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ABSTRACT: Recycled PET/organo-modified montmoril-
lonite nanocomposites were prepared via melt compound-
ing as a promising possibility of the used beverage bottles
recovery. According to our previous work, the three suita-
ble commercial organoclays Cloisite 25A, 10A, and 30B
were additionally modified with [3-(glycidyloxy)propyl]tri-
methoxysilane, hexadecyltrimethoxysilane and (3-amino-
propyl)trimethoxysilane. The selected organoclays were
compounded in the concentration 5 wt % and their degree
of intercalation/delamination was determined by wide-
angle X-ray scattering and transmission electron micros-
copy. Modification of Cloisite 25A with [3-(glycidyloxy)-
propyl]trimethoxysilane increased homogeneity of silicate
layers in recycled PET. Additional modification of Cloisite
10A and Cloisite 30B led to lower level of delamination
concomitant with melt viscosity reduction. However, flow
characteristics of all studied organoclay nanocomposites

showed solid-like behavior at low frequencies. Silanization
of commercial organoclays had remarkable impact on crys-
tallinity and melt temperature decrease accompanied by
faster formation of crystalline nuclei during injection mold-
ing. Thermogravimetric analysis showed enhancement of
thermal stability of modified organoclays. The tensile tests
confirmed significant increase of PET-R stiffness with orga-
noclays loading and the system containing Cloisite 25A
treated with [3-(glycidyloxy)propyl]trimethoxysilane re-
vealed combination of high stiffness and extensibility,
which could be utilized for production of high-perform-
ance materials by spinning, extrusion, and blow molding
technologies. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
106: 926-937, 2007
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INTRODUCTION

Poly(ethylene)terephthalate (PET) is a semicrystalline
polymer with high chemical resistance, thermal sta-
bility, melt mobility, spinnability, and low perme-
ability to gases. Applications of PET are directed to
different industrial branches, such as packaging, tex-
tile, automotive, electro-technical, construction, and
other industries.' Industrial production of PET bot-
tles started in the USA in the 80s, using advanta-
geous properties of PET, such as low weight, high
impact resistance, nontoxic nature, and high trans-
parency.* Due to the growing amount of PET used
in plastics industry (especially for beverage bottles),
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finding various proper methods of recycling is an
emergent challenge from the ecological and economi-
cal points of view.” The amount of recycled PET bot-
tles in PET-reprocessing countries is usually only
20-30 wt %. The rest of the used bottles ends in
energy recovery or in deposits.®

At present, two PET recovery methods are used:
chemical and physical recycling. Chemical depoly-
merization” is economical only for high amounts of
waste. On the other hand, physical (mechanical, ma-
terial) recycling is a convenient way for economical
and environmental purposes.”®” Some high-tech
pilot projects with recycled PET bottles have been
tested*>1911. nevertheless, PET staple fibers with
limited application still occupy the market. In partic-
ular, no study of PET recovery for the purpose of
nanocomposite materials with improved processing
and utility properties has been found in available lit-
erature.

In our previous work, the viscosity decrease of
recycled PET during processing was investigated.'>
The study showed that reprocessing of PET waste
with the intrinsic viscosity value below 0.7 dL/g is
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not possible.® However, viscosity of the recycled
polymer can be increased by filler addition. In the
effort not to deteriorate mechanical properties of the
material, nanofillers seem interesting.

Nanotechnology was introduced as a new method
of improvement of polymer properties in 1995. The
technology involves not only incorporation of nano-
sized particles into the polymer but, more impor-
tantly, investigation of interactions between the poly-
mer matrix and the enormously large nanofiller sur-
face."® Especially for polymer/clay nanocomposites,
the surface effects are responsible for improvement
of barrier, mechanical and rheological properties,
dimensional stability, heat, flame, and oxidative re-
sistance. In comparison with traditional fillers
(20—40 wt % loading), 2—5 wt % filling of layered
clays is sufficient to achieve analogous material
improvement.'*'> Generally, three methods of the
polymer/clay nanocomposites preparation are used:
in situ polymerization, solution mixing, and melt
mixing.16'17 In the case of PET/clay systems, the first
two techniques were successfully tested.'™® The
melt mixing process is technologically much more
interesting; nevertheless, satisfactory results with
PET have not been achieved.?***!

