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ABSTRACT: By in situ polycondensation, poly(ethylene
terephthalate) (PET)/montmorillonite (MMT) nanocompos-
ites was prepared, which were characterized via X-ray dif-
fraction and transmission electron microscope. The process-
ing stability of these nanocomposites was investigated by
the change of number-average molecular weight and car-
boxyl terminal group content during injection molding, and
the thermal stability of the nanocomposites was investigated
via thermogravimetric analysis. It was found that some me-
tallic derivatives released from MMT during polycondensa-
tion had a great influence on the processing and thermal

stabilities of the nanocomposites. The quantity of these me-
tallic derivatives was determined by inductively coupled
plasma. The stabilization effect of phosphorous compounds
generated from MMT modified with phosphonium was ob-
served. Processing stability and thermal stability of these
nanocomposites exhibited similar trend because of almost
the same causes. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
101: 1692-1699, 2006
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INTRODUCTION

Recently, polymer/layered silicate nanocomposites
(PLSN) have attracted much interest in academic and
industrial studies, because of their expectable great
improvement in mechanical and gas barrier proper-
ties, etc.'”® Mica-type layered silicates, especially
montmorillonite (MMT), are most widely used to pre-
pare PLSN. To improve the dispersion of MMT, it had
usually been treated with surfactants before polymer/
MMT nanocomposites were prepared by in situ poly-
merization,!™* solution mixing,5 or melt intercala-
tion.®”

Because of its low cost and high performance, poly-
(ethylene terephthalate) (PET) finds extensive applica-
tion in areas of fibers, films, beverage containers, and
engineering plastics, etc. PET/layered silicate nano-
composites have also been a research focus in order to
meet the practical needs to further improve its perfor-
mance. However, the preparation of this kind of nano-
composites was not as successful as other PLSNs.
Improvement of mechanical properties has been
achieved by some researchers,>*'° but severe degra-
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dation during processing was found in our recent
research, because of the high processing temperature
of PET. The poorer thermal stability of PET/layered
silicate nanocomposites is a vital problem in its appli-
cations.

Usually, the decomposition of surfactants at higher
processing temperature was thought as the main rea-
son for the poorer thermal stability of PLSNs,''™'
which destroyed the unique chemical and physical
properties of PLSNs. In our recent research, it was
found that quantities of metallic derivatives released
from MMT also have notable effects on the thermal
stability of PET/MMT nanocomposites, besides the
decomposition of surfactants. In this study, the quan-
tity of metallic derivatives released from different
kinds of MMT was determined, and the effects of
metallic derivatives on the processing and thermal
stabilities of PET/MMT nanocomposite were investi-
gated in detail.

EXPERIMENTAL
Materials

Sodium-montmorillonite (Na-MMT) with a cation-ex-
change capacity of 100 mequiv/100 g and a nominal
particle size of 40 um was purchased from Zhangjia-
kou Clay Mineral Corp. (Hebei Province, People’s Re-
public of China). Dimethyl terephthalate (DMT) was a
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commercial product from Mitsubishi Chemical Corp.
(Tokyo, Japan). Hexadecyltriphenylphosphonium
(HTPP)'® bromide and 1-hexadecyl-2,3-dimethylimi-
dazolium (HDMI)"” bromide were synthesized and
purified with regular procedures in our lab, and
1-hexadecylprydinium (HP) bromide was prepared
with the same method as HDMI.

Preparation of organo-montmorillonites

Organo-montmorillonites (organo-MMTs) were ac-
quired after Na-MMT had been treated with HTPP,
HDMI, and HP salts, in 90°C water for more than 3 h.
Then, these MMTs were separated by centrifugation
and washed with distilled water repeatedly until no
bromide ions could be detected by 0.01M silver nitrate
aqueous solution. The acquired organo-MMTs are ab-
breviated as HTPP-MMT, HDMI-MMT, and HP-
MMT, respectively. Other reagents were purchased
from Beijing Chemical Reagent Company (Beijing,
People’s Republic of China) and used without further
purification.

