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a b s t r a c t

In the present study a series of PET nanocomposites were prepared by in situ polymerization using dif-
ferent amounts of organically modified montmorillonite (OMMT) with a triphenylphosphine compound
and fumed silica nanoparticles (SiO2). As verified by TEM micrographs, the dispersion of both nanoparti-
cles into the PET matrix was homogeneous while montmorillonite was dispersed in the exfoliated form.
The intrinsic viscosities of the prepared nanocomposites were affected by the addition of the nanoparti-
cles and in both cases a slight increase was observed. Tensile strength was also increased by increasing
nanoparticles content while both types of nanoparticles act as nucleating agents, enhancing the crystal-
lization rates of PET. From the thermogravimetric curves it was concluded that PET and the samples with
umed silica
anocomposites
hermal degradation
ctivation energy

different nanoparticles presented good thermostability, since no remarkable mass loss occurred up to
320 ◦C (<0.5%). The activation energy (E) of degradation of the studied samples was estimated using the
Ozawa, Flynn and Wall (OFW) method. Pure PET had an E = 223.5 kJ/mol while the activation energy
of PET/SiO2 2 wt.% nanocomposites was almost identical (222.1 kJ/mol). However, PET/OMMT 2 wt.%
nanocomposites exhibited a higher activation energy (228.3 kJ/mol), indicating that OMMT incurred a
stabilizing effect upon the decomposition of the matrix. The form of the conversion function for all the

by fi
studied samples obtained

. Introduction

Poly(ethylene terephthalate) (PET) is of major industrial impor-
ance due to its low cost and high performance (since it has high
lass transition and melting temperatures) as well as good physi-
al properties. It has been found a variety of applications such as
n textile fibers, films, bottle containers, food packaging materials,
ngineering plastics in automobiles, electronics, etc. Its properties
epend mainly on the degree of orientation of the polymer chains
nd the degree of crystallinity. Furthermore, in recent years there is
n increasing interest for the preparation of PET nanocomposites,
ue to their enhanced mechanical, thermal and gas barrier prop-
rties, for many applications [1–4]. However, only few papers are
eported concerning the study of thermal stability properties of PET

anocomposites. Zheng et al. [5] studied PET with different silica
ontent of 1, 3, 5 wt.% using non-isothermal measurements under
itrogen gas. They used Friedman method to investigate the acti-
ation energy. The average calculated values of activation energy

∗ Corresponding author. Tel.: +30 2310 997812; fax: +30 2310 997667.
E-mail address: dbic@chem.auth.gr (D.N. Bikiaris).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.12.005
tting was the mechanism of nth-order auto-catalysis.
© 2009 Elsevier B.V. All rights reserved.

were: 178, 198, 215, 214 for pure PET and the different PET/silica
nanocomposites. Wang et al. [6] studied the thermal stability and
degradation of PET/montmorillonite (MMT) nanocomposites with
TGA under N2 atmosphere. They showed that the onset temper-
ature of degradation and the temperature at maximum mass loss
rate were increased significantly by adding MMT. When MMT con-
tent was in the low range (<5%), the observed thermal stability
behavior of PET/MMT was decided by both MMT content and its
dispersion quality.

TGA is one of the most widely used techniques in the study of
the thermal decomposition of polymers [7]. In absence of prior
information about real kinetic mechanism the reaction model
can be chosen from a set of well-known reaction models to fit
experimental data, usually done in model-fitting techniques. In
recent years there is an increasing interest for the precise deter-
mination of the model reaction and the activation energy of
PET. Yang et al. [8] using the DTG curve fitting method on non-

isothermal measurements under N2 atmosphere calculated the
activation energy (E = 242 kJ/mol) using first-order reaction model.
Holland and Hay [9] studied the thermal degradation of PET with
non-isothermal and isothermal thermogravimetry under Ar atmo-
sphere. In this study first-order reaction was used and the value

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:dbic@chem.auth.gr
dx.doi.org/10.1016/j.tca.2009.12.005
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f activation energy was determined from isothermal measure-
ents (E = 220 ± 10 kJ/mol). Using non-isothermal measurements

e showed that the activation energy, calculated with Ozawa’s
ethod, varied with mass conversion, having an average value of

80 ± 10 kJ/mol. The values of E calculated with Coats and Redfern’s
ethod showed enough scattering – the values varied between

50 and 290 kJ/mol – and by Friedman’s method was found to
e E = 170 ± 10 kJ/mol. Saha and Ghoshal [10] studied the thermal
egradation of PET using soft drink bottles. The calculated val-
es of E was 162.1 and 210.6 kJ/mol using the ASTM E698 method
ith first reaction order and 322.3 and 339 kJ/mol using nth-order
odel for two different samples. Also, Saha et al. [11] used the
yazovkin model-free approach to study non-isothermal decom-
osition kinetics of waste PET samples using various temperature

ntegral approximations, such as Coats and Redfern, Gorbachev,
nd Agrawal and Sivasubramanian. Their results showed that the
ctivation energy was a weak but increasing function of mass con-
ersion in case of non-isothermal decomposition and strong and
ecreasing function of conversion in case of isothermal decompo-
ition.

