3->

The preparation methods of polymer nanocomposites are mainly based on in
situ polymerization processes in the presence of nanoparticles and direct blending
of apolymer solution, a polymer melt or emulsion with solutions of nanoparticles
or nanoparticle powders.6

Poly(vinyl alcohol) (PVA) is a non-toxic and water-soluble synthetic poly-
mer which has been predominantly utilized for biochemical and medical applica-
tions due to its excellent biocompatibility.”-8 Additionally, owing to its easy pro-
cessability and optical transparency, semi-crystalline PVA iswidely applied as a
polymer matrix for the synthesis of nanocomposites by cost efficient and envi-
ronmentally friendly direct blending methods.%-11

Recent achievements in the synthesis of various metal—oxide nanoparticles
of different chemical composition, size and shape opened up new possibilities for
the preparation and design of polymer/metal oxide nanocomposites. Titanium di-
oxide (TiOp) nanoparticles are of particular importance due to their potential
applications in different fields, such as photocatalytic degradation of hazardous
industrial byproducts or nanocrystalline solar cells.1213 X-Ray absorption spec-
troscopic studies showed that the surface states in TiO» nanocrystallites (d < 25
nm) are characterized by coordinately unsaturated (penta-coordinated) Ti sites
formed upon nanoparticle surface reconstruction.14 The existence of such unique
surface structures of TiO2 nanoparticles allows control of the surface chemistry
in the direction of enhanced coupling of polymer chains and titania nanoparticles.

In this work, the direct blending method was applied for the synthesis of
PV A/TiO2 nanocomposites using differently shaped titania nanoparticles, such as
faceted nanoparticles, nanotubes and nanorods as precursors. The size and shape
of applied nanofillers were examined by transmission electron microscopy (TEM).
The interaction between oxygen-containing groups within the polymer chains
and surface hydroxyl groups of the titania nanoparticles was studied by Fourier
transform infrared (FTIR) spectroscopy in the reflection mode. The influence of
both the content and shape of the fillers on the overall polymer thermal stability
in air and inert atmospheres, as well as the crystalization behavior of the PVA
matrix was investigated by non-isothermal thermogravimetry (TGA) and diffe-
rential scanning calorimetry (DSC) analysis.
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PVA/TiO» NANOCOMPOSITES 701

EXPERIMENTAL
Materials

All chemicals (PVA (M,, =72,000 g mol-1, hydrolysis degree min. 99 %), TiCl, (Merck),
H,S0, (Aldrich) and TiO, powder (Fluka) were reagent-grade and used without further puri-
fication. Milli-Q deionized water was used as a solvent. Air and argon gases were of high
purity (99.5 %). An acid digestion bomb, model 4746 (Parr Instruments), was used for the
synthesis of titania nanotubes and nanorods.

Synthesis of colloidal TiO, nanoparticles

Colloidal TiO, nanoparticles were prepared by the controlled hydrolysis of titanium
tetrachloride.X® A solution of TiCl,, cooled to —20 °C, was added drop-wise to cold water (at 4
°C) under vigorous stirring and then held at this temperature for 30 min. The pH of the
solution was between 0 and 1, depending on the TiCl, concentration. Slow growth of the par-
ticles was achieved by dialysis against water at 4 °C until the pH of the solution reached 3.5.
The final concentration of TiO, colloidal solution (0.14 M) was determined from the concen-
tration of the peroxide complex obtained after dissolution of the particles in concentrated
Synthesis of TiO, nanotubes

Scrolled titania nanotubes were synthesized by the hydrothermal treatment (20 h/150 °C)
of TiO, powder (250 mg) dispersed in 10 ml of proton deficient agueous solution (10 M
NaOH) without shaking.1? After autoclaving, the ensuing powders were sequentially washed
with an aqueous 0.1 M HCI solution and distilled water. This washing procedure was repeated
until the water reached pH 7. Finally, the powder was separated from the washing solution by
centrifugation. The synthesized nanotubes were dried at 70 °C until attainment of a constant
mass.

