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ABSTRACT: In this study, poly(ethylene terephthalate)
(PET)/attapulgite (AT) nanocomposites were prepared
through the in situ polymerization of terephthalic acid,
ethylene glycol, and AT, which was not premodified. By
means of this new method, PET chains were successfully
grafted onto the surface of AT, and this was confirmed
by Fourier transform infrared spectroscopy, thermogravi-
metric analysis, and scanning electron microscopy. Trans-
mission electron microscopy micrographs revealed that
AT was well dispersed in the PET matrix. Differential
scanning calorimetry and thermogravimetric analysis
were used to investigate the thermal properties of the

nanocomposites. The results suggested that the addition
of AT could accelerate the crystallization rate and
enhance the thermal stability of PET. Dynamic mechani-
cal analysis results showed that the storage modulus of
the PET/AT nanocomposites was greatly improved in
comparison with that of pure PET. The tensile strength
and modulus increased with increasing AT content.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 110: 140-146,
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INTRODUCTION

In recent years, increased interest has been devoted
to the synthesis of nanostructured polymer/inor-
ganic nanocomposites because of their tremendously
improved properties in comparison with conven-
tional materials, such as electrical/magnetic proper-
ties, mechanical properties, thermal stability, gas-
barrier properties, and fire retardancy.'™ One of the
key points to the exceptional properties exhibited by
polymer/inorganic nanocomposites is the homoge-
neous dispersion of the nanoscale particles in the
polymer matrices. Many technologies have been
developed to improve the distribution of particles
and the bonding interaction between the particles
and the matrix. Generally, polymer/inorganic nano-
composites can be prepared by in situ polymeriza-
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tion,*” melt blending/ extrusion,®® or solution
blending.'”'" Tt has been proved that a homogene-
ous nanostructure can be formed in nanocomposites
by an in situ polymerization process.

Poly(ethylene terephthalate) (PET) is a semicrystal-
line, low-cost thermoplastic polyester with good
properties such as chemical resistance and thermal
stability, and it has been widely used in the fields of
fibers and nonfibers. However, disadvantages such
as a low modulus and a low rate of crystallization
limit its use in engineering applications. To over-
come these shortcomings and improve its mechani-
cal properties, many attempts have been made to
prepare PET/inorganic nanocomposites. So far,
many successful examples of PET/inorganic nano-
composites have been reported.'*”

Attapulgite (AT), a kind of natural, fibrous silicate
clay with exchangeable cations and reactive —OH
groups on its surface, has been widely used as an
environmental absorbent, catalyst, carrier for pesti-
cides and fertilizers, rheological control agent, and
so on.'®?° Because of its special morphology, surface
properties, and low price, AT has drawn much
attention in the preparation of polymer/AT nano-
composites. The polymer matrix includes polypro-
pylene,®! poly(acrylic acid),”** polyamide***

epoxy
resin, and so on.'%?*3 Lj et al.** investigated the
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superabsorbent properties of a poly(acrylic acid)/AT
composite and found that the composite exhibited
excellent water absorbency and water retention under
load. Lu et al.” treated AT with a simple organic
modification to prepare epoxy nanocomposites; the
results showed that the storage modulus and dimen-
sional stability of the epoxy nanocomposites were
improved significantly. However, in all cases, prior
surface modification of AT was required, and up to
now, only a few studies have been reported on the
preparation of PET/AT nanocomposites.**

Herein we present a convenient in situ polymer-
ization route for the preparation of PET/AT nano-
composites in which AT is not premodified. The
monomers of PET, that is, terephthalic acid (TPA)
and ethylene glycol (EG), are first reacted with the
hydroxyl group on the AT surface, and then nano-
composites form by polycondensation. By means of
this grafting-from method, AT is uniformly dis-
persed in the PET matrix. The greatest advantage of
this study is that the thermal and mechanical prop-
erties of PET can be significantly improved with a
very low loading of unmodified AT.

EXPERIMENTAL
Materials

AT was kindly supplied by Jiangsu Autobang Inter-
national Co. (Jiangsu, China). TPA and antimony ac-
etate (used as a catalyst) were obtained from
Changzhou Huayuan Radics Co., Ltd. (Jiangsu,
China). EG, phenol, tetrachloroethane, trifluoroacetic
acid, chloroform, and absolute ethanol were pur-
chased from Shanghai Chemical Reagent Corp.
(Shanghai, China). All reagents were used without
further purification.

