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ABSTRACT: Poly(ethylene terephthalate) (PET)/clay
nanocomposite was prepared by the direct polymerization
with clay-supported catalyst. The reaction degree of catalyst
against the cation exchange capacity of clay was 8 wt %. The
intercalation of PET chains into the silicate layers was re-
vealed by X-ray diffraction studies. SEM morphology of the
nanocomposite showed a good dispersion of clay-supported
catalyst, ranging from 30 to 100 nm. The intercalated and

exfoliated clay-supported catalyst in PET matrix was also
observed by TEM. The improvement of O2 permeability for
PET/clay-supported catalyst composite films over the pure
PET is approximately factors of 11.3–15.6. © 2006 Wiley Peri-
odicals, Inc. J Appl Polym Sci 100: 4875–4879, 2006
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INTRODUCTION

Poly(ethylene terephthalate) (PET) has found a variety
of application as fiber, bottles, films, and engineering
plastics for automobiles and electronics because of its
low cost and high performance. The primary objective
of the development of PET/clay nanocomposites was
to improve the gas barrier property that is required for
beverage and food packagings.

One typical clay mineral, montmorillonite (MMT-
Na), is composed of two silica tetrahedral sheets and
alumina octahedral sheet, in which a part of Al3� is
replaced by Mg2�, generating negative charges within
the clay layers. Their interlayers include exchangeable
metal ions (e.g., Na�), neutralizing the net negative
charges of the octahedral layers.1

Recently, PET/clay nanocomposites have been re-
ported and mainly focused on its synthesis,2–5

nanoscale morphology, and crystallization behav-
ior.6,7 Qi and coworkers8 dispersed organically modi-
fied MMT in PET. Complete delamination was not
achieved, but the tensile modulus of the nanocompos-
ites increased as much as three times over that of pure
PET. Tsai et al.9 reported that by using an amphoteric
surfactant and an antimony acetate catalyst PET nano-
composites showed higher flexural strength and mod-

ulus than pure PET. Takagi and coworkers1 reported
that PET/clay hybrids exhibited favorable character-
istics, such as improved tensile strength as well as
optical transparency, by using ionic anchor monomer
capable of being adsorbed onto clay surface.

In this study, we tried to avoid a pre-existing inter-
calation method using organic compounds in which
complete delamination was not achieved and brought
in the thermal degradation10,11 during polymerization
of PET due to the higher polymerization temperature.
To overcome these disadvantages, we attempted to
intercalate a catalyst directly into the clay interlayers
by the metathesis reaction of the sodium cations with
chlorotitanium catalyst. Morphology and wide-angle
X-ray diffraction of composites as well as gas and
moisture vapor transmission rate through the compos-
ite films were measured.

EXPERIMENTAL

Materials

Montmorillonite (MMT-Na) was purchased from
Southern Clay, and the cation exchange capacity was
92.6 meq/100 g clay. Anhydrous tetrahydrofuran
(THF) was purchased from Aldrich Chemical Co. Di-
methyl terephthalate (DMT) and ethylene glycol (EG)
were obtained from SK Chemical Co. and DaeJung
Co., respectively. The catalyst used was chlorotita-
nium triisopropoxide.
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Preparation of clay-supported catalyst

MMT was dried in a vacuum oven at 150°C for 24 h
before use. In a 250-mL beaker, 10 g of MMT and 100
mL of anhydrous THF were mixed for 2 h at room
temperature. Two grams of chlorotitanium triiso-
propoxide used as a catalyst was added to this sus-
pension. The mixture was stirred for 24 h. A clay-
supported catalyst was isolated by filtration and
washed several times with anhydrous THF to remove
unreacted catalyst. The reaction is shown in Scheme 1.
The weight of clay-supported catalyst obtained was
10.8 g. It was estimated that the intercalation degree of
catalyst against the cation exchange capacity was 8 wt
%. This corresponds to 800 ppm of catalyst introduced
in polymerization when PET/clay nanocomposite
containing 1 wt % clay-supported catalyst is prepared.