In the present study PET nanocomposites containing different
mounts of organically modified montmorillonite (OMMT) and
umed silica nanoparticles (SiO2) were prepared by in situ poly-

erization and studied.
The objective of this study was the characterization of PET

anocomposites and to study the effect of different types of
anoparticles on PET properties as well as its thermal stability. Par-
icularly, kinetics and the mechanism of thermal decomposition
ere studied, while the activation energy of the process was also

alculated. Furthermore, since neat MMT cannot be sufficiently dis-
ersed into the polymer matrix, in the present study organically
odified montmorillonite (OMMT) with a triphenylphosphine

ompound was used. The modification was achieved using a ther-
ally stable modifier.

. Experimental

.1. Materials

Dimethyl terephthalate (DMT) (99%), anhydrous 1,2-ethanediol
EG) (99%), antimony trioxide (Sb2O3) (98%) and triphenylphos-
hate (TPP) (95%) were obtained from Fluka. Zinc acetate
(CH3CO2)2Zn] (99.99%) was purchased from Sigma–Aldrich.
umed silica nanoparticles (SiO2) under the trade name AEROSIL®

00 were supplied by Degussa AG (currently Evonik Indus-
ries) (Hanau, Germany). The nanoparticles had an average
rimary particle size of 12 nm, a specific surface area of
00 m2 g−1 and a SiO2 content >99.8%. Pristine montmoril-

onite [Nax(Al4−xMgx)Si8O20(OH)4, 0.5 ≥ x ≥ 1.3] under the trade
ame Cloisite Na+ was obtained from Southern Clay Products

nc. (Gonzales, TX, USA). It had a Cation Exchange Capac-
ty (CEC) of 92 mequiv./100 g. Triphenylphosphine ((C6H5)3P)
≥95.0%) and 1-chlorohexadecane (CH3(CH2)15Cl) (≥97.0%) were
upplied from Sigma–Aldrich. All other materials and sol-
ents used for the analytical methods were of analytical
rade.

.2. Modification of montmorillonite

To prepare the organic modifier for the pure montmorillonite 1-

hlorohexadecane and triphenylphosphine were added in a round
ottom flask at a molar ratio of 1:1. The mixture was heated in an

nert atmosphere (argon) at 100 ◦C for 2 h under constant mechan-
cal stirring. The final viscous product was extensively washed

ith petroleum ether and dried at 50 ◦C for 24 h. For the mod-
ica Acta 500 (2010) 21–29

ification of the neat montmorillonite 25 g of Cloisite-Na+ were
added in 1 L of distilled water and the suspension was stirred
for 24 h. The suspension was then cooled (0–5 ◦C) and 30 mmol
of the aforementioned synthesized organic modifier dissolved in
100 mL of distilled water was added drop-wise. After 3 h of stir-
ring at 0–5 ◦C, the white precipitate was removed by filtration,
washed with distilled water until no chloride ions were detectable
from an aqueous solution of AgNO3. Subsequently, the sample
was left to dry at room temperature under vacuum for 24 h, and
then it was suspended in petroleum ether under constant stir-
ring for 3 h. The sample was removed by filtration and washed
again with additional petroleum ether. Finally, the organically
modified montmorillonite, MMT-Ph3P+C16Cl (OMMT), was dried at
70 ◦C for 24 h.

2.3. In situ preparation of PET/OMMT and PET/SiO2
nanocomposites

Nanocomposites of poly(ethylene terephthalate) were prepared
in situ by the two-stage melt polycondensation of DMT and EG in
a glass batch reactor. The nanoparticles were dried in vacuum at
120 ◦C for 24 h. Appropriate amount of filler was dispersed in EG
by ultrasonic vibration (50 W) and intense stirring with a magnetic
stirrer (300 rpm) for 10 min prior to polymerization. Zinc acetate
was added (1 × 10−3 mol/mol DMT) and DMT at a molar ratio of
DMT/EG = 1/2.2. The mixture was de-aired and purged with argon
tree times. Subsequently, it was heated at 190 ◦C for 1 h, under con-
stant mechanical stirring (500 rpm). The methanol produced by the
transesterification reaction was removed from the mixture by dis-
tillation and collected in a graduated cylinder. The temperature was
raised to 230 ◦C and the reaction continued for a further 2 h, were
the complete removal of the anticipated produced methanol took
place.