Preparation of the pure PET and
PET/AT nanocomposites

A given weight of AT was dispersed in deionized
water and mixed with EG by ultrasonication for 10
min at room temperature. Then, the solution of AT
and water/EG, TPA, and antimony acetate (250 ppm
antimony with respect to the polymer) were mixed
and introduced into a homemade reactor. The water
was evaporated at 90°C under reduced pressure. Af-
ter direct esterification and polycondensation, PET/
AT nanocomposites were obtained. The details of
polymerization can be found in our previous work.*
Pure PET was synthesized under the same reaction
conditions mentioned previously in the absence of
AT. The PET/AT nanocomposites with 0.5, 1, and
2 wt % AT were labeled PET/0.5AT, PET/1AT, and
PET/2AT, respectively.

To isolate the PET-grafted AT nanocomposites
from the PET/AT nanocomposites containing un-
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grafted PET, the PET/AT nanocomposites were dis-
persed in a mixture of phenol and tetrachloroethane
(30/50 w/w). There was no insoluble portion found,
and the complete dispersion was obtained. The dis-
persion was centrifuged at 10,000 rpm until the AT
was precipitated. The supernatant solutions were
added dropwise to a 10-15-fold excess of methanol.
Then, the precipitated AT was repeatedly redis-
persed in the aforementioned mixture of solvents
and separated again by centrifugation. This dissolu-
tion—precipitation procedure was repeated until no
more precipitate formed when the supernatant lig-
uid was added dropwise to methanol, and this indi-
cated that no ungrafted and adsorbed PET could be
removed. The resulting solid materials, that is, PET-
grafted AT nanocomposites, were washed exten-
sively with absolute ethanol to remove the solvent
and dried to a constant weight at 80°C in vacuo. The
PET-grafted AT nanocomposites, separated from the
PET/0.5AT, PET/1AT, and PET/2AT nanocompo-
sites, were labeled PET-grafted 0.5AT, PET-grafted
1AT, and PET-grafted 2AT, respectively.

Characterization

Fourier transform infrared (FTIR) spectra of AT and
PET-grafted AT nanocomposites were recorded at
the ambient temperature on a Nicolet Magna-IR 750
spectrometer (Nicolet Instrument Co., USA) over the
range of 400-4000 cm ™ '. The sample was ground
with dried potassium bromide (KBr) powder and
compressed into a disc and then was subjected to
analysis.

Transmission electron microscopy (TEM) images
of PET/AT nanocomposites were obtained on a
JEOL 100CX II transmission electron microscope
(JEOL Ltd., Japan) operated at 120 kV. The nano-
composites samples were cut into approximately 80—
100-nm-thick slices with an ultramicrotome with a
diamond knife.

The morphology of AT and PET-grafted AT nano-
composites was observed with a Sirion 200 field
emission scanning electron microscope (FEI Co.,
USA). AT and PET-grafted AT nanocomposites were
fully dispersed in ethanol and a mixture of trifluoro-
acetic acid and chloroform (1/20 v/v), respectively.
After the evaporation of the solvents, the samples
were coated with a thin layer of gold before the
scanning electron microscopy (SEM) examination.

Differential scanning calorimetry (DSC) measure-
ments were performed with a PerkinElmer Pyris
Diamond differential scanning calorimeter (Pyris
software, version 6.5) (Perkin Elmer, Inc., USA).
Under a nitrogen atmosphere, the samples (4-5 mg)
of pure PET and PET/AT nanocomposites were first
heated to 270°C at a heating rate of 10°C/min and
then annealed at this temperature for 5 min to
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Scheme 1 Sketch map of the structure of the PET/AT
nanocomposites.

remove the thermal history before cooling at 10°C/
min.

Thermogravimetric analysis (TGA) was performed
with a PerkinElmer Pyris-1 thermal analyzer (Perkin
Elmer, Inc.,, USA). The samples of pure PET and
PET/AT nanocomposites were heated to 750°C at a
rate of 10°C/min under a nitrogen atmosphere,
whereas AT and PET-grafted AT nanocomposites
were heated to 750°C at a rate of 10°C/min in air.