Synthesis of TiO, nanorods

Rod shaped TiO, nanocrystals were prepared from the titania nanotubes in an additional
hydrothermal treatment.18 Dry nanotubes (50 mg) were dispersed in 10 ml of distilled water
(pH 7), transferred into a Teflon vessel and treated under saturated vapor pressure of water at
250 °C for 90 min. After autoclaving, the synthesized nanorods were dried at 70 °C to cons-
tant mass.

Synthesis of PVA/TiO, nanocomposites

The PVA/TiO, nanocomposites were synthesized from TiO, nanoparticles of different
shapes and PVA. The polymer (1.5 mass %) was dissolved in boiling water and its concen-
tration was kept constant in al synthesis. The content of THE inorganic phase (TiO,) in each
nanocomposite sample was 0.25 mass %. Direct mixing of the aqueous PVA solution with an
adequate amount of colloidal TiO, solution or TiO, powder resulted in the formation of a
stable and transparent PVA/TiO, (particles/tubes/rods) dispersion. The mixture was placed
into a Petri dish and dried in a vacuum oven at 40 °C for 24 h. After solvent evaporation,
transparent solid films were obtained. A neat PVA film, without the addition of the inorganic
phase, was prepared in the same manner.

Characterization

The sizes and shapes of the used titania nanoparticles were determined by transmission
electron microscopy (TEM) using a JEOL 100CX microscope operating a 100 kV. The mor-
phology of the titania nanotubes was characterized by TEM using a Hitachi H-7000 FA mic-
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702 RADOICIC etal.

roscope with aW filament at a high tension of up to 125 kV. The TEM samples were prepared
by drop-wise addition of 6 pl of adispersion of TiO, nanoparticles that had been subjected to
10 min of ultrasound treatment onto a holey carbon film supported on a copper grid. The
specimen was air-dried overnight.

Fourier transform infrared (FTIR) spectra of neat PVA film and nanocomposite films
were recorded in the attenuated total reflection mode (ATR) using a Nicolet 6700 FTIR
Spectrometer (Thermo Scientific) at 2 cm! resolution, in the wavenumber range 500-4000
cmlL,

The thermal characteristics of the neat PVA and nanocomposite samples were deter-
mined by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The
non-isothermal thermogravimetric analysis was realized using a SETSYS Evolution 1750
thermogravimetry analyzer under dynamic argon or air atmospheres at flow rates of 20 and 16
ml min1, respectively. The heating rate in both cases was 10 °C min'l. The DSC measure-
ments of the neat PVA and PVA/titania nanocomposites were performed on a DSC 151R
SETARAM instrument in the temperature range from 30 to 250 °C. The heating rate was 20
°C minL. The sample weights were in the range 3-3.5 mg for both methods.

RESULTS AND DISCUSSION
Sructural characterization of the PVA/TiO2 nanocomposites

The shape and size distribution of the TiO» nanoparticles used for incorpo-
ration into the PVA matrix were estimated by TEM. A TEM image of faceted
TiO2 nanoparticles with an average dimension of about 5 nm is shown in Fig. 1.
A selected area electron diffraction pattern (not presented) displayed very broad
and diffuse diffraction rings, implying a mainly amorphous structure of the TiO»
particles. Mainly amorphous structure of the TiO, nanoparticles or more preci-
sely the existence of very small crystalline domains was expected due to applied
synthetic procedure. Namely, the acidic hydrolysis of titanium tetrachloride oc-
curred at a low temperature (4 °C) and was not accompanied by post-synthetic
heating of the obtained colloidal TiO, nanoparticles or annealing of the nanopar-
ticles powder. Without additional thermal treatment, the degree of crystallinity of
these TiO2 nanoparticlesis very low.

Fig. 1. TEM Image of faceted TiO,
nanoparticles.