Preparation of PET/organo-MMT nanocomposites
and pure PET

In the mixture of 100 parts of DMT by weight and 72
parts of ethylene glycol (EG) by weight, a zinc acetate
catalyst (0.02 wt % with respect to DMT) was added.
The temperature was raised to 190°C in nitrogen at-
mosphere, whereupon methanol was generated and
removed by distillation. When the collected methanol
exceeded the theoretical amount, a given weight of
organo-MMT powder was added in, and an antimony
trioxide catalyst (0.03 wt % with respect to DMT) was
added into the reaction system. The pot temperature
was increased to about 260°C, and the mixture was
violently agitated for 1 h. Then, the temperature was
raised to 280°C and a vacuum (<0.1 mmHg) was
applied. EG was continuously removed by distillation.
The polycondensation reaction was continued for 3 h,
before PET/organo-MMT nanocomposite was finally
formed. For comparison purpose, pure PET was also
synthesized in our lab with the same method, but no
organo-MMT powder was added.

Injection molding

The PET nanocomposites and pure PET were all dried
in a vacuum oven at 140°C for at least 10 h, before
injection molding. Then they were injected to form 40
mm X 40 mm X 0.5 mm slices on a plunger injection-
molding machine at the processing temperature of
280°C.
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Characterization

X-ray diffraction (XRD) was performed at room tem-
perature by a Ragaku Model D/max-2B diffractom-
eter using Cu Ka radiation (A = 0.154 nm) at a gener-
ator voltage of 40 kV and a generator current of 200
mA. Testing data were collected from 1.5° to 40° at a
scanning rate of 2°/min. The type of transmission
electron microscope (TEM) used was JEOL-100CX,
and the acceleration voltage was 100 kV. All samples
were microtomed into 50—-80-nm thick slices by a di-
amond knife. Thermogravimetric analysis was per-
formed on a Perkin-Elmer TGA?7. Samples were
heated at a rate of 20°C/min from 50 to 750°C in a
nitrogen atmosphere. The standard uncertainty of de-
composition temperature reported is +1°C. A Perkin—
Elmer DSC-7 differential scanning calorimeter (DSC)
thermal analyzer was used for DSC analysis. Each
sample, about 8 mg, was accurately weighted before
being placed in DSC span. Under nitrogen atmo-
sphere, it was heated from room temperature to 300°C
with a heating rate of 20°C/min.

The intrinsic viscosity [n] of all the samples was
measured at 25 * 0.1°C in a Ubbelohde viscometer,
with the mixture of 50/50 (wt/wt) phenol/1,1,2,2-
tetrachloroethane as solvent. The number-average
molecular weight, M,,, was obtained from [7] using
the following relationship'®

[n] = 2.1 X 1074M, 82

Carboxyl terminal group content ([COOH]) was
measured by titration, according to the methods re-
ported in literatures.'”?° In a nitrogen atmosphere, a
sample of about 0.3 g of nanocomposite was dissolved
in 10 mL of benzyl alcohol under heating and titrated
with 0.01N KOH-EG solution with phenol red as an
indicator. The titrations were carried out at a temper-
ature higher than 100°C to avoid the reprecipitation of
the polymer, and blank runs were carried out for
correction.

In a nitrogen atmosphere, a given weight of organo-
MMT was dispersed in 100 g of refluxing EG. The
mixture was stirred for 6 h, before it was cooled to
ambient temperature. Then, it was centrifuged with a
speed of 5000 r/min for 30 min. The sediment cake
was washed with EG, and then centrifuged for sepa-
ration. This operation was performed for at least three
times. All the upper, clear liquid from centrifugation
was collected together, and EG was removed by vac-
uum distillation. The residue was carefully collected.
About 0.1 g of residue was accurately weighted and
then dissolved in concentrated sulfuric acid and hy-
drofluoric acid. The solution was analyzed on a Jobin
Yvon Model Ultima ICP. Na-MMT was also analyzed
with the same method.
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Figure 1 XRD patterns of untreated MMT and organically
treated MMT.

RESULTS AND DISCUSSION
Morphology of PET/organo-MMT nanocomposites

Three kinds of organic modifiers, HTPP, HDMI, and
HP, were used to treat Na-MMT. Figure 1 shows the
XRD patterns of Na-MMT and these organo-MMTs.
After treatment, the gallery spacing of MMT was en-
larged obviously, compared with that of Na-MMT.
According to Bragg’s equation, the gallery spacing of
HTPP-MMT, HDMI-MMT, and HP-MMT reached 3.0,
2.1, and 1.9 nm, respectively, while the gallery spacing
of Na-MMT was only about 1.2 nm.