Despite sensitivity of melt rheology to changes in
structure of the dispersed nanoparticles in the ma-
trix, rheological experiments have been so far rarely
used in investigation and characterization of poly-
mer nanocomposites. A few rheological studies of
polymer/clay systems, usually concerning nanocom-
posites with polyamides, confirm the enormous vis-
cosity increase associated with clay loading in the
region of low shear rates. The connection between
the level of delamination of silicate platelets and for-
mation of a physical network, indicated by second-
ary G’ and G” plateaus,'***™* was also published.
For the PET/clay systems, Sanchez-Solis et al.*®?!
reported the reduction of the shear viscosity and
storage modulus explained by a decrease in particle—
matrix interactions.

According to our work, addition of organoclays to
recycled PET led to transparent nanocomposites
with enhanced rheological, thermal, and mechanical
properties. For the extrusion technology, the loss of
melt strength causes an incohesion of material after
leaving the extrusion die and, consequently, makes
impossible the production of sheets or precise pro-
files. On the other hand, injection molding requires
sufficient flow of polymer melts, which is carried
out by alignment of silicate platelets in the flow
direction at a high shear rates. Therefore, both pro-
cessing technologies can be applied to recycled PET
nanocomposites production. Possible applications of
the recycled polymer/clay systems could be found
in various industry fields, which would utilize
enhancement of strength, thermal, barrier, and other
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material properties, such as in car components (com-
bination of barrier and strength characteristics),
building industry, etc.

Our previous results confirmed improvement of
processing properties by addition of commercial
organoclays to recycled PET. Nevertheless, moderate
degrading reactions were detected during the mixing
in micro-extruder.*® With a view to reduce the men-
tioned degradation and to increase delamination in
the system, the selected commercial organoclays
were additionally modified. The principle of the
treatment consists in silanization of clay hydroxy
groups by the selected silanes in aqueous-methanolic
environment. The bonded functional groups can
facilitate chemical or physical interaction of the filler
with the polymer matrix and eliminate the degrad-
ing nature of the silicate hydroxyl groups (hydroly-
sis of PET).

The aim of the study was to investigate effects of
additionally modified organoclays on rheological
properties of recycled PET with the goal to enhance
PET bottles recovery and to test utility properties of
the prepared nanocomposites.

EXPERIMENTAL
Materials

The commercial organoclays were produced by
Southern Clay Products, Gonzales, TX. The specifica-
tions of the organoclays are summarized in Table L
Nine new organoclays were prepared by additional
modification (Fig. 1, Table II).

Color-sorted recycled poly(ethylene)terephthalate
(PET-R), with the intrinsic viscosity 0.73 dL/g (dilu-
tion in phenol/tetrachloroethane 1 : 3), supplied by
Polymer Institute Brno, was used as matrix. As can
be seen in Figure 2, PET-R exhibits usual thermal
behavior (similar to virgin bottle grade PET) because
no remarkable decrease in T, (T,) magnitude
occurred.

TABLE I
Specification of Commercial Organoclays®
Modifier Weight
concentration loss on
Organic (mequiv/ Moisture  ignition
Organoclay modifier® 100 g clay) (%) (%)
Cloisite 25A 2MHTLS8 95 <2 34
Cloisite 10A 2MBHT 125 <2 39
Cloisite 30B  MT2EtOH 90 <2 30

® According to the manufacturer.

b Quaternary ammonium chlorides: alkyl(2-ethylhexyl)-
dimethyl (2MHTLS), alkyl(benzyl)dimethyl (2MBHT),
alkylbis(2-hydroxyethyl)methyl (MT2EtOH). Alkyls are a
mixture of 65% C18, 30% C16, and 5% C14, derived from
hydrogenated tallow.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Chemical modification of commercial organo-
clays.

Preparation of silanized organoclays

The commercial organoclay (1 g) was suspended in
50 mL of methanol-water mixture (10 : 1) with sub-
sequent addition of silane (0.3 g). The mixture was
stirred for 2 days at room temperature and the pre-
cipitate was filtered off and rigorously washed with
methanol. The solid was dried under vacuum at
50°C for 4 h.