The typical morphology of the titania nanotubes is shown in the Fig. 2a. The
conventional TEM image of the same region at a higher magnification, Fig. 2b,
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PVA/TiO, NANOCOMPOSITES 703

reveals an open-ended multiwall morphology of the scrolled nanotubes. The uni-
form size distribution of nanotubes outer (approximately 10 nm) and inner (ap-
proximately 7 nm) diameters with lengths mainly in the range between 100 and
200 nm was confirmed by conventional TEM measurements. The inter-wall spa-
cing is about 0.73 nm. From the structural point of view, the nanotubes are cha-
racterized by quasi-anatase, axially symmetric, distorted octahedral coordination
of the Ti atoms with a large fraction of highly reactive five-coordinated sites
(=40 %) on the surface.1® These surface sites generally appear as a result of the
accommodation of abjects in the nanoscale regime for high curvature and surface
reconstruction.19

Fig. 2. TEM Images of tube-like TiO,
' nanoparticles obtained at lower (@) and
(b) higher (b) magnification.

A TEM image of the TiO rods is shown in Fig. 3. The presented agglome-
rate consists of prolate spheroids (rod-like crystalites) with diameters of around
50 nm and lengths in the range from 300 to 700 nm. In a previous study, the
anatase crystal form of these rod-like TiO» nanoparticles was confirmed, as was

Available online at www.shd.org.rs/)SCS

2012 Copyright (CC) SCS




704 RADOICIC et al.

the appearance of spatially confined corner defect (under-coordinated) sites on
their tips. The curvature of rods in these regions corresponds to the requested di-
mension (d < 25 nm).20

Fig. 3. TEM Image of rod-like TiO,
150nm
= nanoparticles.

The intensity of the interaction between a polymer matrix and similarly
shaped nanofillers critically depends on the content and specific surface area of
particles, i.e., the inter-particle distance.21 In order to reveal the possible chemi-
cal bonding between the differently shaped TiO» nanoparticles and the PV A mat-
rix, attenuated total reflection Fourier-transform infrared spectrometry was per-
formed over the region 500-4000 cm1. The FTIR spectra of the three samples of
PVA/TIO, (faceted, rods, tubes) nanocomposite films and the neat PVA film
measured in the reflection mode are shown in Fig. 4. All characteristic bands cor-
responding to PVA can be observed in 5004000 cmr2 region of the blank PVA
film. The symmetric C-C stretching vibration that is an indication of the
presence of crystalline regionsin PVA is characterized by aband at 1142 cm L in
each spectrum shown in Fig. 4.22 The slight decrease in the intensity of this band
in the nanocomposite samples compared to the same band in the neat PVA
sample confirms a decrease in the crystalline phase of the polymer. The presence
of peaks at 1142 and 914 cm1 in all samples (neat PVA and nanocomposites)
reveals the existence of the syndiotactic structure in the polymer chain.23.24
Taking into account the intensity ratio I of the peaks at 914 and 830 cnL for an
evaluation of syndiotacticity level of the PVA, according to Abdelaziz et al.2®
and Tawans et al.,26 a dlight decrease was observed only for the PVA/TiO»
(tubes) nanocomposite sample. According to Naguro et al.,2” who found a cor-
relation between the increase in the syndiotacticity of PVA and density level of
molecular packing in the polymer crystal, it could be assumed that the molecular
packing of the PVA/TiO, (tubes) nanocomposite sample was denser, which en-
ables stronger intermolecular hydrogen bonds and lower molecular motions, com-
pared to the other samples with a similar percentage sydiotacticity. A comparison
of IR spectra of the PVA matrix and PVA/TiO2 nanocomposites reveaed changes
in the band positioned at 1322 cm~L. This can be attributed to a coupling of the

Available online at www.shd.org.rs/]SCS

2012 Copyright (CC) SCS



PVA/TiO» NANOCOMPOSITES 705

O-H plane vibrations (stronger line at 1417 cm—L) with C—-H wagging vibrations.
Therefore, the decrease in the intensity ratio of bands at 1417 and 1322 cm2 in-
dependently of the shape of TiO> nanoparticles implies the existence of a de-
coupling process between the mentioned vibrations due to interaction between
the titania nanoparticles and the OH groups attached to the methane carbons of
PV A .2829

100 T L T 1
TiO,tubes/PVA

: g '.f'.'*'-\z e e e TiO2 rods/PVA

TiO, particles/PV7

PVA

60

Reflection, a.u.