PET/organo-MMT nanocomposites were prepared
by in situ polycondensation of bis(2-hydroxyethyl)
terephthalate with MMT loading of 3 wt %. As ex-
pected, the intercalation of macromolecules was
achieved, which could be confirmed by the shift of 001
peak to lower 26 value, according to the XRD patterns
in Figure 2. The gallery spacing of PET/HP-MMT,
PET/HDMI-MMT, and PET/HTPP-MMT reached 2.8,
2.9, and 3.4 nm, respectively. This indicated that nano-
composites, rather than simple incompatible blends,
had formed. The gallery spacing of MMT in PET/Na-
MMT composite was only enlarged to 0.3 nm com-
pared with that of Na-MMT. This means that organic
modification of MMT is necessary to favor the inter-
calation of macromolecules. Figure 3 shows the TEM
images of selected sample (PET/HTPP-MMT nano-
composite with MMT loading of 3 wt %). Several
single silicate layers could be observed, despite that
MMT layers in polymer matrix mainly exhibited a
face-to-face morphology.

Thermal and processing stabilities of PET/organo-
MMT nanocomposites

The poorer thermal stability of PET/layered silicate
nanocomposites is a vital problem that prevents them
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Figure 2 XRD patterns of PET/organo-MMT nanocompos-
ites of 3 wt % MMT loading.
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Figure 3 TEM image of PET/HTPP-MMT nanocomposite
with 3 wt % MMT loading.
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Figure 4 DSC melting exotherms of (a) pure PET and PET/
MMT nanocomposites of 3 wt % MMT loading and (b)
PET/HTPP-MMT nanocomposites of 1, 2, and 3 wt % MMT
loading.

from application; so, the study of thermal and process-
ing stabilities of PET/organo-MMT nanocomposites is
of great practical importance. The thermal and ther-
mooxidative properties of PET are essentially affected
by side-reactions taking place during polycondensa-
tion. These side-reactions are very complex,” > and
many side-reactions are present in very small percent-
age and usually negligible, but two kinds of side-
reactions have significant effect on the quality of PET,
which are the formation of diethylene glycol (DEG)
moieties in the backbone chains and the formation of
carboxyl terminal groups.

A slight increase in DEG units usually results in
remarkable lowering of melting point (T,,) and decay
in thermooxidative stability during processing.” DSC
was used to determine the T,, in our research. From
Figure 4, one can readily see that the T,, of all the
samples, including pure PET and PET/MMT nano-
composites, is almost the same (about 255.5°C). This
indicated that introduction of MMT had no influence
on the content of DEG units under the present reaction
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conditions. So, in this article, the disadvantages of
DEG units will not be discussed.

Zimmerman and Kim had found that a low carboxyl
terminal group concentration is crucial for the thermal
and processing stabilities, because carboxyl terminal
groups cause autocatalytic effect.”>** Similar phenom-
enon had been observed during the investigation on
the thermal properties of poly(propylene terephtha-
late).'” The cause for the generation of carboxyl termi-
nal groups is very complex, depending on the starting
monomers, the extent of reaction, the thermal history,
and the catalysts employed, etc.® Since DMT and EG
were starting materials in this research, which both
had no carboxyl groups, and all the nanocomposites
and neat PET were prepared under the same condi-
tions, carboxyl terminal groups should mainly come
from the side-reactions during polycondensation, es-
pecially thermal degradation side-reactions.”* Exces-
sive catalytic substances in reaction system usually
accelerate side-reactions during polycondensation be-
cause of their catalytic effect, which usually leads to
more carboxyl terminal groups.

The change of number—average molecular weight
(M,)) of these nanocomposites after processing is a
direct evidence for degradation. Meanwhile, degrada-
tion reactions usually lead to increase in carboxyl ter-
minal groups;** so, change of [COOH] is another use-
ful evidence for degradation. Here, the degradation
reactions include thermal degradation and thermooxi-
dative degradation. All the samples were molded to
specimens on a plunger injection-molding machine at
the processing temperature of 280°C. From the data
listed in Table I, one can readily see that introduction
of MMT caused processing stability deterioration of
the nanocomposites except PET/HTPP-MMT, for
their M,, decreased notably, and their [COOH] in-
creased remarkably.