Preparation of recycled PET/organoclay
nanocomposites

Organically modified clays (om-MMT) were dried at
80°C and PET regranulated at 110°C in oven at least
for 12 h. The recycled polymer was mixed with 5 wt
% (relative to the anorganic part of organoclays) of

TABLE II
Indication of Silanized Organoclays

Modifier /prepared organoclay

Commercial organoclay E* H° A°
Cloisite 25A C 25AE C 25AH C 25AA
Cloisite 10A C 10AE C 10AH C 10AA
Cloisite 30B C 30BE C 30BH C 30BA

? [3-(glycidyloxy)propyl]trimethoxysilane.
Hexadecyltrimethoxysilane.
¢ (3-Aminopropyl)trimethoxysilane.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC thermograph of the recycled PET matrix.

om-MMT in a corotating twin-screw micro-extruder
(DSM Research, Netherlands) under nitrogen atmos-
phere. The compounding temperature was 255°C to
exert maximal shear stress and minimal thermal
degradation on the modified montmorillonite during
processing. The mixing time of PET granules and orga-
noclay powder was 10 min at the speed 200 rpm.
The time dependences of load force were measured
in the micro-extruder during mixing. Recycled PET
nanocomposites were injection-molded (micro-injec-
tion system; DSM Research) to specimens for me-
chanical, rheological, thermal, and wide-angle X-ray
scattering (WAXS) testing at 260-265°C. The dura-
tion of injection cycle was ca. 10 s. The samples for
TEM measurements were vacuum-compression
molded at 260°C for 5 min (hydraulic laboratory
plate press machine Collin 200P) due to higher iso-
tropy of silicate platelets in polymer matrix.

Melt rheology

Rheological properties were studied using an ARES
3 Rheometer (Advanced Rheometric Expanded Sys-
tem; Rheometric Scientific, Piscataway, NJ) with a
parallel-plate geometry of 25-mm-diameter plates.
All measurements were performed with two auto-
matically switched force transducers with a torque
range of 0.02—2000 g cm. The samples thickness
ranged from 0.9 to 1.1 mm. Experiments were per-
formed at 270°C under nitrogen (liquid N, source) to
prevent degradation of samples. The following types
of rheological measurements were carried out: (1)
dynamic strain sweep test (at 6.28 rad/s) to confirm
the linearity of viscoelastic region, (2) dynamic fre-
quency sweep test over a frequency range of
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Figure 3 Load force of PET-R melt and nanocomposites
filled with Cloisite 25A and additionally modified organo-
clays (the “zero” time is presented as the moment shortly
after the start of mixing, when the values of load force can
be measured).

0.01—100 rad/s, at the strains 2% for the nanocom-
posites, 30% for the matrix.

For an estimative investigation of viscosity during
compounding, a load force generated by melt inside
the mixing barrel was monitored.

Wide-angle X-ray scattering

The intensities of WAXS reflections were recorded at
room temperature with a HZG 4/4A diffractometer
(Praezisionsmechanik Freiburg, Germany). The Ni-
filtered Cu Ka radiation generator was operated at
30 kV accelerating voltage and 30 mA current (wave-
length A = 1.54 A). Patterns were recorded by moni-
toring those diffractions that appeared during angu-
lar scan from 1.4 to 10° (20) at a scanning rate of
1.5°/min.

Transmission electron microscopy

The TEM experiments were performed with a Zeiss
LEO 912 Omega transmission electron microscope
using an acceleration voltage of 120 keV. The sam-
ples were prepared using a Leica Ultracut UCT
ultramicrotome equipped with a cryochamber. Thin
sections of about 50 nm were cut with a Diatome di-
amond knife at —120°C.

Thermal characteristics

Thermal characterization of the polymer matrix and
nanocomposites was carried out by differential scan-
ning calorimetry (Pyris 1 DSC; Perkin Elmer, Waltham,
MA) using a standard mode: (1) holding at 30°C
for 3 min, (2) heating from 30 to 280°C at 10°C/min,
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(3) holding at 280°C for 2 min. The thermal parame-
ters, glass transition temperature (T,), cold crystalli-
zation temperature (T.), melting temperature (T,,),
enthalpy of cold crystallization (AH.), and enthalpy
of melting (AH,,) were calculated. The relative crys-
talline content (X.) in nanocomposites was evaluated
by assuming the AH,, for a hypothetical 100% crys-
talline PET to be 117.6 J/ g.47 Thermal stability of
organoclays was tested using Perkin Elmer TGA 7
instrument equipped with a software Pyris 1. The
samples were heated from 40 to 750°C at 10°C/min
with a nitrogen purge of 20 mL/min.