40 |

. 1 ) ] ) ] ) 1 ) ] A I )
2000 1800 1600 1400 1200 1000 800 600

Wavenumbers, nm

Fig. 4. FTIR Spectra of pure PVA, PVA/TIO, faceted particles, PVA/TiO, rods
and PVA/TiO, tubes nanocomposite films.

The most distinct feature in the FTIR spectra of the PVA/TiO> hanocompo-
sites was the disappearance of the transmission band at around 1570 cm3, in the
spectra of the PVA/TiO» particles nanocomposite and the PVA/TiO» rods nano-
composite. A remarkable decrease in the intensity of the same band was also
observed in the spectrum of the PVA/TiO, tubes nanocomposite. According to
Krimm et al., PYA may contain some C=0 groups within the chain, assigned to
S-diketone groups and, consequently, they suggested that the band of this group
appears at 1590 cm1.30 The decision to assign the shifted band at 1570 cnmr2 in
neat PVA samples to S-diketone groups, most likely in the enol form, was addi-
tionally supported by the presence of band at 1710 cm?1 associated to the stretch-
ing vibration of the C=0 functionality.3! The carbonyl stretching vibration band
is verification of the existence of residual vinyl acetate groups in partially hydro-
lyzed PV A 3233 Taking into account the presence of OH groups on the surface of
the titania nanocrystals, the possibility of hydrogen bond formation between
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706 RADOICIC et al.

them and the S-diketone groups from the polymer chain could be an explanation
for the decrease in intensity and disappearance of the band at 1570 cmL. The
existence of such functionality within PVA chain imparts additional binding lo-
cations for TiO» nanoparticles.

Thermal properties of PVA/TiO» nanocomposites

The influence of the shape, and consequently the different surface areas, of
the TiO, nanofillers on the thermal properties of the PVA matrix was examined
by non-isothermal TGA and DSC. Their content in the nanocomposites was kept
constant. The thermal and thermo-oxidative stability of the PVA/TiO2 nanocom-
posites were compared with the thermal and thermo-oxidative stability of neat
PVA. The thermogravimetric (TG) and differential thermogravimetric (DTG)
curves obtained under an inert atmosphere for the neat PVA and PVA loaded
with differently shaped TiO, nanofillers are shown in Fig. 5. The temperature
differences between the neat PVA and PVA/TiO2 nanocomposite samples at 50
% weight loss are listed in Fig. 5a.

100 particles  +64°C
rods -8°C

80+
X
%; TiQ, particles/PVA
2 60| 2
z
§ a0} TiO, rods/PVA

20 TiO2 tubes/PVA

PVA
a
0 L 1 1 1 1 1
PVA
c,LJ TiO, particles/PVA
2
<
-~ I~ TiO, tubes/PVA
= r
z
£ L TiO, rods/PVA
©
V Fig. 5. @ TG and b) DTG curves of
b pure PVA, PVA/TiO, faceted particles,

PVAITIO, tubes and PVA/TiO, rods
. nanocomposite samples obtained under
Temperature, "C an argon atmosphere.

100 200 300 400 500 600

The weight loss that emerges around 100 °C is a consequence of loss of
physically absorbed moisture and/or evaporation of trapped solvent.3435 The
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thermal degradation mechanism of the synthesized PVA/TiO, nanocomposites
and neat PVA in an inert atmosphere mainly consists of two steps initiated by
different modes. The first one appears in the range between 250 and 370 °C de-
pending on the shape of particles incorporated into the nanocomposite. The do-
minant processes during this degradation stage are elimination of OH groups and
chain-scission reactions.36 The major decomposition products are polyenes gene-
rated from the dehydration reaction of the PVA chains. Using a highly-hydro-
lyzed PVA for synthesis of nanocomposite materials, Peng et al. confirmed the
formation of two polyenes structures, conjugated and non-conjugated, during the
first degradation process.3” During the second degradation step that occurs be-
tween 400 and 480 °C depending on the particle shape, chain-scission and Diels-
—Alder intramolecular and intermolecular cyclization prevailed.3’

