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Abstract The present research work includes non-isothermal crystallization
kinetics of poly(ethylene terephthalate) (PET)—titanium dioxide (TiO,) nanocom-
posites as well as structural and chemical properties of these nanocomposites. The
average grain size of chemically synthesized TiO, nanoparticles has been calculated
19.31 nm by TEM and XRD. The morphology and structural analysis of PET-TiO,
nanocomposites, prepared via solution casting method, has been investigated using
SEM and XRD, respectively. The nature of chemical bonds has been discussed on
the basis of FTIR spectra. The effect of TiO, nanoparticles and cooling rates on
non-isothermal crystallization kinetics of PET was examined by differential scan-
ning calorimetry at various heating and cooling rates. It has been observed that TiO,
nanoparticles accelerate the heterogeneous nucleation in PET matrix. The crystal-
lization kinetics could be explained through Avrami—Ozawa combined theory. TiO,
nanoparticles cause to make molecular chains of PET easier to crystallize and
accelerate the crystallization rates during non-isothermal crystallization process;
this conclusion has also been verified by Kissinger model for crystallization acti-
vation energy.

Introduction
Recently, small amount of inorganic filler into polymers has been extensively

utilized in an attempt to enhance the thermo-physical (e.g., structural, thermal
properties, electrical and mechanical) properties [1-4], due to their unique
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properties and possibility for numerous applications in modern technology [5-10],
such polymer nanocomposites have been proved themselves as potential candidate
among researchers. Poly(ethylene terephthalate) (PET) is a commodity polymer
competing directly with polyethylene, polypropylene and polystyrene in the markets
of food and beverage packaging. Being semicrystalline thermoplastic polyester [11],
the thermal properties of PET are used in food packaging, peelable seals, lids,
vacuum insulation panels, etc. In the packaging industry, to improve barrier
performance to ultraviolet rays, as well as adding strength, stiffness, dimensional
stability and heat resistance, polymer nanocomposites have been recognized as the
next great frontier of materials [12]. PET is a slowly crystallizing polymer that can
be obtained with different degrees of crystallinity (0-50 %) as a result of specific
thermal and/or mechanical treatment to which it is submitted [13, 14].

Titanium dioxide (TiO,) is commonly used inorganic filler for organic polymer
matrix. It is wide band gap (E, = 3.2 eV) semiconductor material [15]. The use of
TiO, is advantageous over capping agents in the chemical reduction process of
metal ions, as it is free from the blocking of active sites by organic capping agents
[16]. Also, the inclusion of TiO, nanoparticles in polymer matrix results in the
heterogeneous nucleation effect, which provides more sites for nucleation.

The literature review reveals that there has been much research on inorganic
composites by adding nanoparticles to the polymer matrix. A plenty of work has
been done to enhance the structural properties of PET. The FTIR spectrum of PET
membranes, irradiated by O®" ions, show minor changes in structural properties due
to breakage of one or two bonds in the ladder structure, but it will not change the
overall structure of polymer [17]. Jeziorny and Mo’s methods have been applied to
describe the kinetics of the non-isothermal crystallization process of PET matrix
with incorporated surface-treated TiO, particles as well as pure nano-TiO, particles
[18]. The crystallization behavior of PET-based nanocomposites containing 3 wt%
of different nanoparticles (MontMorilloniTe—MMT; titanium dioxide—TiO,; and
silica dioxide—SiO,) using DSC shows all fillers behave as nucleating agents for
PET except SiO, that acts as inhibitor in case of direct injection molding (DIM)
procedure [13]. The isothermal and non-isothermal crystallization kinetics of PET
with three nucleating agents concluding talc, sodium benzoate (SB) and an ionomer
(Ion., Na¥) has been described using Avrami and Ozawa equations, respectively
[19]. Non-isothermal crystallization kinetics of silica nanoparticle-filled poly
(ethylene 2,6-naphthalate) (PEN) nanocomposites have been analyzed using Ozawa
and Avrami theories and a combined method. Also, the crystallization activation
energy has been calculated using Kissinger method [20]. The crystallization kinetics
and the crystallization parameters of the alumina-filled PEEK nanocomposites have
been described by Avrami, Ozawa and combined Avrami—Ozawa equations [21].