Mechanical properties

For tensile tests an Instron 5800 R was employed.
Experiments were measured according to ISO 527
and ISO 1873-2 standards. The crosshead speeds for
tensile modulus measurements at 1 mm/min and
for all other characteristics at 50 mm/min were
adjusted.

RESULTS AND DISCUSSION
Melt rheology
Monitoring of viscosity during compounding

The load sensor of micro-extruder enables to moni-
tor the downward force F; that is generated by the
pressure of transported melt. For a constant volume
of the mixed material and constant processing speed,
the F, magnitude is proportional to the viscosity of
the material. It is evident that all nanocomposite
systems exhibit a decrease in F; during mixing (Figs. 3—
5) caused by degradation reactions.*® However, the
systems filled with organoclay modified with [3-(gly-
cidyloxy)propyl]trimethoxysilane or hexadecyltrime-

3300 4 3 g
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E 2400 - . % . . -
o ry
w2100 : * 2
£ 10A ) .
18001 4 104 “ " 7
10AH
1500' : 1DAJ‘:N -1
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t [min]
Figure 4 Load force of PET-R melt and nanocomposites
filled with Cloisite 10A and additionally modified organo-
clays.
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Figure 5 Load force of PET-R melt and nanocomposites
filled with Cloisite 30B and additionally modified organo-
clays.

thoxysilane show a significantly lower degradation
tendency than the corresponding materials contain-
ing unmodified commercial nanofillers. Using the
fillers C25AE, 10AE, and 30BE led to the lowest deg-
radation (Figs. 3-5). Therefore, the effects of these
modified organoclays on processing and utility prop-
erties of nanocomposites were compared with those
of the best dispersed commercial nanofillers Cloisite
25A, 10A, and 30B.*

Complex rheological behavior

Dynamic shear flow properties of PET-R/organoclay
nanocomposites were investigated in the region of
linear viscoelasticity. The dynamic strain sweep test
(G'(y)) confirmed the linearity region in the range
1-100% strain for the matrix and 1—5% strain for
the nanocomposites. According to our previous
results, the color-selected recycled PET matrices and
their blends exhibited a Newtonian behavior in the
dependences n*(w) up to 100 rad/s and their com-
plex viscosity decreased with increasing number of
processing steps.'?

In comparison with the matrix, complex viscosity
of nanocomposites significantly increased in the
range of low frequencies (more than 2 orders), as is
shown in Figure 6. All the prepared nanocomposites
show a shear thinning phenomenon, which is caused
first by disruption of network structures and later on
by orientation of filler particles in flow.

The results in Figure 6 demonstrate the highest
filling effect of organoclay C 25AE. Moreover, the
magnitude of complex viscosity of appropriate nano-
composite exceeded the value of matrix in the whole
range of shear rates. That means significant reduc-
tion of degradation during the processing (visible

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 The complex viscosity versus frequency of the
recycled PET matrix and nanocomposites.

also in Fig. 3). On the other hand, filling with C
10AE and 30BE exhibited adverse effect on viscosity
(degradation tendency, described in Ref. 46). In this
case, the complex viscosity decreased (comparing to
systems with Cloisite 10A and 30B) together with
very fast destruction of physical network (mani-
fested itself by sharp viscosity decrease in the range
of low shear rates). Generally, thermal stability of
quaternary ammonium salts containing benzyl
group® and resulting nanocomposites® is lower
than that of systems with alkyl-based components.
The several percentual decade mass loss of quater-
nary ammonium chlorides containing benzyl and
long alkyl groups during the heating up to 200°C
has been observed from TGA measurements due to
cleavage of benzyl group.” The details dealing with
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Figure 7 The storage modulus versus frequency of the
recycled PET matrix and nanocomposites.
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Figure 8 XRD patterns of pure fillers.

adverse effect of Cloisite 30B on PET melt have been
published in our previous work.*®