The thermal stability of the PVA/TiO, nanocomposites and neat PVA was
compared at 50 % weight loss. The presence of shaped TiO» nanofillers within
the polymer matrix did not affect the degradation mechanism itself, but it demon-
strated a noticeable influence on the overall thermal stability of the polymer. The
presence of faceted TiO» nanoparticles in the nanocomposite caused an increase
in the thermal stability of the PVA matrix by 64 °C in an argon atmosphere. Ge-
nerally, according to the barrier model, it was suggested that the improved ther-
mal stability is due to the formation of polymeric—inorganic char on the surface
of the polymer melt, which reduces mass and heat transfer.38 It can be assumed
that the faceted titania nanoparticles inhibited the degradation of the PVA matrix
by decreasing the efficiency of OH group elimination and chain-scission reac-
tions. The possible reason for the suppression of these reactions is the interaction
of the faceted TiO» nanoparticles with the OH groups from the PVA chain. Such
interactions may increase the energy barrier for OH group elimination reactions.
An additional reason is the reduced mobility of the polymer chains in the pre-
sence of the faceted TiO> nanoparticles that induces a decrease of their collision
frequency and suppresses chain transfer reactions. This type of physical cons-
traint affects the reactions occurring within the second degradation step. It should
be emphasized that the considerable increase of PVA therma stability under a
nitrogen atmosphere was achieved with a very low content of TiO> nanoparticles
(0.25 mass %) in the nanocomposite. In a previous work, the ability of the same
type of titania nanoparticles to increase the thermal stability of polystyrene to
similar extent under a nitrogen atmosphere was demonstrated but with higher
amount of TiO5 (2 mass %) in the nanocomposite.3°

The addition of titania nanotubes into the polymer matrix did not have any
influence on the thermal stability of the PVA under an inert atmosphere. The
decomposition temperature of the PVA matrix (Fig. 5a) dightly decreased by ~8 °C
in the presence of the same amount of titania nanorods. Generally, titania nano-
tubes and nanorods do not exhibit stabilizing effect on a polymer matrix. It is
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708 RADOICIC et al.

well known that polymer adsorption onto surfaces is dominated by a balance
between the chain conformational entropy and polymer—substrate interactions.40
Polymer—substrate interaction favors adsorption in aflat configuration with many
contact points and thin layer formation. Titania nanorods and nanotubes separa-
tely can be considered as flat surfaces due to their length of afew hundred nano-
meters and thus, a stabilizing effect on the composite system through the forma-
tion of a polymer barrier layer failed. The obtained small decrease in the decom-
position temperature of PVA (=8 °C) in the presence of TiO> nanorods could be
the consequence of increased localized heat conductivity in the nanocomposite
sample.

The mechanism of the thermo-oxidative degradation of PVA is more com-
plicated in comparison with that of degradation under an inert atmosphere. Ther-
mo-oxidative degradation process of neat PVA occurs in five stages. The first
one appears at around 100 °C and indicates the loss of physically adsorbed wa-
ter.41 The partial dehydration of the PVA chains that generates polyene structures
occurs in the temperature range between 230 and 300 °C.42 As a result of the
decomposition of polyenes, macroradicals are formed. The polyene macroradi-
cals form cis- and trans-derivatives. The later form polyconjugated aromatic
structures due to intramolecular cyclization and condensation reactions according
to the Diels-Alder mechanism in the temperature range between 300 and 400
°C.42 The fourth degradation step occurring between 400 and 480 °C is a conse-
guence of cyclization and condensation processes of the polyaromatic structures.
The final degradation step responsible for the destruction of the carbonized re-
sidue occurs between 480 and 600 °C.42

The TG and DTG curves of neat PVA and the PVA/TiO> nanocomposites
obtained under an air atmosphere are shown in Fig. 6.