During the second stage, under an argon atmosphere, the poly-
condensation catalyst (Sb2O3, 250 ppm) and TPP (0.03 wt.% DMT)
as thermal stabilizer, dispersed in a small amount of EG, were
added in the mixture. TPP is known to prevent side reactions such
as etherification and thermal decomposition. Afterwards, vacuum
was applied (∼5 Pa) slowly, over a period of 15 min, to avoid exces-
sive foaming and to minimize oligomer sublimation, which is a
potential problem during the melt polycondensation. The tempera-
ture was raised to 280 ◦C and the reaction ensued for 2 h. When the
polycondensation reaction was completed, the reaction tube was
broken to remove the product out of the flask. All polyester sam-
ples, after the glass particles were removed with a grinder, were
grounded in a mill, sieved, washed with methanol and dried at
110 ◦C for 12 h.

Different amounts of filler were added at the beginning
of the transesterification reaction. PET/OMMT and PET/SiO2
nanocomposites were prepared containing 0.5, 1.0 and 2.0 wt.% of
nanoparticles.

2.4. Intrinsic viscosity

Intrinsic viscosity [�] measurements on the isolated polymers
were performed using an Ubbelohde viscometer cap. Ic at 25 ◦C in
phenol/tetrachloroethane 60/40 w/w at a solution concentration of
1 wt.%. The solutions were filtered through a disposable membrane
filter 0.2 �m (Teflon) prior to the measurement.
The number-average molecular weight M̄n of the samples was
calculated from intrinsic viscosity [�] values, using the Berkowitz
equation [12]:

M̄n = 3.29 × 104 × [�]1.54 (1)
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Table 1
Molecular weight, thermal and mechanical properties of the prepared PET nanocomposites.

Sample [�] (dL/g) M̄n (g/mol) Tg (◦C) Tcc (◦C) Tm (◦C) �Hm (J/mol) Tensile strength (MPa)

PET 0.63 16 000 82.3 161.7 250.8 32.2 32 ± 1.3
PET + 0.5 wt.% SiO2 0.74 20 500 82.3 153.2 250.9 31.8 36 ± 1.9
PET + 1.0 wt.% SiO2 0.70 19 200 83.4 143.2 251.5 32.3 40 ± 1.6
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PET + 2.0 wt.% SiO2 0.69 18 500 83.6
PET + 0.5 wt.% OMMT 0.63 16 000 82.3
PET + 1.0 wt.% OMMT 0.71 19 500 82.3
PET + 2.0 wt.% OMMT 0.82 24 000 82.8

.5. Differential scanning calorimeter (DSC)

The thermal measurements were carried out using a Setaram
SC141 unit. Temperature and energy calibrations of the instru-
ent were performed at different heating rates, using the melting

emperatures and melting enthalpies of high-purity zinc, tin and
ndium supplied with the instrument. The samples used were in
owder form and weighed about 7 mg. They were crimped in alu-
inum crucibles and an empty aluminum crucible was used as

eference. The samples were heated to 280 ◦C at a scanning rate
f 20 ◦C/min, remained at that temperature for 3 min, then they
uenched rapidly in cold water in order to be obtained in the amor-
hous state and rescanned again to 280 ◦C at the same heating rate.
constant nitrogen flow was maintained to provide a constant

hermal blanket within the DSC cell, thus eliminating thermal gra-
ients and ensuring the validity of the applied calibration standard
rom sample to sample. From the recorded thermograms the glass
ransition temperature (Tg), cold-crystallization temperature (Tcc),

elting point (Tm) and heat of fusion (�Hm) were measured.

.6. Transmission electron microscopy

Electron diffraction (ED) and transmission electron microscopy
TEM) observations were made on ultra thin film samples of the var-
ous nanocomposites prepared by an ultra-microtome. These thin
lms were deposited on copper grids. ED patterns and TEM micro-
raphs were obtained using a JEOL 120 CX microscope operating at
20 kV. To avoid the destruction of the films after exposure to the
lectron irradiation, an adequate sample preparation is required,
hus, the thin films were coated with carbon black.