Dynamic mechanical analysis (DMA) was per-
formed on the samples of pure PET and PET/AT
nanocomposites with a PerkinElmer Diamond
dynamic mechanical analyzer (Perkin Elmer, Inc.,
USA). All samples were cut out to the size of 60 x
55 x 2.6 mm’ from compression-molded plaques.
The tests were carried out in a bending mode over a
temperature range of —140 to 150°C at 1 Hz and a
heating rate of 2°C/min.

For the intrinsic viscosity measurements, a 250 +
5 mg sample was introduced into a 100-mL mixture
of phenol and tetrachloroethane (60/40 w/w), and
the measurements were performed with an Ubbe-
lohde viscometer. Tensile testing was carried out on
a universal tester (model CMT4204, SANS Test
Machine Co., Ltd., Shenzhen, China) according to
ASTM D 638.

RESULTS AND DISCUSSION
Structure and morphology

It is well known that the dispersion of a filler in a
polymer matrix and the interfacial interaction
between them significantly affect the properties of
the composites. As the fillers are difficult to disperse
uniformly in polymer matrices because of agglomer-
ation and immiscibility between the filler and poly-
mer matrix, many efforts have been made to
surface-modify the filler to improve its adhesion
with the polymer matrix. However, in this study,
AT was first dispersed in EG to form PET/AT nano-
composites through direct esterification and poly-
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condensation without any surface modifier. The
obtained samples had intrinsic viscosities ranging
from 0.671 (pure PET) to 0.606, 0.615, and 0.623 dL/
g (PET/AT with AT weight contents of 0.5, 1, and
2%, respectively). A sketch map of the structure of
the PET/AT nanocomposites is shown in Scheme 1.
As AT and EG are all hydrophilic, AT can easily be
dispersed in a mixture of water and EG by ultrasoni-
cation. During the esterification process, TPA and
EG can react with the hydroxyl group on the AT
surface, and this will improve the compatibility of
AT and PET greatly. This assertion can be confirmed
by FTIR spectroscopy, TGA, SEM, and TEM
examination.

The FTIR spectra of pure PET, AT, and PET-
grafted AT nanocomposites are shown in Figure 1.
Comparing the spectra of PET-grafted AT nanocom-
posites [Fig. 1(c—e)] with the spectra of pure PET
[Fig. 1(a)] and AT [Fig. 1(b)], we find that the
appearance of both absorption bands at 1724 and
1030 cm™', attributed to the characteristic band of
C=O0 stretching of the ester carbonyl group® and
the stretching vibration of the Si—OH bond,*
proves the existence of PET and AT and indicates
the interaction between them. The weakened absorp-
tion band of Si—OH [Fig. 1(c—e)], compared with
the spectra of AT [Fig. 1(b)], gives direct evidence
for the reaction between AT and monomers of PET,
that is, TPA and EG. It can be concluded that some
PET molecules are grafted onto AT through chemi-
cal bonding rather than physical absorption. A simi-
lar reaction was reported by Bikiaris et al.*® for
PET /silica nanocomposites.

The amount of PET grafted onto the AT surface
was determined by TGA at the heating rate of 10°C/
min from 100 to 750°C in air. The repeated cycles
of a dissolution—precipitation procedure were

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
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Figure 1 FTIR spectra for (a) pure PET, (b) AT, (c) the
PET-grafted 0.5AT nanocomposite, (d) the PET-grafted 1AT
nanocomposite, and (e) the PET-grafted 2AT nano-
composite.
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Figure 2 TGA curves for (a) AT and (b) the PET-grafted
1AT nanocomposite.

employed to remove ungrafted and adsorbed PET.
Figure 2 shows the weight-loss curves for the AT
and PET-grafted 1AT nanocomposite. The fraction of
grafted PET was 31.3 wt % with respect to the
weight of ungrafted AT.
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Figure 3 (a) TEM micrograph of the PET/1AT nanocom-
posite and (b) SEM micrograph of the PET-grafted 1AT
nanocomposite (the insert is PET-grafted 1AT nanocompo-
site at high magnifying power).
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Figure 4 SEM micrograph of the as-received AT.

