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ABSTRACT: The decomposition of pure polyethylene ter-
ephthalate (PET) and PET/silica nanocomposites was investi-
gated by thermal gravimetry (TG) and pyrolysis-gas chroma-
tography/mass spectrometry (Py-GC/MS). The influence of
the nanosized silica on the pyrolysis properties of the compo-
sites was found from the results that the activation energies of
decomposition and the residual carbon content increase with

silica nanoparticles. It is deduced that the increase of the acti-
vation energies and the residual carbon content result from the
adsorption of the decomposed products on the surface of
silica. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 104: 9-14, 2007
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INTRODUCTION

Polyethylene terephthalate (PET), a familiar polymer,
is extensively used as packing material, fabric, engi-
neering plastic, and so on. The decomposition of
PET is very important for its application. For exam-
ple, when PET is applied to the packing of a bever-
age, the decomposition of PET has effect on the taste
and purity of the beverage. Villain et al.' studied the
effect of temperature and drying conditions on deg-
radation of PET (leading to volatile products being
formed) used to bottle mineral water, using different
technological processes. Moreover, the decomposi-
tion of PET also plays an important role in its com-
bustion behavior. The formation of char in and of
itself has a significant effect on the degradation be-
cause char formation must occur at the expense of
other reactions that may form volatiles; thus, char
formation may limit the amount of fuel available.” Tt
was believed that there are connections between the
magnitude of the residual carbon in the TG analysis
and the oxygen indices.”® It has been reported that
the higher residual carbon content and oxygen index
values mean better flame-retardant properties.”

The PET/silica nanocomposites have been synthe-
sized in our laboratory.” This paper reports the results
of TG and Py-GC/MS investigations of PET /silica de-
gradation. The decomposition of the pure PET was
also studied. The results from PET/silica nanocompo-
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sites were compared with those from pure PET to
examine the effect of nanosilica on the processes and
the volatile products of the thermal degradation of
PET. Apart from the identification of the volatile prod-
ucts formed, the mechanism of formation of the prod-
ucts is elucidated according to the general mechanism
of polyester degradation.'”'* The apparent activation
energies of these composites were also studied.

EXPERIMENTAL
Materials

Pure PET labeled as PET0O and PET/silica nanocom-
posites with silica content of 1, 3, 5 wt %, labeled as
PET1, PET3, PET5, respectively, were used in the
present study. The sample preparation has been re-
ported in the previous work.’

Characterization
TGA studies

A Perkin-Elmer Pyris1 TG analyzer was used to obtain
weight loss data for the pyrolysis of PET and PET/
silica nanocomposites. TG measurements were carried
out in nitrogen gas at a flow rate of 80 cm®/min. Three
heating rates of 5, 10, and 20°C/min were operated for
all four samples in the present experiment. The initial
sample weight was ~ 5 mg in all cases.

Pyrolysis gas chromatography studies

Py-GC/MS was used to study the degradation me-
chanism and the degradation products. PET and
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Figure 1 The curves of the thermal degradation of PET and PET/silica nanocomposites.

PET/Silica composites were decomposed in the Py-
2020iS single-shot pyrolyzer (Frontier Laboratories,
Japan) at 420°C, at which the thermal decomposition
rate of PET is the highest according to the TG analy-
sis. The separation and identification of products in
the degradation were carried out using QP-2010 GC-
MS (Shimadzu Corp., Japan); inert helium was used
as a carrier gas with a total flow of 49.7 cm?®/min
and split ratio of 60 : 1. Rtx-1701 chromatograph col-
umn was used and heating process was as follows:
initial temperature was kept at 50°C for 2 min, then
heated to 200°C at 7°C/min, later to 260°C at 15°C/
min and held at 260°C for 10 min. Mass spectrome-
try was used with an ion source of 70 eV, and the
detection range of mass-to-charge ratio was 19 : 600.