.7. X-ray diffraction patterns (XRD)

X-ray diffraction measurements of the samples were per-
ormed by an automated Philips PW 1050 powder diffractometer
ith Bragg-Brentano geometry (�–2�), using Cu Ka radiation

� = 0.15406 nm) over the range 2� range from 5◦ to 55◦ at steps
f 0.05◦ and counting time of 5 s at room temperature.

.8. Mechanical properties

Measurements of tensile mechanical properties of the prepared
anocomposites were performed on an Instron 3344 dynamome-
er, in accordance with ASTM D638, using a crosshead speed of
0 mm/min. Relative thin sheets of about 150 ± 10 �m were pre-
ared using an Otto Weber, Type PW 30 hydraulic press connected
ith an Omron E5AX Temperature Controller, at a temperature of

70 ± 5 ◦C. The moulds were rapidly cooled by immersing them in
ater at 20 ◦C. From these sheets, dumb-bell-shaped tensile test

pecimens (central portions 5 mm × 0.5 mm thick, 22 mm gauge

ength) were cut in a Wallace cutting press and conditioned at
5 ◦C and 55–60% relative humidity for 48 h. The values of tensile
trength at the break point were determined. At least five speci-
ens were tested for each sample and the average values, together
ith the standard deviations, are reported.
128.5 253.6 31.5 45 ± 2.2
152.6 255.6 32.4 33 ± 1.5
148.4 256.1 32.5 35 ± 2.1
142.1 256.2 32.6 39 ± 1.9

2.9. Thermogravimetric analysis

Thermogravimetric (TG) analysis was carried out with a
SETARAM SETSYS TG-DTA 1750 ◦C. Samples (5.5 ± 0.2 mg) were
placed in alumina crucibles. An empty alumina crucible was used
as reference. Samples were heated from ambient temperature to
600 ◦C in a 50 mL/min flow of N2. Heating rates of 5, 10, 15 and
20 ◦C/min were used and continuous recordings of sample tem-
perature, sample weight, its first derivative and heat flow were
taken.

3. Results and discussion

3.1. Characterization of PET nanocomposites

In most of the reported studies in the literature the nanocom-
posites were prepared using the solvent mixing or melt mixing
methods, since these are very easy methods and economical. How-
ever, the main drawback of these methods is the poor dispersion
of the nanoparticles into the polymer matrix. In the present study
PET nanocomposites were prepared in situ through polymerization
of PET by the two-stage melt polycondensation reaction with the
nanoparticles added at the beginning of polymerization. Since both
SiO2 and OMMT nanoparticles have a lot of surface reactive groups
it was believed that these could interact with the –COOH or –OH end
groups of PET and a better dispersion of the nanoparticles would
be achieved. The intrinsic viscosity of pure PET that was prepared
according to the described experimental procedure was 0.63 dL/g,
corresponding to a molecular weight of 16 000 g/mol (Table 1).

The presence of the different types of nanoparticles in the poly-
merization mixture affected the reaction, leading to variations
of the final intrinsic viscosities of the prepared nanocomposites.
As shown in Table 1, the intrinsic viscosity was in all nanocom-
posites higher compared to pure PET. Such an increase was also
found in our previous studies by adding SiO2 nanoparticles in
poly(�-caprolactone) [13] and poly(butylene succinate) [14]. SiO2
nanoparticles contain surface silanol groups ( Si–OH) which due to
their weak acidic nature can interact with the hydroxyl end groups
of polyesters. The possibility of such a reaction between the sur-
face silanol groups of fumed silica nanoparticles and the hydroxyl
end groups of the polymer were first hinted in one of our previous
study in nanocomposites consisted by poly(ethylene terephthalate)
and fumed silica nanoparticles [15]. More substantiation was sub-
sequently obtained by measurements using solid-state 29Si NMR
and FTIR on nanocomposites of fumed silica with PET [16] and
PBSu, indicating the possibility of covalent bonding between the
fumed silica nanoparticles and the PBSu polymer backbone chain
[17]. Thus, the nanoparticles could act as multifunctional additives,
increasing the molecular weight of the polymer. However, as was
found from our previous studies, at higher contents, due to the

extended reactions, branched and crosslinked macromolecules are
formed reducing the molecular weight [15,18].

In the case of PET/OMMT nanocomposites there is a continuous
increase of molecular weight of PET as the OMMT content increases
(Table 1). This effect could be attributed to the better thermal stabil-



24 A.A. Vassiliou et al. / Thermochimica Acta 500 (2010) 21–29

ontaining (a) 1.0 wt.% and (b) 2.0 wt.% of SiO2 nanoparticles.
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Fig. 1. TEM micrographs of PET/SiO2 nanocomposites c

ty of PET and the suppressions of thermal decomposition reactions
hat took place during PET synthesis. Also, a possible increase of the
eat conductivity of the polymerization mixture, due to the pres-
nce of the inorganic filler, could also contribute to the observed
rend.