In this paper, the effect of TiO, nanoparticle inclusion in PET matrix with
structural and thermal properties has been reported. Although, there are similar
studies that have been carried out on PET with different fillers, PET-TiO,
nanocomposites are not widely reported. We concentrate on structural changes and
non-isothermal crystallization kinetics in PET-TiO, nanocomposites, which are
characterized by XRD, FTIR and DSC techniques.

@ Springer



Polym. Bull. (2014) 71:1539-1555 1541

Experimental
Materials and sample preparation

TiO, nanoparticles have been synthesized by chemical method [15]. TiCl; solution
has been mixed with NH,OH (100 mM) aqueous solution in 1:6 volume ratio; PH of
solution has increased up to 2.0. The resulting solution has been stirred for 48 h at
room temperature. The precipitate, obtained by centrifuging, has been further
washed in iso-propyl alcohol and dried at room temperature.

PET-TiO, nanocomposites have been prepared by solution casting method. PET
(Sigma-Aldrich, USA) was dissolved in DCM (Sigma-Aldrich, Germany,
d=1325¢ mmol ™) with 2 % Trifluoroacetic acid (TFA) (Merck, India). TiO,
nanoparticles have been added in this PET solution according to wt%. After stirring
for 2 h, the solution has been casted on mercury bath. In this manner, the PET-TiO,
nanocomposites (1, 2 and 3 wt% of TiO, nanoparticle) have been prepared.

X-Ray diffraction

The size of TiO, nanoparticles has been subjected to X-rays, and diffractogram has
been recorded using X-ray diffractometer Bruker D8 Advance with CuK,, radiation
in the range of 20°-70° (4 = 0.1506 nm). To confirm the crystallite size, the
structural analysis of PET-TiO, nanocomposites has also been carried out by the
same XRD machine.

Fourier transform infrared (FTIR)

The changes in chemical bonds and modifications have been analyzed by Fourier
transform infrared (FTIR) spectroscopy. FTIR spectroscopy has been performed in
transmission mode using Agilent (CARY 660) FTIR spectrometer in the range
500-3,500 cm ™.

Differential scanning calorimetry (DSC)

Non-isothermal crystallization kinetics of TiO, nanoparticle-filled PET composites has
been studied using NETZSCH DSC 204 F1 Phoenix and the weight of all samples has
been taken 67 mg approximately. The samples have been subjected to heat treatment up
to 300 °C with different heating rates (5, 10, 15 and 20 °C minfl) under nitrogen
atmosphere of 40-50 ml min~"', and held for 5 min to remove its previous thermal
history. The crystallization kinetics investigated by cooling these samples from 300 to
30 °C with the same cooling rate corresponds to that particular heating rate.

Results and discussion

Figure 1a shows the TEM micrograph of TiO, nanoparticles and Fig. 1b shows the
XRD pattern of TiO, nanoparticles. The average particle size of TiO, nanoparticles
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Fig. 1 a TEM image of TiO, nanoparticles with size determination, b XRD pattern of TiO,
nanoparticles
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Fig. 2 SEM micrographs of PET-TiO, nanocomposites; a PET Pristine and b PET + 2 % TiO,

has been calculated by TEM image (Fig. 1a) that found to be 19.31 nm. Clear and
homogeneous spherical structure of TiO, nanoparticles can be seen in TEM image.
And also, it has been confirmed through XRD pattern (Fig. 1b) using Debye—
Scherrer’s formula [22].

PET nanocomposite morphology with different concentration of TiO, nanopar-
ticles can be seen in Fig. 2. It can be explained from SEM micrographs (Fig. 2) that
TiO, nanoparticles have been homogeneously dispersed in PET matrix. A long
cylindrical fiber-like structure is representing the PET matrix, and the small
spherical nanoparticles are embedded among these polymer fibers.

Structural properties

The XRD patterns of pristine PET and PET/TiO, composites have been shown
in Fig. 3. As it is clear from XRD of TiO, nanoparticles (Fig. 1) that the major
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Fig. 3 XRD patterns of PET-TiO, nanocomposites

peak (001) comes at 25° which can be seen in composite XRD also. In the
pristine XRD pattern, there is a single small peak because PET is semicrystalline
material. With the incorporation of TiO, nanoparticles, the peak (001) appears
clearly with increasing wt% of nanoparticles. This is the reflection of small
changes in structure of semicrystalline PET by inclusion of TiO, nanoparticles.