RESULTS AND DISCUSSION

The activation energies of decomposition
and the residual carbon percentages

Figure 1(a—d) show the curves of the thermal degra-
dation of PET and PET/silica composites. It can be
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seen that the shape of the pyrolysis curves of PET/
silica composites is similar to those of the pure PET,
which means the degradation process of the nano-
composites is same as that of pure PET. The main
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Figure 2 The TG curves of pure PET and the nanocompo-
sites at the heating rate of 10°C/min.
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TABLE I
Comparison of the Residual Percentages
of Pure PET and PET/Silica Nanocomposites
at Different Temperatures®

Residue (%)

T (°C) PETO PET1 PET3 PET5
500 13.5352 18.1329 19.5817 21.7399
525 12.869 17.4511 18.9696 21.1363
550 12.4887 16.9967 18.5632 20.6997
575 12.1979 16.6026 18.1998 20.3083
600 11.8745 16.2869 17.8238 19.8947
625 11.617 15.8968 17.4642 19.4896
650 11.4173 15.558 17.2215 19.1547
675 11.3216 15.3469 17.0773 18.9125
700 11.3156 15.212 17.0383 18.749

? The heating rate were 10°C/min.

difference between them is the different residue con-
tent above 500°C, where the residue content of com-
posites is always larger than that of pure PET. In
Figure 2, four TG curves of pure PET and the nano-
composites at the heating rate of 10°C/min are
shown. The residue content of PET and PET/silica
nanocomposites at different temperatures is given in
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Table I. It can be found from Figure 2 and Table I
that the increment of residue content is larger than
the content of silica in the composites and that the
residue content increases with the addition of silica
in the composites, indicating that the addition of
nanosized silica decreases formation of volatile prod-
ucts during the degradation because char formation
must occur at the expense of other reactions that
may form volatiles.

There are many methods for the kinetic analysis of
TG data."”® A modified Friedman method was
used in the present work to investigate the activation
energy of composites during thermal decomposition.
The Friedman equation'’ is expressed as follows:

In {Bd"‘] — In[Af(«)] — E/RT )

dar

where B is the heating rate, o the reaction degree, A
the pre-exponential factor, E the activation energy, T
the temperature, and R the gas constant. In our
experiment, three different heating rates were used.
Choosing a constant reaction degree, a plot of
In[B4 versus —1/RT should be a straight line and
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Figure 3 The plots of In[Bdo./dT] versus —1/RT. Application of Friedmann method.
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Figure 4 The activation energies of PET and the composites
versus the normalized residual carbon contents. The Fried-
man method was used; x is the normalized residual content,
x = (xo — b)/(1 — b), where b is the silica content in the compo-
sites, xg is the original residual content in TG analysis.

the activation energy can be obtained from the slope.
As we know,

1-x do 1 Jdx

= _ = ——_— ] — 2
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where x is the residual fraction of the test, x_, the ulti-
mate residual fraction. In this work, the residual frac-
tion is preferred. Through simple calculations, we get

In [— Bgﬂ = In[Af(x)] — E/RT + B 3)

in which B = 1/(1 — x.) is a constant. If we plot
In[—B %] versus —1/RT, the activation energy of the
composites can be obtained from the slope of the
derived lines [shown in Fig. 3(a—d)].

The decomposition activation energies of compo-
sites and pure PET in the different reaction degree
are shown in Figure 4. It is clear that the values of E
for nanocomposites are higher than those for pure
PET. The average of activation energies at different
residual content (from x = 0.85 to x = 0.35) for
PETO, PET1, PET3, and PET5 is 178, 198, 215, and
214 KkJ/mol, respectively. The activation energy of
nanocomposites increases with addition of silica
from 0 to 3 wt %. The value of activation energy has
no significant variation when increasing silica con-
tent from 3 to 5 wt %. It seems that decomposition
in nanocomposites is more difficult than that in pure
PET under same experimental conditions. It is evi-
dent that the addition of silica leads to the increment
of the activation energy of decomposition and there
exists a maximum value of E. It was concluded from
Figures 1-4 that the addition of nanosized silica in
the composites could efficiently improve the thermal
stability of PET/silica nanocomposites by increasing
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the activation energy and char formation of the com-
posites during thermal decomposition.