The dispersion of PET nanocomposites containing SiO2 nanopar-
icles was studied by TEM micrographs (Fig. 1). As can be seen,
he dispersion was very fine, even at the highest concentration of
wt.% of SiO2. Furthermore, it was clear that very small aggregates

<200 nm), which are almost inevitable for such nanoparticles, co-
xist with single nanoparticles in the samples.

To investigate the degree of dispersion of OMMT in the PET
atrix X-ray diffraction patterns and TEM micrographs were used

omplementary. For the pristine MMT, a strong X-ray diffraction
eak at 2� = 7.58◦ (Fig. 2) was caused by the diffraction of the
0 0 1) crystal surface of layered silicates, equaling a d-spacing of
bout 11–12 Å. After treatment with the triphenylphosphine com-
ound this peak was almost disappeared and a new was recorded
t 2� = 2.39◦, indicating that the distance between the silicate lay-
rs was increased. As shown in Fig. 2, at the concentrations of 1
nd 2 wt.% OMMT the peak corresponding to the crystallographic
lane (0 0 1) (d(0 0 1)) of OMMT (2.39◦) does not appear. This means
hat a fine dispersion of the montmorillonite plates into the PET

atrix has been achieved, since with the help of the organic mod-

fier the polymer macromolecules were able to penetrate between
he montmorillonite layers increasing the distance between them
nd ultimately leading to their separation. Therefore, the montmo-
illonite was dispersed in the exfoliated form into the PET matrix
ndicating the effectiveness of triphenylphosphine compound. It

Fig. 3. TEM micrographs of PET/OMMT nanocomposites contai
Fig. 2. XRD patterns of PET/OMMT nanocomposites.

should be noted that the small peak present at 2� = 7◦ in the diffrac-
tion pattern of OMMT was, after calculations, confirmed to be due

to the crystallographic plane (0 0 2) (d(0 0 2)) of montmorillonite.

The above became more self-evident in the TEM micrographs
of these samples (Fig. 3). For concentrations up to 2 wt.% the layers
of montmorillonite were mainly separated and dispersed finely in

ning (a) 1.0 wt.% and (b) 2.0 wt.% of OMMT nanoparticles.
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higher surface area in contact with semicrystalline polymer matri-
ig. 4. Tensile strength of PET nanocomposites containing different amounts of SiO2

nd OMMT nanoparticles.

he polymer matrix. However, some small intercalated aggregates
ould also be observed in the samples, but for concentration even up
o 2 wt.% these were of low magnitude. Considering, furthermore,
he relatively very small concentration of the nanoparticles in the
ample it becomes evident why these intercalated structures were
ot detected with the XRD method.

The variations of molecular weights and the fine dispersion of
anoparticles, as verified above, affected the mechanical proper-
ies of the nanocomposites [19]. Neat PET is very brittle and breaks
efore yield point with tensile strength 32 ± 1.3 MPa (Fig. 4). This
rittleness remains also in all nanocomposites. However, there are
ubstantial improvements in their mechanical properties. In the
ase of PET/SiO2 nanocomposites tensile strength increases con-
inuously by increasing SiO2 content. Taking into account that

olecular weight remains the same in all nanocomposites, this
ncrease should be attributed to the produced branched macro-

olecules [15]. Such behavior was also found in our previous study
y using multifunctional co-monomer as crosslinking additive [20].
n additional proof about this claim is that PET/OMMT nanocom-
osites have lower tensile strength, compared with PET/SiO2
anocomposites. In this case it is very difficult branched macro-
olecules to form and the recorded increase in tensile strength

hould be attributed to the reinforcement effect of nanoclay. This
s a substantial improvement in tensile strength compared with
eported values in literature, where a decrease in tensile strength
as observed when clays modified with quaternary ammoniums
ere used [21]. These modifiers are reducing the molecular weight

f PET, while the used in our paper based on triphenylphosphine
as not such effect.