The synthesis and processing temperature of PET is
so high (near 300°C) that some most widely used
organic modifiers such as alkyl ammoniums have de-
composed far below this temperature.®* This may
cause some negative effects on products.'’'* So, ther-
mal stability of organic modifier is also very important
when preparing PET/organo-MMT nanocomposites.
Thermogravimetric analysis in nitrogen atmosphere
was used in our research to characterize the thermal
stability of these organo-MMTs, and the results are
shown in Figure 5. Their onset decomposition temper-
ature (t;) was around 320°C for HTPP-MMT, 280°C for
HDMI-MMT, and 250°C for HP-MMT. HTPP-MMT
showed much better thermal stability than the other
two. This should be an advantage for it to resist the
high temperature during polycondensation and pro-
cessing. It seemed that poor thermal stability of the
surfactants resulted in the severe degradation of PET/
HDMI-MMT and PET/HP-MMT nanocomposites
during processing. However, PET/Na-MMT system
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TABLE I
Intrinsic Viscosity, Number—Average Molecular Weight and Carboxyl Terminal Group Content of the Nanocomposites
(3 wt % MMT Loading) Before and After Processing

Before processing After processing

[COOH] [COOH]
sample [T'] Mn (mmOI/Kg) [77] Mn (mmOI/Kg)
PET 0.63 17,400 23.1 0.57 15,400 (—11.5%) 46.0
PET/Na-MMT 0.54 14,400 374 0.47 12,200 (—15.3%) 57.2
PET/HTPP-MMT 0.65 18,100 21.7 0.60 16,400 (—9.4%) 34.3
PET/HDMI-MMT 0.62 17,100 32.3 0.53 14,100 (—16.4%) 54.3
PET/HP-MMT 0.51 13,400 38.2 0.44 11,200 (—17.5%) 67.7

The data in parentheses indicate the relative change of M,, after the processing of the samples. Minus signs are used purely

to indicate a decrease.

also experienced severe degradation during injection
molding, although there was no surfactant at all. Ob-
viously, attributing only poor processing stability to
the lower thermal stability of surfactants was unrea-
sonable. There must be other factors that affect the
processing stability of PET/MMT nanocomposites
markedly.

Derivatives of almost all metals are recommended as
effective polycondensation catalysts for PET.**%2¢
However, such metallic derivatives usually accelerate
the degradation reactions at the same time.”>*” The
residual metallic compounds in nanocomposites will
influence their thermal stability and processing stabil-
ity. It is well known that the composing of MMT is
quite complex. It is comprised of two silica tetrahedral
sheets and a lumina octahedral sheet. Because of iso-
morphous substitution, which means an atom of
lower positive valence replaces one of higher valence,
negative charges are generated in these MMT layers.
Exchangeable metal-ions existing in the interlayer
space neutralize those negative charges distributing in
the clay layers.”® Inductively coupled plasma (ICP)
analysis of Na-MMT was performed, and the result

ments in it, such as Na, Mg, Al, Ca, Zn, Fe, Ti, Co, Nj,
Cu, Mn, etc. Were these metallic elements likely to
transfer into reaction mixture? After natural Na-MMT
and organo-MMT were treated with refluxing EG in a
nitrogen atmosphere, ICP was used to analyze the
upper, clear liquids from centrifugation to determine
if there was any metallic element released from MMT.
It can be readily seen from Table II that many kinds of
metallic elements were released from Na-MMT in re-
fluxing EG.

How these metallic elements transferred from MMT
to EG needs further research. It is general thought
that, for an effective catalyst, it must be able to resolve
in reaction mixture to form glycolates.”® So, these re-
leased metallic elements were quite likely to exist in
EG as glycolates. The content of the main elements
released from organo-MMT are listed in Table III
From these data, one can find that these organo-MMTs
released less metallic compounds than natural Na-