Asin the case under an inert atmosphere, the presence of TiO> nanofillers of
different shapes in the PV A matrix did not significantly ater the degradation me-
chanism, but did affect the overall thermal stability. The evidenced noticeable
overal increase in the thermal stability of the PVA matrix in the presence of the
faceted nanoparticles is the consequence of increased temperatures of the follow-
ing processes: generation of polyene structures (AT = 44 °C), formation of poly-
conjugated aromatic structures (AT = 57 °C), cyclization and the condensation of
polyaromatic structures (AT =~ 9 °C) and the destruction of carbonized residues
(AT=8°C).

The thermo—oxidative stability of the PVA matrix was more influenced by
the presence of titania nanotubes and nanorods than its thermal stability in an
inert atmosphere. According to the curves presented in Fig. 6b, it could be con-
cluded that the presence of the nanotubes had inhibitory effects on the cyclization
processes and on the condensation of polyaromatic structures (AT = 28 °C) and
destruction of the carbonized residues (AT ~ 53 °C). In the sample of PVA/TIO;
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PVA/TiO» NANOCOMPOSITES 709

rods nanocomposite, only the final degradation step of the PVA matrix, the des-
truction of the carbonized residue, was shifted toward higher temperature by ~25
°C compared to that of the neat PVA sample.

100
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PVA/TIO, tubes and PVA/TIO, rods

100 200 300 400 500 600  nanocomposite samples obtained under
Temperature, °C an air atmosphere.

Residues at 600 °C under both atmospheres (inert and air) were detected. It
could be observed (Figs. 5a and 6a) that the residue in an inert atmosphere was
larger than in an air atmosphere. Thomas et al. suggested that the large residue in
an inert atmosphere could be expected since the pyrolization results in the for-
mation of amorphous carbon.43 The residue observed in an air atmosphere is a
consequence of the effects of geometry on the degradation process.

PVA is a semi-crystalline polymer with a decomposition temperature close
to its melting temperature.b This fact complicates conclusions on the perfection
of its crystallinity based on melting temperature measurements.

The DSC curves of the synthesized PVA/TiO2 nanocomposites and of the
corresponding neat PVA abtained during heating are shown in Fig. 7a. Two en-
dothermic peaks in all samples are evident. The broad signals in the temperature
range from 60 to 100 °C arose due to vaporization of physically adsorbed wa
ter.4445 The peak that appears between 200 and 250 °C in the curves of the
samples corresponds to the melting temperature (T,y,). It should be stressed that
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710 RADOICIC et al.

the melting temperature of the polymer matrix was not affected by the addition of
the faceted TiO, nanoparticles, indicating a lack of their influence on the heat
resistance in an inert atmosphere. The presence of titania nanotubes or titania
nanorods in the PVA matrix slightly increased the melting temperature of the po-
lymer by =2 and =3 °C, respectively. Such small rises in the melting temperature
of the PVA/TiO> tubes and PVA/TiO> rods nanocomposites are likely due to a
modification in the diffusion of volatiles in the polymer or simply to a different

tortuosity of polymer chains depending on the particle shape.

Meiting
temperatures:

—PVA 215°C
- - - TiO_ particles / PVA 213°C
oF - TiO, tubes / PVA 217°C
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Fig. 7. DSC Curves of pure PVA, PVA/TiO, nanoparticles, PVA/TiO, tubes and
PV A/TiO, rods nanocomposite samples obtained under a nitrogen atmospherein

The DSC thermograms of the synthesized PVA/TiO, nanocomposites and
the neat PVA polymer obtained in cooling process are shown in Fig. 7b. It is
clear that the titania nanorods induced the nucleation of the PVA matrix at an
earlier stage, i.e., at a higher temperature, during the cooling run, compared to the

a) heating and b) cooling processes.
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PVA/TiO NANOCOMPOSITES 711

neat PVA. The OH groups existing on the particle surface may act as nucleation
sites together with the adequate morphology of the nanoparticles.6:46

The geometry of the faceted TiO, nanoparticles present in the PVA matrix
caused a dight delay of the onset of crystallization and, consequently, decreased
the crystallization temperature of the nanocomposite (T = 183 °C). The presence
of titania nanotubes did not affect the crystallization process at al (T¢ = 186 °C).