Branched macromolecules can also affect the thermal proper-
ies of PET nanocomposites. As can be seen from Table 1 the glass
ransition temperatures of PET/SiO2 nanocomposites tend to shift
o higher temperatures by increasing SiO2 content. These results
re in agreement with those reported in literature [22–24]. As
entioned, usually the Tg of a polymeric matrix tends to increase
ith the addition of nanoparticles, due to the interactions between

he polymer chains and the nanoparticles and to the reduction
f macromolecular chain mobility at the zone surrounding the
anoparticles [22–24]. This transition zone exhibits higher mod-
lus and Tg, both of which are gradually reduced with increasing

istance from the filler surface. However, in the case of PET/OMMT
anocomposites the differences in Tg values are negligible and
hus the recorded increase in PET/SiO2 nanocomposites should be
ttributed mainly to the formed branched macromolecules [20,25].
Fig. 5. Cold-crystallization temperatures of (a) PET/SiO2 nanocomposites and (b)
PET/OMMT nanocomposites containing different content of nanoparticles.

In the case of PET/OMMT despite good dispersion of nanoparti-
cles in the PET matrix, there is no strong interaction so that the
polymer chains experience no significant nanoconfinement, i.e., no
significant restriction in their mobility.

The melting point of PET was recorded at 250.8 ◦C while in
the nanocomposites a slight increase was found by increasing the
amount of SiO2 and OMMT nanoparticles. This could be attributed
to a nucleation effect by the nanoparticles, increasing the degree
of crystallinity of PET. However, as can be seen from the heat
of fusions, the effect of the nanoparticles on the degree of crys-
tallinity seems to be negligible. The nucleation effect of SiO2 and
OMMT nanoparticles can be seen more characteristically from
cold-crystallization temperature (Tcc) measurements. For cold-
crystallization behavior, the Tcc values of nanocomposites are lower
than that of pure PET (Fig. 5). For example, Tcc is decreased from
161.2 ◦C of neat PET to 142.2 ◦C of PET containing 1 wt.% SiO2 or to
148.4 ◦C of PET containing 1 wt.% OMMT. The decrease of Tcc means
that the cold-crystallization of PET in nanocomposites becomes
easier than in neat PET. This lower cold-crystallization temperature
can be attributed to SiO2 and OMMT nanoparticles which acting as
nucleating agents is enhancing the crystallization of PET macro-
molecules. This is probably due to the fact that nanoparticles have
ces and thus induce a heterogeneous nucleation effect [26–30].
Comparing the differences in cold-crystallization temperatures of
PET nanocomposites it can be seen that the recorded values for
PET/SiO2 nanocomposites are lower than the corresponding of
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ig. 6. (a) Mass (%) versus temperature and (b) derivative mass (DTG) versus tem-
erature at a heating rate of ˇ = 10 ◦C/min for PET nanocomposites with OMMT.

ET/OMMT nanocomposites. This indicates that maybe SiO2 has a
igher nucleating effect than OMMT. One possible reason for such
ehavior is that SiO2 interacts with PET matrix forming covalent
onds [15] and a second reason is that maybe SiO2 has a finer dis-
ersion into PET matrix than OMMT. Thus, the available surface in
ontact with PET macromolecules may be higher.

.2. Thermogravimetric analysis

Thermal degradation of PET with different concentrations of
MMT and SiO2 was studied by determining its mass during heat-

ng. In Figs. 6 and 7 the mass (%) and the derivative mass (DTG)
urves of all studied samples are presented, at a heating rate of
0 ◦C/min. It is well known that when montmorillonite is used as
n additive, in order to achieve a finer dispersion into the polymer
atrix it is usually modified with organic additives, mainly with

mmonium salts [19]. However, montmorillonites modified with
uch organic additives these are not particularly stable [31] and
annot be used in the case of PET, which has a melting point and pro-
essing temperature higher than 250 ◦C. Furthermore, the reactive
mmonium groups can incur degradation of PET though aminoly-

is reactions. For the aforementioned reasons, in the present study
thermally stable modifier was prepared. In particular a phos-

honium salt, which are known to be thermally stable and are
haracterized by less toxicity compared to their ammonium coun-
erparts [31]. Moreover, the thermal stabilizing effect of phosphoric
Fig. 7. (a) Mass (%) versus temperature and (b) derivative mass (DTG) versus tem-
perature at a heating rate of ˇ = 10 ◦C/min for PET nanocomposites with SiO2.

compounds on polymers is very well established and documented.
As can be seen from its thermogravimetric curve the decomposi-
tion of OMMT took place at three different stages. At first stage, a
small mass loss (less than 5 wt.%) gradually occurred up to 300 ◦C,
at which mainly the absorbed water of montmorillonite was lost.
The highest rate of the second decomposition stage took place at
about 325 ◦C, which is a lot higher compared to the temperature at
which PET is synthesized, while the third decomposition stage took
place at a temperature of 470 ◦C. This confirmed that a thermally
stable organically modified montmorillonite was prepared.