The decomposition mechanism of
the nanocomposites

To study further the thermal decomposition of the
PET/silica nanocomposites, Py-GC/MS measure-
ments were carried out. The GC (gas chromatography)
graphs of the pure PET and the composites are shown
in Figure 5, in which each of the GC graphs was nor-
malized to the peak of No.2, benzoic acid. In the initial
stage of GC measurement, the signal is sometimes in-
terfered with due to the instability of instrument, and
so the initial data in GC (before 2 min; Fig. 3) were not
used in the present study to obtain reliable result. The
products formed by pyrolysis were determined by
mass spectra and data from literature'®'*?° and results
are shown in Table II. In the following sections of the
paper, the number shown in Table II represents the
decomposed product for simplicity.

It can be seen from the GC graphs and Table II that
the decomposition products of the composites are basi-
cally same as those of the pure PET, which means that
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Figure 5 The gas chromatographs of PET and the compo-
sites.
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TABLE 11
Gas Chromatograph-Mass Spectrometry Analysis of Decomposition Products of pure PET and composites
Number Retention Time (min) Mass/charge Relative intensity Suggested structure
1 13.50 105.1 77.1 51.1 106.05 50.1 78.1 76.1 148.05
100 53.98 18.72 7.55 6.29 35 243 2.32
Acetophenone, CdHsCOCHj;
2 17.54 105.05 122.05 77.1 51.1 50.1 106.05 123 78.1
100 95.03 67.43 31.38 16.61 8.28 7.78 6.77
Benzoic acid CgHsCOOH
3 20.41 105.05 149.05 77.1 51.1 150.05 106.1 421 70.05
100 83.38 49.69 15.51 8.14 7.89 7.01 6.94
Diethylene glycol dibenzoate, C{HsCOOCH,CH,OCH,CH,OOCCsHs5
4 21.35 105.1 123.05 77.1 51.1 106.05 79.1 50.1 43.1
100 51.79 50.95 18.12 7.83 5.87 5.18 4.52
1-hydroxyl ethyl benzoate, CsHsCOOCH,CH,OH
5 22.11 175.05 104.05 76.05 147.05 132.05 176.05 50.1 66.05
100 47.97 27.3 19.64 18.33 11.25 11.15 7.33
Divinyl terephthalate, CH,=CHOOCCHsCOOCH=CH,
6 2292 177.05 149 76.1 65.1 71.1 121.05 104.1 73.1
100 55.13 26.03 25.63 23.34 20.95 20.81 20.41
Ethyl vinyl terephthalate, CH;CH,OOCCsHsCOOCH=CH,
7 25.36 149.05 65.1 121.05 150.05 76.05 50.05 75.05 51.1
100 24.05 229 10.3 75 6.75 4.81 4.62
p-acetyl benzoic acid, CH3COCsHsCOOH
8 29.49 105.1 77.1 106.05 51.1 227.05 148 149 78.1
100 28.03 8.44 7.18 5.68 2.43 2.28 2.06

Ethylene dibenzoate, CsHsCOOCH,CH,OOCC¢Hj5

the decomposition mechanism of the composites does
not change essentially with the addition of nanosized
silica. Therefore the decomposed products of nano-
composites can be studied on the basis of the pyrolysis
mechanism of PET.'** The first step in the PET degra-
dation is most probably the classical ester scission reac-
tion to give a carboxylic acid and olefinic end groups

[Scheme 1(a)]. Further ester scission on the adjacent
ester groups of (a) and (b) can form the product of No.5
[Scheme 1(b)]. The product of No.6 can be obtained
when the decomposition [Scheme 1(b)] is on an end of
molecule chain. If the end group of the decomposition
product was carboxyl, the decarboxylation could occur
as shown in Scheme 1(c). Thus the phenyls in the prod-