Preparation of PET/clay-supported catalyst
nanocomposite

PET/clay nanocomposites were prepared by melt
polycondensation. In a small-scale batch reactor, 100 g
of DMT, 64 g of EG, and 1 g of clay-supported catalyst
were mixed. This mixture was first heated to 190°C in
a silicone oil bath. This temperature was maintained
for 2 h. The temperature was then increased to 210°C,
where it was maintained for 2 h. The reaction temper-
ature was progressively increased to 280°C. Then the
pressure was reduced to a specified level and main-
tained for 0.5–1 h.

Measurements

The inherent viscosity of the composites was mea-
sured by using a mixed solvent of phenol/1,1,2,2,-
tetrachloroethane. The viscosity values ranged from
0.64 to 0.75 dL/g with the clay–catalyst content. The
thermal stability of clay-supported catalyst was char-
acterized under a nitrogen atmosphere at a heating
rate of 10°C/min with a DuPont 910 thermogravimet-
ric analyzer (TGA). Wide-angle X-ray diffraction mea-
surements were performed on a Rigaku (D/Max-IIIB)
X-ray diffractometer, using Ni-filtered Cu-K� radia-
tion. The O2 and moisture vapor transmission rate
through PET and PET/clay-supported catalyst nano-
composite films were measured by using a MOCON
100. An average of three individual determinations
was used.

RESULTS AND DISCUSSION

Thermal stability

To know the degradation of clay-supported catalyst
during polymerization at 280°C, the thermal stability
was measured. Figure 1 shows the TGA curves of
catalyst, simple mixed catalyst plus MMT, clay, and
clay-supported catalyst. The catalyst is easily de-
graded. For simple mixed catalyst plus MMT, the clay
content remains after the degradation of catalyst. It is
interesting to note that the clay-supported catalyst
shows the less weight loss than the pure MMT at
100°C. The weight loss might be resulted from the
chemisorbed waters. The weight loss of the pure MMT
and clay-supported catalyst were 8 and 3 wt %, re-
spectively, at 100°C. The difference in chemisorbed
waters may result from the intercalation of the catalyst
into the silicate layers. From the TGA results, it was

Figure 1 TGA curves of catalyst, simple mixed catalyst
plus MMT, MMT and clay-supported catalyst.

Scheme 1 Intercalation of catalyst into MMT interlayers.
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confirmed that the thermal degradation of clay-sup-
ported catalyst during polymerization is not occurred.

Wide angle X-ray diffraction

Figure 2 shows X-ray diffraction results of the MMT,
clay-supported catalyst, and PET/clay-supported cat-
alyst nanocomposites. For the MMT, a peak occurs at
�2� � 7.39° (d � 1.20 nm). The peak of clay-supported
catalyst is shifted to a lower angle, compared with that
of MMT. This indicates that the interlayer spacing of
the clay is increased. For PET/clay-supported catalyst
nanocomposites, peak at 2� � 5.80°, corresponding to
interlayer spacing of 1.52 nm, is clearly observed. This
result implies that intercalation of PET chains into the
galleries of silicate layers occurred, and exfoliation of
the clay-supported catalyst in PET did not. As men-
tioned earlier, the intercalation degree of catalyst
against the cation exchange capacity was 8 wt %,
which indicates the most cations left. If it is considered
that the intercalation of 8 wt % consists of real inter-
calation into the clay interlayer and the exchange re-
action on the clay surface, the peak shift of PET/clay-
supported catalyst nanocomposite to a lower angle
was considerable.

Morphology

The importance of catalyst directly intercalated into
the clay interlayer even though the small amount of
catalyst was intercalated is shown in Figures 3 and 4.
Figure 3 shows the morphology of PET/clay-sup-
ported catalyst nanocomposite containing 5 wt % of
clay-supported catalyst, which was used as the high-
est amount in this study. The statistical results show
that the particle sizes ranging from 30 to 100 nm. It can
be seen that the particles are well dispersed. Figure 4

shows the TEM photograph of 2 wt % nanocomposite.
The light gray area is the PET matrix, and the darker
regions are made up of silicate layers. It shows inter-
calated and exfoliated system. It indicates that the
clay-supported catalyst was highly dispersed in the
PET matrix, and some of the silicate layers are exfoli-
ated into single layer (as shown in dotted circle) and
randomly dispersed in PET matrix, although a num-
ber of unexfoliated layers still exist. From the SEM and
TEM results, it was confirmed that a clay-supported
catalyst plays an important role in exfoliation of sili-
cate layers into PET matrix, although very small
amount of intercalated clay-supported catalyst was
used.