The degree of crystalinity (X¢) of PVA in the presence of the shaped TiO»
nanoparticles was calculated using the following equation:

X¢ (%) = 100(AHJ/(1-)AHm)

where AH, is the enthalpy corresponding to the melting of a 100 % crystalline
sample (138.6 J g1),47 AH. is the apparent enthalpy of crystallization corres-
ponding to the nanocomposite sample and f is the weight fraction of TiO» nano-
particlesin the PVA/TiO> nanocomposite.

The incorporation of faceted TiO» nanoparticles into the PVA matrix led to a
dlight decrease in the degree of crystallinity of PVA (X = 32 %) compared to
neat PVA (Xc = 38 %) despite the excess of OH groups on the particles surface
that may act as nucleation sites. The decrease in crystallinity, as well as the delay
of the onset of crystalization, is likely caused by a reduction of the PVA chain
mobility and by possible hydrogen bonding formation between the surface OH
groups of the faceted TiO, nanoparticles and the PVA chain. According to DSC
measurements, titania nanorods and nanotubes did not affect the degree of crys-
talinity of PVA in PVA/TiO5 rods (Xc = 39 %) and PVA/TiOo tubes (X = 38 %)
nanocomposites.

In general, the first step of any crystallization process is nucleation. When
the critical size is attained, these nuclei become the centers for the growth of
polymer crystalline phase. The overall crystallization rate is attributed to the con-
tribution of both nucleation and growth rates. The rate of nucleation is higher as
the temperature drops. The determining factor is the degree of supercooling Ty —Tg,
which presents the difference between the melting point T, and the temperature
of crystallization T (crystallization at temperatures T below the melting point
Tm)-48 The rate of crystal growth is mainly determined by the mobility of the
polymer chains in the melt. Therefore, according to Ou et al.49 and Krijgsman et
al.,%0 the degree of supercooling is an indication of polymer crystallizability during
a non-isothermal process. In other words the smaller the difference, (Ty—Tc), the
higher the overall crystallization rate.

Analyzing the T,—T values for al the investigated samples, it could be no-
ticed that incorporation of the shaped TiO» nancfillers into the PVA matrix did
not significantly change the overall crystallization rate of the polymer. Such con-
clusion is based on the small differences in the degree of supercooling between
the neat PVA (Ty—T¢ = 29 °C) and PVA/TiIO, particles (T—T¢ = 30 °C), PVA/
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/TiO> tubes (Ty—T¢e = 31 °C) and PVA/TiO2 rods (Ty—Te = 27 °C) nanocom-
posites. According to obtained values of the To/T, ratio, in the range from 0.86
to 0.88 for al samples, and the Mandelkern rule, the rates of crystallization pro-
cesses in the PV A—based nanocomposites are relatively high.51

CONCLUSIONS

Three PVA/TiO> nanocomposite samples were synthesized by direct blend-
ing of PVA and differently shaped TiO» nanofillers (faceted nanoparticles, nano-
tubes or nanorods) as precursors. The interaction between PVA polymer chains
and the surface of the titania nanofillers was confirmed by FTIR spectroscopy in
the reflection mode. 1t was found that the same amount of TiO> nanofillers in-
dependent of the shape did not change the degradation mechanism of PVA in
argon and air atmospheres. The faceted nanoparticles (d =5 nm) increased the
thermal stability of the PV A matrix by 64 °C under an inert atmosphere. The pre-
sence of TiO, nanotubes (d = 10 nm, L < 200 nm) and titania nanorods (d =~ 50
nm, 300 < L < 700 nm) did not exhibit a stabilizing effect on the thermal pro-
perties of the polymer matrix under an argon atmosphere. The temperature of the
thermo—oxidative degradation of PVA increased with addition of faceted TiO»
nanoparticles. The presence of titania nanotubes had inhibitory effect only on the
cyclization reactions and the condensation of the polyaromatic structure and des-
truction of the carbonized residues, which appeared at higher temperatures during
the thermo-oxidative degradation of the PVA matrix. In the course of cooling, ti-
tania nanorods induced crystallization of PVA at a higher temperature. The deg-
ree of crystallinity of the polymer matrix in the presence of faceted TiO, nano-
particles decreased (Xc = 32 %) compared with the degree of crystalinity of the
neat PVA (Xc = 38 %).
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U3BOJ