TABLE 1I
Metallic Elements Released from Na-MMT

indicated that there are many kinds of metallic ele- Element pe/g
Na 4281
Al 1357

ool Mg 244.1

I Fe 165.4

ol Ca 55.8

| Zn 55.6

= I Ti 11.78
< so_ P 7.72
£ Sr 2.08
o 70 ) Mn 114
= sol — Ni 1.03
[ [ HTPP-MMT Ba 093

| DMHI-MMT Cr 0.80

50 | Pb 0.74

r Cu 0.40
Ak v 0.076
I 1 1 1 1 1 1 1 1 B 0.073
O 100 200 300 400 500 600 700 800 Co 0.063
Temperature(°C) Mo 0.056
Cd 0.003

Figure 5 TGA thermograms of organically treated MMT.
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TABLE III
Metallic Elements Released from Organo-MMTs (with
Respect to the Inorganic Parts of Organo-MMTs)

Element (ng/g)

Sample Zn Mn Fe Mg Ca Ti Al

HTPP-MMT 0.70 0.20 12,07 532 759 142 1399
HDMI-MMT 6.37 0.17 138.6 755 13.19 1591 5735
HP-MMT 8.89 093 4193 79.96 139.7 739 361.7

MMT did, and the tendency was extremely obvious
when MMT was treated with HTPP salts. This phe-
nomenon indicated that the content of metallic com-
pounds released from MMT was concerned with the
exposed surface area of MMT layers. Because these
organically modified MMTs had less surface area ex-
posed to medium, when being stirred in refluxing EG,
they released less metallic compounds. HTPP cations
had larger bulk size than the other two kinds of or-
ganic cations; so, the amount of metallic elements
released from HTPP-MMT is least. Some other prop-
erties of these organic modifiers also can affect the
release of metallic elements, and this aspect needs
further research.

During polycondensation, MMT was dispersed in a
mixture of diols of different polymerization degree.
Some metallic compounds must have been released
from MMT into reaction mixture. In our recent re-
search, it was found that the upper clear liquids from
centrifugation exhibited obvious polycondensation
catalytic activity. This indicated that such catalytic
activity had some relationship with the metallic deriv-
atives released from MMT. Because polycondensation
catalysts also can accelerate the degradation reactions
during polycondensation and processing, these metal-
lic derivatives must have an important influence on
the thermal and processing stabilities of the nanocom-
posites prepared by in situ polycondensation.

Obviously, because some metallic derivatives were
released from MMT, PET/Na-MMT, PET/HDMI-
MMT, and PET/HP-MMT nanocomposites experi-
enced excessive degradation side-reactions during
polydensation in comparison with pure PET. This re-
sulted in higher [COOH] of these samples. Further-
more, overloaded metallic compounds also can cata-
lyze the degradation reactions during injection pro-
cessing. Thus, overloaded metallic compounds and
higher carboxyl terminal group content of these nano-
composites were responsible for the deterioration of
processing stability. PET/HDMI-MMT and PET/HP-
MMT exhibited a little lower processing stability than
PET/Na-MMT, despite both of them released less me-
tallic compounds than Na-MMT. This may be a neg-
ative effect caused by poor thermal stability of HDMI
and HP oniums during polycondensation and pro-
cessing.
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Figure 6 Change of carboxyl terminal group content
([COOHY]) of PET/HTPP-MMT nanocomposites of different
MMT loading during processing.

However, when HTPP-MMT was introduced, PET/
HTPP-MMT nanocomposite exhibited improved pro-
cessing stability in comparison with PET/Na-MMT
and pure PET, although some metallic elements were
still released. For further investigation purpose, a se-
ries of nanocomposites with different HTPP-MMT
loading (1, 1.5, 2, and 3 wt %) were prepared, and all
these samples were also processed on the injection-
molding machine. It can be readily seen from Figure 6
that carboxyl terminal group content of the PET/
HTPP-MMT nanocomposites was not higher than that
of pure PET. After injection molding, their carboxyl
terminal group content was much lower than that of
pure PET, which indicated that PET/HTPP-MMT
nanocomposites experienced less degradation reac-
tions during injection molding and possessed better
processing stability. The number-average molecular
weight of the nanocomposites decreased less than that
of pure PET, according to the data listed in Table IV,
which confirmed the tendency indicated in Figure 6.
Xie et al. thought that MMT modified with quaternary
phosphonium may be advantageous for preparing
polymer nanocomposites, because of the well-known

TABLE 1V
Change of Number-Average Molecular Weight (M,,)
During Processing

MMT M, Relative
loading  Before After change
Sample (wt %) processing processing extent (%)