The internal structural changes in nanocomposites
during shear flow can be analyzed from frequency
dependences of the storage (G) and loss (G”) mod-
uli. Addition of clay to the PET-R melt causes an
increase in the dynamic moduli, particularly in G’
(Fig. 7). The pure matrix behaves as a viscoelastic
liquid (G” > G’). The higher value of G’ than G” for
nanocomposites shows a change in viscoelastic
behavior, ie. a liquid-solid transformation. More-
over, the power-law dependence of the dynamic
moduli at low frequencies, which is characteristic of
the neat PET, is absent in the nanocomposites. The
dependence of G'(w) becomes nearly invariable. This
“secondary’”” plateau indicates the formation of a
network structure (exfoliation) of silicate layers in
nanocomposites.*'!°

An increase of G’ in the mixture with C 25AE
(comparing to system filled with Cloisite 25A and
pure matrix) exhibits an enhancement of melt
strength (Fig. 7). Nevertheless, an opposite effect of
C 10AE and C 30BE fillers on elasticity in the melt
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Figure 9 XRD patterns of matrix and nanocomposites.

state was observed as compared to Cloisite 10A and
30B. Therefore, the most remarkable G’ “secondary”
plateau was obtained in nanocomposites containing
Cloisite 25A and C 25AE.

Morphology of organoclays in recycled PET

The prepared nanocomposites were analyzed by X-
ray diffraction in the solid state to determine
changes in the om-MMT interlayer distance caused
by the insertion of PET between silicate layers. The
effects of variations of their hydrophobicity and po-
lar interactions on the structure in recycled PET
were investigated and the results are shown in Fig-
ures 8 and 9. The influence of polymer intercalation
on the arrangement of silicate layers is indicated by
changes in the intensity, shape and peak positions of
basal reflections. The basal spacings, dyi, were cal-
culated from the observed peaks of the angular posi-
tion 20 according to Bragg’s formula, A = 24 sin 6.
The level of intercalation is evaluated as Adygy,
which refer to the difference between the initial
and final values of interlayer distance of organoclay
(Table III).

TABLE III
XRD Analysis of Pure Organoclays and PET-R/Organoclay Nanocomposites

XRD peak Basal

position (°) spacing (A)
Organoclay Pure Nanocomposite Pure Nanocomposite Adoor (A)
Cloisite 25A 4.75% 3.1 18.6" 28.5 9.9
Cloisite 10A 4.6° 3 19.2° 29.4 10.2
Cloisite 30B 4.77% 2.9 18.5% 30.4 11.9
C 25AE 43 29 20.5 30.4 9.9
C 10AE 4.6 33 19.2 26.8 7.6
C 30BE 41 34 21.5 26 45

# Manufacturer’s specification.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 PET-R/Cloisite 25A (500 nm).

The first peak of pure silanized organoclays C
25AE and C 30BE (Fig. 8, Table III) showed an
increase of interlayer distance compared to Cloisite
25A and Cloisite 30B. Modification of Cloisite 10A
resulted to equal intercalation (first peak at 4.6°). For
the neat PET-R matrix the typical absence of peaks
was found (Fig. 9). Concerning nanocomposite sys-
tems, silanization of Cloisite 25A led to similar
increase of interlayer distance after melt mixing. The

Figure 12 PET-R/Cloisite 25AE (500 nm).

negative effect of C 30BE and C 10AE fillers (mani-
fested itself by melt viscosity reduction, Fig. 6)
exhibited also on significant decrease of Adyy in
appropriate nanocomposites (Table III).

The level of delamination/homogeneity is observ-
able in TEM micrographs (Figs. 10-21) and is in
good agreement with WAXS measurements. The
systems filled with Cloisite 25A and C 25AE
revealed similar partial exfoliation of silicate layers

Figure 11 PET-R/Cloisite 25A (200 nm).

Journal of Applied Polymer Science DOI 10.1002/app

Figure 13 PET-R/Cloisite 25AE (200 nm).
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Figure 14 PET-R/Cloisite 10A (500 nm).

(Figs. 10 and 12). From the 200-nm scale pictures
(Figs. 11 and 13), a slightly higher homogeneity of
nanocomposite containing C 25AE can be found.
On the other hand, dispersion of C 30BE and C
10AE platelets in PET-R had a deteriorative impact
on both exfoliation as well as homogeneity (Figs. 14—
21). Pictures with resolution of 200 nm clearly show
exfoliated structures as well as tactoids with lateral
dimensions between 100 and 300 nm. Micrographs

Figure 16 PET-R/Cloisite 10AE (500 nm).

at the 500-nm scale show rather overall level of dis-
persion.