.O'
woooen PACOOCH,CHg oo J—tPh-C‘ﬂCH" - ~PhCOOH *+  HyC=HCw~
O'CH 2 (a)
G (a) (b)
_# ~PhCOOH + H,C=CHOCOPhCOOH
~+~PhCOOCH,CH,0COPhCOOH { (a) (c)
(a) ~+PhCOOCH=CH,*+ HOOCPhCOOH
b (d)
~PhCOOH + CH;=CHOCOPhCOOCH=CH,
~PhCOOCH,CH,0COPhCOOC=CH, (a) (No.5)
(b) ~PhCOOCH=CH, + HOOCPhCOOCH=CH,
(b) (c)
HOOCPhCOOH - PhCOOH + co, (c)
(d) (No.2)
PhCOOCH=CH, ———~ [PhCOCH,CHO] PhCOCH;+ CO d)
( No.1)
CH,—CHOCOPhCOOH HsCCOPhCHOOH + CO @)

(c)

{ No.7)

Scheme 1 (a)-(e) The decomposition mechanisms of pure PET and the composites.
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ucts of No.2, No.3, No.4, and No.8 can be formed in
this way. Ritchie'* found that the vinyl benzoate was
decomposed by the reaction shown as in Scheme 1(d),
where acetophenone (No.1) was formed. This reaction
[Scheme 1(d)] can also account for the formation of the
product of No.7 [Scheme 1(e)]. Although the mecha-
nisms and the products of decomposition are greatly
similar between the composites and the pure PET,
there are still some differences.

The product of No.3 can be obtained by the decar-
boxylation of the diethylene glycol (DEG) produced
during the preparation of the samples. It is shown in
Figure 3 that the peaks of the product of No.3 for
composites are smaller than that of pure PET. This
result is consistent with the content of DEG in PET
and the composites. The content of DEG in PETO,
PET1, PET3, and PET5 is 3.6, 1.4, 0.9, and 1.2, respec-
tively, which was determined according to Chinese
standard GB/T 14,190-1993: Analysis methods for
fiber grade polyester chip.

In the GC graphs, the peak of No.7 (25.36 min) for
the pure PET is different from that for the compo-
sites. Compared with the composites, the peak of
No.7 for the pure PET in the GC graph is sharper
and has a larger area, indicating the decrease of the
product of No.7 in the composites, which is corre-
sponding to the TG analysis that the residual carbon
content increases with the addition of silica. The
forming process of No.7 is considered to be related
to the formation of the transition state, [HOOPh-
COCH,CHO], and the addition of silica probably
plays a role in the formation of the transition state.

There are many hydroxyls or silanol groups at the
surfaces of the silica nanoparticles, and they interact
not only with the carbonyl through hydrogen bond but
also with phenyl through n electrons to adsorb the or-
ganic molecules.”’ The OH groups act as the centers of
molecular adsorption during their specific interaction
with adsorbates capable of forming a hydrogen bond
with the OH groups, or more generally, of undergoing
donor-acceptor interaction.”” The adsorption of or-
ganic molecules on the surface of silica has been estab-
lished experimentally by most of techniques including
infra-red adsorption, nuclear magnetic resonance,
dielectric measurement, and gas-solid chromatogra-
phy.?""* Thus, we think that the adsorption of these or-
ganic molecules on the surface of silica and the action
of thermal energy promote the formation of the resid-
ual carbon, thus preventing the volatilization of prod-
ucts,** which is the reason why the activation energy of
decomposition increases in the TG measurements.

The No.8 peak of PET1 is much lower than that of
PETO, which is probably caused by the reason men-
tioned above. However, it is still unclear why the
product of No.8 increases with the addition of silica
in PET3 and PETS5.
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CONCLUSIONS

TG and Py-GC/MS investigations on the thermal
degradation of PET and PET/silica nanocomposites
were carried out. The main conclusions are summar-
ized as follows:

1. The thermal decomposition process and mecha-
nism of PET/silica nanocomposites are basically
consistent with those of pure PET, but the addi-
tion of silica has an effect to some extent on the
decomposition process and products.

2. The PET/silica nanocomposites exhibited better
thermal stability, higher residual carbon con-
tent, and larger activation energy in comparison
with the pure PET.

3. The result that activation energy and residual
carbon content increase with the addition of
silica is attributed to the adsorption of organic
molecules on the silica surface, because this
adsorption leads to the decrease of volatile
products.
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