Chemical properties

FTIR spectra of PET pristine and PET-TiO, nanocomposites are shown in Fig. 4.
The type and nature of chemical bonds have been analyzed by these IR spectra. It is
well-known fact that in a polymer each molecular group has characteristic
frequencies of vibrational and rotational oscillations that lie in infrared (IR) and
microwave region, respectively [17].

In spectra of pristine PET, peak observed at 1,723 cm™ corresponds to the
strong C=0 stretching bond of aromatic carboxylic acid. Whereas, the peaks at
2,968 and 2,229 cm ™' correspond to C—H stretching of ethylene group. IR peaks in
the range 1,000-1,200 cm™! show C-O stretching. The transmittance of three bands
has been analyzed: 3,450 cm™! due to OH™ stretching, 1,404 cm™! due to CH,
bending and 721 cm™" due to C—H bending of di-substitute benzene.

After the inclusion of TiO, nanoparticles in PET matrix, the peaks have been
found corresponding to Ti—O bond also. The appeared peaks at 547, 551, 593 cm ™"
in PET/TiO, nanocomposites for 1, 2 and 3 wt% TiO,, respectively, indicate Ti-O
vibrations. The intensity of peak corresponding to 586 cm™' decreases with
increasing TiO, filler which results in the decreasing polarity.

1
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Fig. 4 FTIR spectra of pristine and PET-TiO, nanocomposites

Crystallization behavior

The crystallization peaks during cooling of PET-TiO, nanocomposites at different
cooling rates are shown in Fig. 5. It is clearly observed that for all samples, a
cooling rate is increased, the crystallization onset temperature (7;), peak temper-
ature (7,) and end temperature (7Tt), shift to lower temperature side. The
crystallization is a two-step phenomena: nucleation and growth. When PET and
its nanocomposites have been subjected to cooling from a temperature above, its
melting temperature, due to heterogeneous nucleation, growth of new phase
particles plays a major role in lowering the crystallization temperature.

The effect of cooling rates and filler content on the overall crystallization time, ¢,
can be determined as follows [20]:

Ts — T,
tc:¥7 (1)

a
where a is the cooling rate, T is the initial crystallization temperature, and T is final
crystallization temperature. It is evident from Fig. 6 that inclusion of TiO, nano-
particle in PET matrix may cause to reduce the overall crystallization time. Also, the
lower T, is observed for higher cooling rates (Fig. 5). These results could be
explained through the heterogeneous nucleation effect. The shorter crystallization
time accelerates the rapid heterogeneous nucleation and smaller crystal grain size
which may cause lower crystal growth [21]. The values of crystallization parame-
ters, derived from Fig. 5 have been listed in Table 1.

The absolute crystallinity fraction X, at different cooling rates has been
calculated using following relation [20]:
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Fig. 5 DSC thermograms of pristine and PET-TiO, nanocomposites
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where AH? ~ 140 J g ' and Wholymer is the weight fraction of the polymer matrix.
As listed in Table 1, the degree of crystallinity has been increased by addition of
TiO, filler content. This may be accounted for TiO, nanoparticles acting as
nucleation agent in PET matrix under non-isothermal crystallization condition
[20]. Since, degree of crystallinity affects the extent of the intermolecular sec-
ondary bonding, it can have a rather significant influence on the mechanical
properties of PET. Increasing the crystallinity of polymer generally enhances its
strength [23]. As described before that PET is commonly used in packaging and
bottles, the nanocomposites with TiO, nanoparticles will be better used in these
applications.

Non-isothermal crystallization kinetics

The relative crystallinity X, (7) at different cooling rates for DSC thermograms can
be determined by the following equation [20]:
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where T and T, are the temperatures at which the crystallization starts and ends;
Ap and A, are areas under the normalized DSC curves. The relative crystallinity as
a function of temperature has been shown in Fig. 7. The similar sigmoidal shapes
can be seen in all the curves. Also, the spherulite impingement in the later stage of
crystallization may result in the curvature of the upper part of the plots.
For the non-isothermal process, the relation between crystallization time and
temperature has been shown in Fig. 8, using Eq. 4, that is:

|To — 7|

t=— 4

. )

It is clearly evident from Fig. 8 that the inclusion of nanoparticles results less

crystallization time to reach the same relative crystallinity in comparison to pristine
PET.