YTHULAJ OBJIMKA TUTAH-JUOKCUJHUX HAHOITYHUJIATTA HA TEPMAJIHE
KAPAKTEPUCTUKE ITOJINBUHNJI-AJIKOXOJIA

MAPUJA b. PAIOUYUTR, 30PAH B. LIATIOBIR', MIWIEHA T. MAPUHOBUR-LIMHLIOBUR,
SCOTT P. AHRENKIEL?, HATAIIIA M. BUBUT' 1 JOBAH M. HEJIEJbKOBUR'

! Uncimvitiyi 3a nyxaeapre nayxe Bunua, ii. iip. 522, 11001 Beozpao u*South Dakota School of
Mines and Technology, Rapid City, SD, USA

Hanoxommo3utn Ha 6a3u monuBunmi-ankoxoia (PVA) u TiO, HaHOKpHCTaga pa3imudauTHX
00JnKa 1 BeMn4YMHA (HaHOYECTHIIe, HAHOTYOe M HaHOIITaNUNK) CHHTETHCAHH CY METOAOM AUPEKT-
HOTI' Melliamka pacTBopeHor nojaumMepa (1,5 mas. %) u koyouaHUX pacTBOpa/TpaxoBa HAHOKPHUCTANIA
TiO5 (0,25 mas. %). Y umby HCIUTHBaKA yTHI@Aja O0JIMKA THTAH-IHOKCHIHUX HAHOKPUCTAIA HA
BUXOBY HHTepaknujy ca PVA nanmmma u TepMaiHy cTaOMIHOCT MONMMEpHE MaTpulle, ypaheHa je
CTpYKTypHa 1 TepmanHa kapakrepusanuja PVA/TiO, HaHokoMmo3ura. YOo4eHO je 1a ucra KOJHU-
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guHa TiO, HAaHOKpHCTAa, HE3aBUCHO OJ] IMXOBOT OOJIMKA, HE yTHYE HA MEXaHHM3aM Jerpaiaije
PVA kako Ha Bazayxy Tako Hu y atmoctepu aprona. Harouectune TiO, (d = 5 nm) mosehasajy
tepmanHy cradbunaoct PVA marpune 3a 64 °C, 1ok tutan-auokcuane Hanoryoe (d = 10 nm, L <
< 200 nm) u wanommrranuhu (d = 50 nm, 300 < L < 700 NmM) He moka3yjy CTaOUIM3alMOHN YTHIA]
Ha [OJIMMEPHY MaTpully y atMocepu aprona. Tepmo-okcunatuBHa crabunsoct PV A pacte ca go-
natkoM TiO, nanouectuna. ITpunukom xnahewa PVA/TIO, nanokommnosura, TiO, HaHOMmTaIHhK
HHAYKY]y Kpuctanuzaudjy PVA Ha BummM temmepatypama. CreneHn kpuctanuangHoctn PV A ma-
TpuIe je 6maro ymamen y npucyctBy HaHodectuna TiO, y HaHOKOMIIO3UTHOM y30pKy (X = 32 %)
y niopeherby ca crereHoM KpuctamuHuaHocTH arctor PVA (X = 38 %).

(Mpumsbeno 31. mapra, pesuaupano 29. jyna 2011)
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