It is assumed that delamination decrease of C
30BE and C 10AE fillers in PET-R matrix arise from
chemical reactions between the quaternary ammo-
nium cations of commercial organoclays and [3-(gly-
cidyloxy)propyl]trimethoxysilane. In the case of Cloi-
site 30B and Cloisite 10A, the organic modifiers are
enabled to react directly with polymer chains and

PET-R/Cloisite 10A (200 nm).

Figure 15

Figure 17 PET-R/Cloisite 10AE (200 nm).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 18 PET-R/Cloisite 30B (500 nm).

thereby to facilitate increase of interlayer distance.
This possibility of delamination in C 30BE and C
10AE silicates is considerably reduced by mechanism
described.

Thermal characteristics

Thermal properties of nanocomposites were studied
by DSC and TGA methods (Table IV). The systems
filled with silanized organoclays (compared to com-

Figure 20 PET-R/Cloisite 30BE (500 nm).

posites containing commercial fillers) revealed
decrease in total crystallinity and melting tempera-
ture together with faster formation of crystalline
nuclei (decline in enthalpy of cold crystallization
AH,) during cooling in injection mould. In compari-
son with commercial organoclays, an effect on
decrease in T, and T. temperature with C 25AE
loading and opposite tendency with C 10AE and C
30BE usage was observed. This phenomenon can be
explained as an increase of free volume (decrease of

Figure 19 PET-R/Cloisite 30B (200 nm).

Journal of Applied Polymer Science DOI 10.1002/app

Figure 21 PET-R/Cloisite 30BE (200 nm).
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Figure 22 Thermogravimetric decomposition curves of
Cloisite 25A and additionally modified organoclay.

T,) with a higher delamination of silicate layers
(Figs. 11 and 13). On the contrary, smaller surface
area of tactoids causes weak interactions with poly-
mer matrix resulting in decrease in free volume and
increase in T, (Figs. 15 vs. 17, 19 vs. 21). This rela-
tion is in accordance with WAXS and TEM analysis
(Table III, Figs. 10-21). It is assumed that delami-
nated silicate platelets reduce mobility and conse-
quently crystallization ability of polymer chains.
This phenomenon is possible to observe as a crystal-
linity decline of nanocomposites compared to neat
matrix, except the system with Cloisite 30B. The
crystallinity growth in this composite implies that
hydroxyl groups of Cloisite 30B modifier and the
presence of undispersed silicate tactoids facilitate
formation of crystalline nuclei.

The thermal stability of modified organoclays was
increased, as evaluated in Figures 22-24 and Table
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Figure 23 Thermogravimetric decomposition curves of
Cloisite 10A and additionally modified organoclay.
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Figure 24 Thermogravimetric decomposition curves of
Cloisite 30B and additionally modified organoclay.

V. Compared with commercial silicates, the signifi-
cant enhancement was achieved in organoclays C
10AE and C 30BE, where the first decomposition
peak was shifted from 242 to 319°C (Fig. 23) and
from 290 to 366°C, respectively (Fig. 24). However,
the strong effect of these organoclays on free water
retention (evaporation peaks shifted approximately
from 60 to 80°C) was observed. TGA patterns of
Cloisite 25A and its silanized version were nearly
unchanged.

The mass loss at 500°C was considerably
decreased by silanization of Cloisite 10A and Cloisite
25A, while organoclay C 30BE exhibited opposite
tendency. Nevertheless, all the modified versions of
commercial clays manifested significant growth of
temperature at both 5% as well as 10% mass loss
(Table V).