Ozawa model

The crystallization mechanism of polymers can be explained through Ozawa theory
which assumes that the crystallization occurs at constant cooling rate a [24], gives
relative degree of crystallinity, X, (7) at temperature 7, as follows;

K(T)]

|Wl

(5)

1 —X.(T) =exp {— a
log[—In(1 — X.(T))] = log K(T) — mloga, (6)
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Table 1 Crystallization parameters of PET-TiO, nanocomposites

Sample Cooling rate T, (°C) T, (°C) T,(°C) T.(°C) H.{J g_l) X. (%)
(°C min™h)

Pristine PET 5 253.7 214.54  219.25 222.71 15.96 114
10 25343 207.78  213.53 217.79 18.14 12.9
15 253.8 205.77  213.11 217.65 18.43 13.2
20 252.62 202.03  210.24 215.71 18.85 13.3

PET + 1 % TiO, 5 246.86 214.00  218.22 221.51 13.75 9.72
10 253.7 209.73  215.13 219.11 15.8 11.1
15 253.92 20449 21195 217.23 16.12 114
20 252.98 201.08  209.45 215.24 17.25 12.1

PET + 2 % TiO, 5 253.37 21574  220.11 223.53 14.95 10.5
10 253.78 210.02 21553 220.45 16.63 11.7
15 253.23 205.11 212.03 216.90 17.78 124
20 253.81 200.92  209.29 214.58 19.74 13.8

PET + 3 % TiO, 5 245.1 212.85  217.36 220.90 145 10.0
10 252.93 208.58  214.23 218.40 14.88 10.3
15 254.68 204.54  211.39 216.37 155 10.7
20 254.36 200.81 208.83 214.16 18.36 12.7

where K(7T) is a cooling function depending on the overall crystallization rate at
temperature 7, m is the Ozawa exponent depending on the dimension of crystal
growth and a is the cooling rate. Figure 9 illustrates the plot between log [—In (1—
X. (1))] and log a according to the Ozawa theory. K(T) and m could be determined
by slope and the intercept, respectively.

The deviation from linearity of curves suggests that these samples do not follow
Ozawa model consumptions. The Ozawa model is based on the quasi-isothermal
crystallization; under the non-isothermal crystallization, the function of both time
and cooling rate can be constant for much duration but not the crystallization rate.
Also, there should be explanation of slow secondary crystallization and folded chain
length of polymer chains. Folded chain length is a function of the crystallization
temperature. Under dynamic crystallization, the folded chain should be different;
that is why, the folded chain length should be taken theoretically in the derivation of
crystallization [25].

Avrami model

Another theory given by Avrami can be applied to analyze the non-isothermal
crystallization of PET-TiO, nanocomposites. This model assumes that relative
crystallinity at given time (X, (¢)) increases with crystallization time (¢) [26, 27].

1= Xe(1) = exp(~Z") (7)
log[—In(1 — X,(¢))] = nlogt + log Z,, (8)
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Fig. 7 Relative crystallinity (%) vs. temperature for non-isothermal crystallization at various cooling
rates: a pristine PET, b PET + 1 % TiO,, ¢ PET + 2 % TiO,, d PET + 3 % TiO,

where X (7) is the relative degree of crystallinity at time #, Z, is a growth rate
constant involving both nucleation and growth rate parameters, and the exponent n
is a mechanism constant with a value depending on the type of nucleation and the
growth dimension. In the non-isothermal process, cooling rate effects are involved,
so, the value of Z, calculated from Eq. 8 should be corrected as [28]:

logZ
logZ. = Oi L 9)

According to Eq. 8, Fig. 10 shows the plot between log [—In (1—X, (f))] and log
t. The good linear trend has been observed in graph except later stage.

The Ozawa exponent ‘m’ and Avrami exponent ‘n’ are listed in Table 2, from
Egs. 6 and 8, respectively. And the growth parameter ‘Z.’ (summarized in Table 3)
has been calculated from Eq. 9.