Concerning the nanocomposites, from the thermogravimetric
curves it can be seen that PET and the samples with different
nanoparticles presented a good thermostability. No remarkable
mass loss occurred up until 330 ◦C (<0.4%) for PET-OMMT (Fig. 6)
and 320 ◦C (<0.5%) for PET-SiO2 (Fig. 7). As seen from the peak of
the first derivative, the temperature at which the PET decompo-
sition rate was highest was at Tp = 436.4 ◦C, for a heating rate of
10 ◦C/min. The same temperature was at Tp = 437.8 ± 1.3 ◦C for PET-
OMMT and at Tp = 436.2 ± 0.2 ◦C for PET-SiO2. The shape of the mass
curve was the same in all samples while the above mentioned tem-

peratures were slightly affected by the nanoparticles’ amount. The
recorded differences as seen from the first derivative curve were
in the area of experimental error. Thus, in the case of PET/OMMT
nanocomposites it could be said that the addition of OMMT caused
a stabilization effect, while in the case of PET/SiO2 nanocompos-
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ig. 8. Mass (%) curves at different heating rates ˇ for PET containing 2.0 wt.% SiO2.
1) ˇ = 5 K min−1, (2) ˇ = 10 K min−1, (3) ˇ = 15 K min−1, (4) ˇ = 20 K min−1.

tes the effect of SiO2 on PET’s thermal degradation was negligible.
hese differences could be attributed to the different shapes and
agnitude of the used nanoparticles. Montomorillonite nanopar-

icles have a plate-like shape exhibiting high length, while silica
anoparticles have a spherical shape. Thus, OMMT nanoparticles
ave a better shielding effect and the evolved gases during thermal
ecomposition are difficultly liberated from the matrix.

In order for the degradation mechanism of PET with OMMT and
iO2 to be analysed more thoroughly, it was important that the
inetic parameters (activation energy E and pre-exponential factor
) and conversion function f(˛) were evaluated. The relationship
etween kinetic parameters and conversion (˛) can be found by
sing the mass curves recorded in TG dynamic thermograms. Since
he effect of small nanoparticles amounts seems to be very small,
nly nanocomposites containing the highest nanoparticles con-
ent were studied. The thermogravimetric curves of PET containing
.0 wt.% SiO2 heated under N2 at different heating rates are shown

n Fig. 8, as an example, at the temperature range just above the
elting point up to 550 ◦C. It was clear that the peak temperature,

p, shifted to higher values with increasing heating rate.
The activation energy E can be calculated by various methods.

ne of them is the isoconversional method of Ozawa, Flynn and
all (OFW) [32,33]. It is, in fact, a “model-free” method which

ssumes that the conversion function f(˛) does not change with the
lteration of the heating rate for all values of the fractional extent
f reaction ˛. It involves the measuring of the temperatures cor-
esponding to fixed values of the degree of the mass conversion ˛
rom experiments at different heating rates ˇ using the following
quation:

n ˇ = ln
[

Af (˛)
da/dT

]
− E

RT
(2)

Therefore, plotting ln(ˇ) against 1/T according to Eq. (2) should
ive straight lines, the slope of which is directly proportional to
he activation energy (−E/R). If the determined activation energy
s the same for the various values of ˛, the existence of a single-
tep reaction can be concluded with certainty. On the contrary, a
hange in E with increasing degree of conversion is an indication of
complex reaction mechanism that invalidates the separation of
ariables involved in the OFW analysis [34]. These complications
re serious, especially in the case where the total reaction involves
ompetitive reaction mechanisms.

In order to calculate the activation energy of PET nanocom-
osites their mass curves were used. In Fig. 9 the dependence of
Fig. 9. Dependence of the activation energy (E) on the degree of the conversion (˛)
of the mass loss, as calculated with the OFW method for the different samples (lines
are drawn to guide the eye).

the activation energy (E) versus conversion ˛ for PET, PET con-
taining 2.0 wt.% OMMT and PET containing 2.0 wt.% SiO2 can be
seen comparatively. It can be seen that OMMT improves slightly
the thermal stability of PET but SiO2 not, as was already discussed
before. This is very important since in literature poor improvement
in PET/clay nanocomposites was reported [35,36] indicating that
the prepared organic modifier has not a negative effect in thermal
stability of PET. The poor improvements in thermal stability of the
PET/SiO2 nanocomposites prepared hereby probably arise from the
low inorganic content used, conjugated to the obtaining of interca-
lated structures rather than exfoliated structures. These results are
in agreement with a previous paper concerning the enhancement
thermal stability of polystyrene by using clay nanoparticles [24]. It
was reported that the presence of intercalated clay nanoparticles
has a stronger stabilizing effect in the early stages. This is because
the plate nanoparticles form a more effective diffusion barrier
and thus the diffusion of formed gasses during thermal degrada-
tion of PET is hindered. Furthermore, from our previous study on
PCL nanocomposites it was found by TGA analysis that organically
modified montmorillonite and fumed silica nanoparticles acceler-
ated the decomposition of PCL due to respective aminolysis and
hydrolytic reactions that the surface reactive groups these mate-
rials can induce [18]. On the other hand, carbon nanotubes and
unmodified montmorillonite decelerated the thermal degradation
of PCL due to a shielding effect.