PET 0 17400 14700 —15.5
PET/HTPP-MMT 1 16700 14700 —12.0
PET/HTPP-MMT 1.5 17700 16100 -9.0
PET/HTPP-MMT 2 16700 15400 =78
PET/HTPP-MMT 3 18100 16400 —94
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properties of phosphorous compounds, such as heat
stabilization and flame retardancy.® It is quite obvi-
ous here that introducing proper quantity of HTPP-
MMT can improve the processing stability of the
nanocomposites. After MMT had been treated with
HTPP salt, the metallic compounds released from
MMT decreased greatly during polycondensation.
Such phosphorous compound may act as a stabilizer
to inhibit the side-reactions that caused the generation
of carboxyl terminal groups. The ultimate result was
the improvement of processing stability of the nano-
composites.

Thermogravimetric analysis (TGA) in nitrogen at-
mosphere was used to characterize the thermal stabil-
ity of PET/organo-MMT nanocomposites. Figure 7
shows the TGA thermograms of PET/Na-MMT, PET/
HDMI-MMT, PET/HP-MMT, and PET/HTPP-MMT
nanocomposites with 3 wt % MMT loading, in com-
parison with that of pure PET. The weight loss onset
temperature (f,n.;) of pure PET in a nitrogen atmo-
sphere was about 426°C, and t,... of PET/HTPP-
MMT had reached as high as 439°C, which was the
highest. Compared with that of pure PET, PET/
HDMI-MMT and PET/Na-MMT also exhibited im-
proved thermal stability, and their ¢, was 434 and
432°C, respectively. However, PET/HP-MMT did not
show any improvement in thermal stability. Its f .
was only 425°C. This may also be caused by the poor
thermal stability of HP cations at higher temperature,
since HP-MMT and HDMI-MMT both released less
metallic derivatives than that of Na-MMT. Like pro-
cessing stability, thermal stability of PET/nanocom-
posites also depended on [COOH] and content of
catalytic substances.

Figure 8 shows the TGA thermograms of PET/
HTPP-MMT nanocomposites with MMT loading of 1,
2, and 3 wt %. It is generally recognized that higher

100
R Pure PET
w® |- PET/HTPP-MMT
80 B [ e PET/DMHI-MMT
W\ === PET/HP-MMT
= LY, -~ PET/Na-MMT
> 50 L |
Z
=
2
o -
= 40
20
oF

1 " 1 n 1 i
400 500 600 700
Temperature(°C)

Figure 7 TGA thermograms of pure PET and PET nano-
composites with 3 wt % MMT loading.
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Temperature("C)

Figure 8 TGA thermograms of PET/HTPP-MMT nano-
composites of different MMT content.

MMT content will afford nanocomposites better ther-
mal stability. Obviously, this trend was exactly ob-
served in our research. The sample presenting best
thermal stability was PET/HTPP-MMT of 3 wt %
layered silicate loading, and the nanocomposite with a
HTPP-MMT loading of 2 wt % exhibited better ther-
mal stability than that of 1 wt % loading.

Thermal stability and processing stability of the ma-
terials have a very close relationship. In fact, they
usually disclose the same essence, so they were both
affected almost by the same factors.

CONCLUSIONS

Intercalated PET/MMT nanocomposites were pre-
pared via in situ polycondensation, which was char-
acterized by XRD and TEM. Metallic derivatives,
which had catalytic activity on both polycondensation
and degradation reactions, were released from MMT
during polycondensation. The total quantity of these
metallic derivatives decreased after Na-MMT had
been organically modified, especially when HTPP was
used as modifier. The overloaded catalytic substances
caused excessive side-reactions during polycondensa-
tion, resulting in more carboxyl terminal groups,
which had autocatalytic effect on degradation. Fur-
thermore, overloaded catalytic substances would also
accelerate the degradation during processing. The fi-
nal result was the deterioration of processing stability
of the nanocomposites.

However, when HTPP-MMT was introduced, the
stabilization effect of phosphorous compounds was
observed. Processing stability of PET/HTPP-MMT
nanocomposites was improved when MMT loading
was not more than 3 wt %. Affected by almost the
same factors, thermal stability of the nanocomposites
characterized by TGA exhibited similar trend as that
of processing stability.
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