As the Ozawa exponent ‘m’ represents growth morphology and Avrami exponent
‘n’ represents the dimensional growth, both values are higher in PET-TiO,
nanocomposites in comparison to pure PET, indicating that the TiO, nanoparticles
acted as heterogeneous nuclei for the initial nucleation. Therefore, the type of
nucleation and the geometry of crystal growth of PET were significantly changed by
the presence of the TiO, nanoparticles. The Avrami exponent n of PET ranged from
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Fig. 8 Relative crystallinity vs. time for non-isothermal crystallization at various cooling rates: a pristine
PET, b PET + 1 % TiO,, ¢ PET + 2 % TiO,, d PET + 3 % TiO,

1 to 2 which indicated that the rod-like growth occurred with homogeneous
nucleation.

Combined Ozawa—Avrami model

It can be concluded that both Avrami and Ozawa models are not describing dynamic
crystallization of PET and PET-TiO, nanocomposites. In these theories, the degree
of crystallinity has been related to the cooling rate ‘a’ and the crystallization time ¢
or temperature 7. Liu et al. [29] proposed a combined model, which relates cooling
rate ‘a’ to crystallization time ‘¥ for a particular degree of crystallinity. By
combining Eqgs. 6 and 8, a new kinetic equation for non-isothermal crystallization
has been derived:

(10)
(11)

where b is the ratio of Avrami and Ozawa exponent (b = n/m) and parameter
FT) = [K(T)/Z,]” ™ which indicates the required value of cooling rate approaching

logZ; + nlogt =log K(T) — mloga
loga =log F(T) — blogt,
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Fig. 9 Ozawa plots of log [—In (1—X. (7))] vs. log a for non-isothermal crystallization: a pristine PET,
b PET + 1 % TiO,, ¢ PET + 2 % TiO,, d PET + 3 % TiO,

to the degree of crystallinity at unit crystallization time [30]. In Fig. 11, a linear
relationship is obtained by plotting curve between log a and log ¢ at a particular
degree of crystallinity according to Eq. 11. The values of F(7T) and ‘—b’ have been
determined by intercepts and slope of these plots, respectively.

The values of b and log F(T) are tabulated in Table 4; the log F(T) value
increases with increase in degree of crystallinity value, which indicate the fact that
high cooling rate is required for high degree of crystallinity. The linear relationship
of plots is showing that the combined Avrami—Ozawa equations accurately defining
the crystallization kinetics of PET-TiO, nanocomposites. This combined Avrami—
Ozawa model has accurately been employed to describe the crystallization kinetics
of alumina nanoparticle-filled poly (ether ether ketone) [21], surface-treated TiO, on
poly (trimethylene terephthalate) (PTT) nanocomposites [31], Montmorillonite-
filled polypropylene nanocomposites [32].

It could be concluded from Table 3 that the b values of TiO,-filled PET are
higher than those of pristine PET. As described above, b equals to n/m where n is
Avrami exponent; the n values of PET-TiO, nanocomposites are more than those of
pure PET, and consequently, the reason can be clarified.

Crystallization activation energy

For evaluation of activation energy of non-isothermal crystallization kinetics at
various cooling rates, the model proposed by Kissinger [33] is commonly used:
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Fig. 10 Avrami plots of log [—In (1—X, (#))] vs. log ¢ for non-isothermal crystallization: a pristine PET,
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]

(12)

/S: ~
=
S—

where R is the universal gas constant. Figure 12 shows the plot between ln(a/Tﬁ) and
1/T,, for pure PET and PET-TiO, nanocomposites and, accordingly the crystalli-
zation activation energy could be determined by slope of the plots. Table 5 lists the
activation energy of different samples for non-isothermal crystallization kinetics.