TABLE IV
Thermal Properties of Nanocomposites and Neat Matrix

T T.L T, AHY AH,* X[
Sample 0 (O O /g (/g (%)
PET-R/Cloisite  72.6 1223 254 253 414 352
25A
PET-R/C 25AE 653 1164 2518 59 372 316
PET-R/Cloisite  67.4 1145 2544 237 424 361
10A
PET-R/C 10AE 756 1188 250.8 135 383 326
PET-R/Cloisite 728 1181 2546 255 46 39.1
30B
PET-R/C 30BE 782 1219 2519 173 406 345
PET-R 756 1232 2522 249 432 367

# Glass transition temperature.

b Cold crystallization temperature.
¢ Melting point.

d Enthalpy of cold crystallization.
¢ Enthalpy of melting.

f Relative crystalline content.
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Tensile characteristics

The mechanical properties of PET-R and appropriate
nanocomposites are listed in Table VI. The systems
containing fillers C 10AE and C 30BE were not
measured due to their deteriorative effect on rheo-
logical properties (Figs. 6 and 7). In comparison to
recycled polymer, the stiffness of all the composite
systems was substantially increased. On the con-
trary, the tensile strength and extensibility were
decreased. However, nanocomposite filled with C
25AE revealed interesting combination of high stiff-
ness and satisfactory level of extensibility. The large
elongation of PET-R/25AE nanocomposite results
from high interfacial adhesion (increased polarity of
Cloisite 25A by modification with [3-(glycidyloxy)-
propyl]trimethoxysilane match more the polar fea-
ture of PET) and from the lowest degradation (com-
pared to other systems filled with silanized organo-
clays) during the processing (proved in Fig. 6).

CONCLUSIONS

Recycled PET/organoclay nanocomposites were pre-
pared by a melt intercalation method. According
morphological analysis, C 25AE (from the group of
modified organoclays) and Cloisite 25A (from the
group of commercial fillers) were shown to be the
most dispersed organoclays in the recycled PET ma-
trix. The highest level of intercalation Ady, was
obtained using the filler Cloisite 30B. However, some
bigger stacks of these clay platelets were found in
TEM micrographs. Rheological study showed the
complex flow behavior of the nanocomposites and
melt behavior during compounding. The significant
increase in the complex viscosity and storage modu-
lus with organoclay loading was observed at low
frequencies, where the viscoelastic liquid of recycled
PET changed into nanocomposites with a solid-like
behavior. The filling with C 25AE exhibited enhanc-
ing effect on rheological properties of nanocompo-
site. On the other hand, silanization of Cloisite 10A
and 30B led to significant loss of melt strength,
which is attributed to higher water retention of sili-
cates together with chemical reactions between the

TABLE V
Thermogravimetric Decomposition
Characteristics of Organoclays

5% Mass 10% Mass 500°C
Organoclay loss (°C) loss (°C) mass loss (%)

Cloisite 30B 279.1 324.2 17.7
Cloisite 30BE 327.2 366.1 25
Cloisite 25A 298.5 321.0 30.6
Cloisite 25AE 304.6 331.3 27
Cloisite 10A 224.6 244.1 34.3
Cloisite 10AE 303.6 343.6 23.3
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TABLE VI
Mechanical Properties of the Neat
Matrix and Nanocomposites

Tensile Tensile
modulus strength  Elongation at
Sample (MPa) (MPa) break (%)
PET-R 2170 57.1 316.5
PET-R/Cloisite 30B 2905 423 5.1
PET-R/Cloisite 10A 2523 33.7 19.2
PET-R/Cloisite 25A 2984 26.6 30.6
PET-R/C 25AE 2810 22 244.6

organic groups of organoclays and [3-(glycidyloxy)-
propyl]trimethoxysilane modifier. The moderate
“secondary’’ plateau on the G’ frequency depend-
ence confirmed the network formation in the nano-
composites, qualitatively explained by polymer—filler
and particle-particle interactions. A correlation
between commercial and silanized organoclays effect
on linear viscoelastic flow characteristics and disper-
sion level (TEM and WAXS) of the prepared nano-
composites was found. Thermal characterization of
nanocomposites filled with additionally modified
organoclays compared with that of containing com-
mercial organoclays revealed reduction of crystalline
content and melt temperature together with higher
crystallization rate during injection molding. The
change of glass transition and cold crystallization
temperature depending on delamination level was
observed. Thermal stability of commercial organo-
clays was enhanced by silanization. The mechanical
testing confirmed growth of stiffness up to 38% with
organoclay loading and for system containing C
25AE also sufficient extensibility was reached. This
property can be interesting for applications in fiber
and film industry (combination of high stiffness with
extensibility).

The authors gratefully appreciate the work of Dr. Jana
Kovarova (TGA measurements) and Dr. Josef Baldrian
(WAXS measurements) from Institute of Macromolecular
Chemistry.
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