The surface grafting of a polymer onto inorganic
fillers is known to be very effective at improving the
dispersability in polymer matrices.”® TEM was used
to examine the quality of the dispersion of AT in
PET. Figure 3(a) shows the TEM micrograph of the
PET/1AT nanocomposite. AT was well dispersed in
the PET matrix. The morphology of the PET-grafted
1AT nanocomposite was observed directly by SEM
examination, as shown in Figure 3(b). It is surprising
to find that the PET-grafted 1AT nanocomposite con-
sisted of separated single rods. However, the diame-
ters of the PET-grafted 1AT nanocomposite did not
change significantly in comparison with the as-
received AT (Fig. 4). It can be concluded that the
polymerization of PET on the surface of AT
improves the dispersion of AT in the PET matrix
and the interfacial adhesion between them, and this
would no doubt improve the performance of PET.
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Figure 5 Heating measurement of the DSC trace for (a)
pure PET, (b) the PET/0.5AT nanocomposite, (c) the PET/
1AT nanocomposite, and (d) the PET/2AT nanocomposite.
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TABLE I
Thermal Properties of the Pure PET and PET/AT Nanocomposites

Sample T (°C) T, (°C) AH,, (°C) Tpe (°C) Ty — Ty (°C) T, (°C) Residue at 700°C (wt %)
Pure PET 130.77 250.79 4091 194.62 56.17 383.92 13.9
PET/0.5AT 128.33 254.19 43.07 208.87 45.32 385.62 14.5
PET/1AT 126.42 254.05 43.69 209.05 45.00 387.26 16.1
PET/2AT 124.72 254.44 44.38 211.79 42.65 390.04 18.2

Thermal properties

Many researchers have reported that the addition of
a filler to a polymer matrix can increase the crystalli-
zation rate of the polymer.**”*® In this study, we
have found that PET filled with AT results in some-
what of a change in the thermal properties. Figure 5
shows the DSC heating curves of pure PET and
PET/AT nanocomposites. The cold crystallization
temperature (T,), melting point (T,,), melting en-
thalpy (AH,,), crystallization temperature during
melt cooling (T,,.), and degree of supercooling (T, —
T,.c) are listed in Table 1. The T,,. values of the PET/
AT nanocomposites are higher than that of pure
PET, and this indicates that AT could act as hetero-
geneous nuclei of PET. Furthermore, in comparison
with the pure PET, the values of AH,, for the PET/
AT nanocomposites are larger, and this means that
the crystallinity of PET increases with the addition
of AT.

The DSC cooling curves of pure PET and PET/AT
nanocomposites are shown in Figure 6. The curves
of all samples show a crystallization exothermic
peak, but the crystallization peak width and crystal-
lization temperature have changed greatly. The
width of the half-height of the crystallization peak
for the PET/AT nanocomposites is narrower by
about 8°C than that of pure PET. Generally, the
degree of supercooling is the thermodynamic drive
near T,,; that is, the smaller the degree of supercool-
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Figure 6 Cooling measurement of DSC trace for (a) pure
PET, (b) the PET/0.5AT nanocomposite, (c) the PET/1AT
nanocomposite, and (d) the PET/2AT nanocomposite.
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ing is, the higher the crystallizability is. Filling PET
with AT decreases the degree of supercooling by
10.85-13.52°C in comparison with pure PET, as
shown in Table I It can be concluded from these
results that AT could play a role as a nucleating
agent in PET crystallization and lead to an accelera-
tion of crystallization.

Generally, the introduction of an inorganic filler
into polymer matrices can improve the thermal sta-
bility of the polymer.”'** In Figure 7, the curves of
pure PET and PET/AT nanocomposites at the heat-
ing rate of 10°C/min in a nitrogen atmosphere are
shown. The onset temperature of thermal decompo-
sition (T4) of the PET/AT nanocomposites changes
from 385.62 to 390.04°C with the AT content increas-
ing from 0.5 to 2 wt %, whereas the T, value of pure
PET is 383.92°C. In addition, the residue content of
the PET/AT nanocomposites at 700°C is larger than
that of PET, and the greater the AT content is, the
larger the residue content is. These results show that
PET/AT nanocomposites possess improved thermal
stability in comparison with pure PET, and this can
be attributed to the strong interaction between the
AT and PET matrix.