O2 permeability

The reduction in gas permeability of PET depends on
its crystallinity and filler loading levels. Hiltner and

Figure 2 XRD patterns of MMT, clay-supported catalyst,
and PET/clay nanocomposites.

Figure 3 SEM morphology of PET/clay-supported catalyst
nanocomposites containing 5 wt % of clay-supported cata-
lyst.

Figure 4 TEM photograph of PET/clay-supported catalyst
nanocomposites containing 2 wt % of clay-supported cata-
lyst.
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coworkers12–16 have reported the relationship between
the crystallinity and the oxygen permeability of PET,
as well as the filler model, which follow a standard,
predictable pattern, and dependent upon filler loading
levels. In this study, to know the effect of only clay-
supported catalyst, samples were quenched from the
molten state and the crystallinity was not considered.

Figure 5 shows the photographs of PET and PET/
clay-supported catalyst nanocomposite films, which
are optically transparent, even though PET/clay-sup-
ported catalyst composite film containing 5 wt % re-
veals brown color.

The gas barrier properties have been shown to im-
prove markedly upon exfoliation of clay platelets in a
number of polymeric matrices.17–19 Bharadwaj et al.20

reported the O2 permeability for crosslinked polyes-
ter–clay nanocomposite. The improvement for the
nanocomposite containing 2.5 wt % of clay was ap-
proximately a factor of 2.7. Gilmer et al.21 used the clay
modified with a mixture of different of ammonium
ions. The improvement of O2 permeability was a fac-
tor of 1.54. The mechanism for the improvement is

attributed to the increase in the tortuosity of the dif-
fusive path for a penetrant molecule. The barrier prop-
erties through PET and PET/clay-supported catalyst
composite films were measured and listed in Table I.
As expected, the permeability of O2 through the PET
nanocomposite films was found considerably reduced

Figure 5 Transparency of the melted films of: (a) PET; (b) PET/clay-supported catalyst nanocomposite containing 2 wt %
of clay-supported catalyst; and (c) PET/clay-supported catalyst nanocomposite containing 5 wt % of clay-supported catalyst.

TABLE I
Barrier Properties of PET/Clay-Supported Catalyst

Composite Films

Samples
Thickness

(�m)
O2 TRa

(cc/m2/day)
MVTRb

(g/m2/day)

PET 170–180 857 22
PET/clay-supported

catalyst (1 wt %)
170–190 76 26

PET/clay-supported
catalyst (2 wt %)

160–170 61 21

PET/clay-supported
catalyst (5 wt %)

160–170 55 19

a Measured at 23°C and 0% relative humidity.
b Measured at 38°C and 98% relative humidity.
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with increasing clay-supported catalyst contents. The
improvement of O2 permeability for PET/clay-sup-
ported catalyst films over the pure PET is approxi-
mately factors of 11.3–15.6.

CONCLUSIONS

We presented here a new type clay-supported cata-
lyst, unlike organoclay. Organoclay has two disadvan-
tages: one is the lack of driving force into the silicate
layers for PET polymerization, resulting in interca-
lated morphology; the other is the thermal degrada-
tion of organoclay during polymerization due to the
higher polymerization temperature of PET. These dis-
advantages of organoclay can be overcome using the
clay-supported catalyst. If a catalyst is intercalated in
abundance into the silicate layers not on the surface, it
is expected that fully exfoliated PET/clay-supported
catalyst nanocomposite may be obtained, resulting in
good barrier properties of PET composite film.

This research was supported by the Program for the Train-
ing of Graduate Students in Regional Innovation, which was
conducted by the Ministry of Commerce, Industry and En-
ergy of the Korean Government.
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