This is well-known fact that crystallization activation energy is the energy
required to initiate non-isothermal crystallization. The above results verify that TiO,
nanoparticles cause to make molecular chains of PET easier to crystallize and
accelerate the crystallization rates during non-isothermal crystallization process,
i.e., the TiO, nanoparticles are the favorable nucleating agents for heterogeneous
nucleation.
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Table 2 Values of Ozawa exponent ‘m’ and Avrami exponent ‘n’

Sample Ozawa exponent ‘m’ Avrami exponent ‘n’
Pristine PET 0.624 1.624
PET + 1 % TiO, 0.727 1.727
PET + 2 % TiO, 1.344 2.344
PET + 3 % TiO, 0.932 1.932

Table 3 Avrami exponent n and the growth rate constant Z. for non-isothermal crystallization of PET—
TiO, nanocomposites

Sample Cooling rate (°C min~") Z. x 10° (min °C™")
Pristine PET 5 4.1
10 154
15 314
20 79.1
PET + 1 % TiO, 5 3.0
10 9.6
15 429
20 81.6
PET + 2 % TiO, 5 0.1
10 12.0
15 26.7
20 70.8
PET + 3 % TiO, 5 0.1
10 6.9
15 29.1
20 71.8
A PET Pristine B
—— X (t)=20% PET+1% TiO,
0.82 — X ()=40% 1.49 4 X (1)=20%
X (1)=60% 1.48 ] —— X (t)=40%
0.80 —X (1)=80% X (1)=60%
1.47 | —— X (1)=80%
0.78 1.46 |
> 076 > ]
s ] 9 1.44]
0.74 1.43 |
1.42 |
0.72
1.41 ]
0.70 1.40 |
1.81 1.82 1.83 1.84 1.85 1.86 1.87 1.88 1.89 1.90 120 1.211.22 1.23 1.24 1.25 1.26 1.27 1.26 1.29 1.30
log t log t

Fig. 11 Combined Avrami—Ozawa plots of log a vs. log ¢ for non-isothermal crystallization: a pristine
PET, b PET + 1 % TiO,
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Table 4 The values of b and F(T) versus degree of crystallinity for non-isothermal crystallization of
PET-TiO, nanocomposites

Sample Avrami—Ozawa parameter

Xc(1) (20 %) Xo(1) (40 %) Xo(n) (60 %) X(1) (80 %)

b log F(T) b log F(T) b log F(T) b log F(T)
PET pristine 1.218 2991 1.216  2.994 1.209  2.988 1212 3.019
PET + 1 % TiO, 1222  3.001 1217  2.991 1.22 3.006 1.225  3.02
PET + 2 % TiO, 1276  3.08 1.273  3.079 1.264  3.069 1.26 3.021
PET + 3 % TiO, 1.218 2.99 1.216 2992 1.205 2982 1.28 3

Table 5 Values of activation energy for non-isothermal crystallization kinetics according to Kissinger
model

Sample Crystallization activation energy (kJ mol™")
PET pristine 63.68
PET + 1 % TiO, 49.30
PET + 2 % TiO, 45.23
PET + 3 % TiO, 42.98
-7.5
-7.8
-8.1 -
E“ -8.4
E
87 O PET pristine
7 O PET + 1% TiO,
PET + 2% TiO,
-9.0 v PET + 3% TiO,
-9.3 T T T T T T T T T T T T 1
4.50 4.55 4.60 4.65 4.70 4.75 4.80

1/Tp(10°K™)

Fig. 12 Crystallization activation energy plots for PET pristine and PET-TiO, nanocomposites
Conclusion

The SEM micrographs of TiO, nanoparticle-filled PET show the homogeneous
dispersion of nanoparticles in PET matrix. As PET is a semicrystalline polymer, the
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increased crystalline nature with inclusion of TiO, nanoparticles could be seen in
XRD patterns. FTIR spectra show some changes in chemical bond structure in PET
after inclusion of TiO, nanoparticles.

Under non-isothermal crystallization, the crystallization peak shifts to lower
temperature with increasing cooling rate. And, with increasing content of TiO,
nanoparticles, peak shifts to higher temperature. The overall crystallization time has
also been reduced by TiO, content. The degree of crystallinity is increased by
higher cooling rate. The Avrami and Ozawa theories have been proved to be
inadequate individually, to explain the non-isothermal crystallization of PET-TiO,
nanocomposites but the model given by Liu et.al (combined Avrami and Ozawa
theories) has been successful employed to describe non-isothermal crystallization.
The increasing parameter log F(7T) with content of TiO, shows increased
crystallization rate. When applied Kissinger model, reduced activation energy
indicates that TiO, nanoparticles cause to make molecular chains of PET easier to
crystallize and accelerate the crystallization rates during non-isothermal crystalli-
zation process.
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