Mechanical properties

The mechanical properties of materials depend on
their structure. DMA is a powerful tool for studying

100
__ 8ot
e
2 60}
2
o
_-5,40-
g dcb
20+
a
100 200 300 400 500 600 700

Temperature (°C)

Figure 7 TGA curves for (a) pure PET, (b) the PET/
0.5AT nanocomposite, (c) the PET/1AT nanocomposite,
and (d) the PET/2AT nanocomposite.
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the mechanical properties and molecular-scale
motion of polymers under small-strain conditions.
Generally, the damping (tan 8) curve of PET exhibits
three relaxation peaks around 100 (o), —70 (B), and
—230°C (7). Among the three relaxation peaks, the
o- and B-relaxations in PET have been widely stud-
ied.*'** In this work, we focus on the a-relaxation in
PET, which is associated with the glass-transition
temperature (Tg). Many reports have demonstrated
the effects of grafting and chain immobilization on
T, of a polymer.*”*® Figure 8 shows the bending
storage modulus (E’) as well as o- and B-relaxations
for the pure PET and PET/AT nanocomposites. T,
defined as the peak temperature of the o-relaxation,
can be extracted from the tan 6/temperature curve,
and the results are summarized in Table II. T, of the
PET/AT nanocomposites is higher than that of pure
PET. The shift of T, is due to the grafting of PET
chains onto the surface of AT, which reduces the
mobility of the chains. The result indicates good
interfacial adhesion between PET and AT. Similar
phenomena have been reported on polyamide 6/
AT nanocomposites®*® and epoxy resin/AT
nanocomposites.”’

The E’ values of pure PET and PET/AT nanocom-
posites at 60 and 100°C, derived from Figure 8, are
also presented in Table IL. It can be seen clearly that
PET/AT nanocomposites have higher E’ values than
pure PET over the whole temperature range. More-
over, the E’ value of the PET/AT nanocomposites
increases with increasing AT content. Compared
with that of the pure PET, the E’ value of the PET/
2AT nanocomposite is increased by 40.0% at 60°C
and by 76.4% at 100°C. This significant improvement
in the E' values of PET/AT nanocomposites are
attributed both to the covalent link between the AT
and PET matrix and the well-dispersed AT in the
PET matrix.

5.0 0.1
= Pure PET 1
45t - PET/Q.5AT & . 1014
—~ 40 + PETNAT ]
s 0.12
$ 5s PETRAT ]
> 50 010 ®
3 4 [0]
3 25 0.08 ©
8 g
= 20 006 F
2 15 ]
g 0.04
& 10k 1
osf ug 0.02

-100  -50 0 50 100 150
Temperature (°C)

Figure 8 E' and tan 8 of pure PET and the PET/AT
nanocomposite as a function of temperature with a heating
rate of 2°C/min and a frequency of 1 Hz on the basis of
bending-mode DMA measurements.
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TABLE 1I
T, and Mechanical Properties of the Pure PET and
PET/AT Nanocomposites

E' (GPa) Tensile Tensile
T, ~  strength  modulus
Sample °C) 60°C 100°C (MPa) (GPa)
Pure PET 81.1 2248 0.635 55.82 2.624
PET/0.5AT 82.2 2.483 0.802 59.95 2.791
PET/1AT 852 2772 1.010 60.95 3.311
PET/2AT 849  3.145 1.120 61.35 3.803

The tensile results for the pure PET and PET/AT
nanocomposites are also listed in Table II. Both the
tensile strength and tensile modulus increase with
the addition of AT. The tensile modulus for the
PET/2AT nanocomposite exhibits a 45% increment
in comparison with that of the pure PET.

CONCLUSIONS

We have developed a convenient method for prepar-
ing PET/AT nanocomposites in which AT is not
premodified. The nanocomposites were synthesized
by the in situ polymerization of TPA, EG, and AT.
PET chains were successfully grafted onto the sur-
face of AT, and this improved the interfacial adhe-
sion between the AT and PET matrix. The uniform
dispersion of AT in the PET matrix had important
effects on the thermal and mechanical properties of
PET. The existence of AT could lead to an accelera-
tion of crystallization and enhance the thermal sta-
bility of PET. Moreover, the introduction of AT

could enhance the storage modulus and make T, of

PET shift to a higher temperature. The tensile
strength  and modulus were also improved
significantly.
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