The reaction mechanism of polymer decomposition is a very
complex radical chain mechanism, including initiation, propaga-
tion and termination reactions. As it is well known, two main types
of reaction models are generally applied on the thermal degrada-
tion of polymers: the nth-order model with only one parameter
and the first-order model. Other models have also been used occa-
sionally, but they are complex models containing several fitting
parameters.

To determine the conversion function f(˛) we used a method
referred to as the “model-fitting method” [37–41]. This method,
that does not assume the knowledge of E and f(˛) in advance, was
applied simultaneously on the experimental data taken at the heat-
ing rates ˇ = 5, 10, 15 and 20 ◦C/min. For the fitting we did not use

only the two reaction models which are usually used but different
kinetic models were used.

In Fig. 10 the results of this fitting for PET containing 2 wt.%
OMMT can be seen as an example. The form of the conversion
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Fig. 10. Fitting (red line) and experimental mass (%) (black symbols) curves for all
the different heating rates ˇ for PET containing 2.0 wt.% OMMT. (1) ˇ = 5 K min−1,
(2) ˇ = 10 K min−1, (3) ˇ = 15 K min−1, (4) ˇ = 20 K min−1.

Table 2
Calculated values of activation energy, pre-exponential factor and exponent n for
all studied samples.

Samples log A E (kJ/mol) n log Kcat
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PET 14.05 223.5 1.51 0.73
PET/OMMT 2 wt.% 14.46 228.3 1.49 0.57
PET/SiO2 2 wt.% 13.95 222.1 1.62 0.73

unction, obtained by fitting, was the mechanism of nth-order
uto-catalysis for all the studied samples, that is described by the
quation f(a) = (1 − ˛)n(1 + KcatX) where Kcat is a constant and X a
roduct in the complex model. The correlation coefficient in all
ases was above 0.9999. This model is much more complicated than
he nth-order reaction (f(a) = (1 − ˛)n) denting that the decomposi-
ion mechanism is a complicated one and for its description must
e used not a simple reaction model.

The calculated parameters are presented in Table 2 for all the
tudied samples. The values of the activation energy were between
he limits of the calculated values by the Ozawa method. As can
e seen, the fitting to the experimental data was very good for all
he range of ˛. The activation energy of PET was similar to that
f its nanocomposite containing fumed silica nanoparticles, while
he activation energy of PET containing OMMT was much higher,
ndicating that OMMT caused a better stabilization effect on the
hermal decomposition of PET.

. Conclusions

The in situ prepared PET nanocomposites showed a fine dis-
ersion of nanoparticles into the polymer matrix. The synthesized
rganic modifier of montmorillonite based on triphenyphosphine
s a thermally stable modifier appropriate for use in the prepara-
ion of exfoliated PET/montmorillonite nanocomposites. The used
anoparticles affect directly the molecular weight of PET and cause
substantial enhancement on its tensile strength. Furthermore,

oth types of nanoparticles act as nucleating agents increasing the
rystallization rate of PET since cold-crystallization temperatures
ifts to lower values.
From the thermogravimetric curves of PET and its nanocompos-
tes with organically modified montmorillonite and SiO2 prepared
n situ, it was revealed that all samples presented a good ther-

ostability. No remarkable mass loss occurred up until 320–330 ◦C
<0.4%).

[
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The activation energies for all values of ˛ of neat PET and
its nanocomposites were determined using the isoconversional
method of Ozawa, Flyn, Wall. It was found that OMMT incurred
better thermal stability of PET compared to SiO2 nanoparticles,
since, due to their dispersion in mainly exfoliated form into the
PET matrix, much higher surface was available to interact with PET.
The degradation mechanism of all studied samples was nth-order
auto-catalysis denoting that for a more precise description of the
degradation of these nanocomposites, more complicated mecha-
nisms must be used instead of the usually used in the polymers,
like the nth-order reaction.
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