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Abstract In order to clarify the effect of thermal degradation on the structure of
polypropylene materials, we investigated the changes in molecular weight distri-
bution. The samples of polypropylene were degraded iso-thermally at 190 °C at
different time intervals. The molecular weight distribution was significantly chan-
ged with thermo-degradation time, and the carbonyl index increased drastically for
40 min degraded samples, where the molecular weight distribution started splitting
into two peaks. The results imply that heterogeneous degradation proceeded in this
system. Sequentially, the weight distribution of the oligomeric products observed
was discussed on the basis of chain scissions; these results indicate that there are
some kinetically favored scissions occurring near the oxygen-centered radicals.

Keywords Polypropylene - Thermo-oxidation - Molecular weight distribution -
Chain scission

Introduction

Semicrystalline isotactic polypropylene (i-PP) has been extensively used in the daily
life because of its high performance and wide applicability. As a consequence,
various processing technologies such as injection, extrusion, spinning, compression,
and blow have been employed for i-PP-based products. Recently, much attention
has been paid to rotational molding process for large hollow products such as
deposits and containers that can not be produced by any other processing methods
[1]. During the roto-molding process, a pre-weighted charge of powder samples is
placed in a shell-like mold, and slowly rotated about two perpendicular axes,
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meanwhile the plastic is heated and melted to form a coating on the inside surface of
the mold without shear force. Therefore, the thermally stable plastics such as
polyethylene (PE) and polyvinylchloride, and nylon have been employed for roto-
molding processes. The main drawback of the rotational molding is to spend much
longer processing cycle time as compared to other conventional processing
techniques.

It is well known that the PP materials produced directly from a commercial process
are very susceptible to air oxidation. i-PP at molten temperature is often degraded for
several dozens of minutes and the accelerated rate of degradation has possibility to
lead to poor mechanical properties of the materials. This is the main reason why i-PP-
based materials have not been widely used for roto-molding processes. In other words,
for the purpose of employing i-PP samples as roto-molding grades, the elucidation of
the degradation mechanism of i-PP in the molten state is desirable.

In half past century, the thermal degradation of i-PP based materials has been
extensively studied, but most in the solid state ranging between 40 and 150 °C
[2-8]. In this temperature range, much information on oxidation and degradation
mechanism is now relatively well elucidated: it is a radical chain reaction initiated
by the hydroperoxide group [9, 10]. On the other hand, there are few papers
concerning i-PP thermal degradation in the melt state, despite it is very important to
control various molding conditions. In the last two decades, some researchers
started to study the thermal degradation under processing [11-16] and mechanical
recycling [17-19].

As well known, many radical reactions can take place during degradation,
depending on the polymer species and even the catalyst used for the production [20].
In the case of PE, the heating leads not only to chain scission but to recombination
producing cross-linked structure [21, 22]. On the other hand, the degradation of i-PP
is preferentially carried out by chain scission, resulting in that the molecular weight
distribution (MWD) is shifted to the lower molecular weight side according to the
type and extent of the degradation [15, 23-27]. There are reports on molecular
weight changes taking place during different processes, whereas most of these
researches mainly evaluate the final mechanical and rheological properties of
products in injection or extrusion processing. Their processing cycle time was
usually in several minutes. The aim of this study is to evaluate the probability of
chain scission of a typical commercial polypropylene grades due to the thermal
degradation in melt state for a long time, at least half an hour. These data will be
indispensable for examining the applicability of i-PP materials to roto-moldings.

Experimental

In this study, we used a commercial grade of isotactic polypropylene with high
isotacticity (98-99%) and the weight average molecular weight M,, = 416 x 10°
and molecular weight distribution index M,/M, = 4.60.

Weighted quantities of i-PP powders (500 mg) were placed in the aluminum foil
plates and the heat treatment was carried out using a windy oven WFO-601SD
(Tokyo Rikakikai Corp.) at 190 °C under different degradation time periods.
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The development of the carbonyl concentration was measured following the
carbonyl index build-up, which was taken as the absorbance ration of IR band at
1715 and 974 cm™'. Spectra were recorded using 2 cm ™" resolution and cumulated
number 128 at 21 °C on hot-pressed films with an ORIEL Instrument MIR8000
Fourier transform infrared (FTIR) apparatus.

Molecular weight distribution were measured by high-temperature gel perme-
ation chromatography (GPC) (GPCV-2000, water Alliance Corp.), which was
equipped with a guard column (WAT054410, Water Alliance Corp.) and a filter
(WATO024388, Water Alliance Corp.). The samples were dissolved in 1,2-
dichlorobenzene with 0.3 g/L. of antioxidant (4,4’-Thiobis(6-tert-butyl-m-cresol))
at fixed concentration (1 mg/l mL) and eluted at 140 °C and 0.3 mL/min. The
calibration was made with narrow MWD standard polystyrene.

Results

Oxidation leads to the build-up of degradation products in the material. They are
easily accessible by FTIR spectrophotometry, which are the carbonyl groups (at
about 1713-1722 cm™"). Figure 1 compared IR absorption spectra between the
initial state of virginal i-PP and after thermal degradation at 190 °C during 60 min.
The heat-treated sample showed a clear absorption band at the 1715 cm™!
corresponding to the C=0O groups. The heating time dependence of index of the
C=0 groups are shown in Fig. 2. It is interesting to note that the carbonyl build-up
appears after 40 min. As well known, an increase of the oxygen content in
polyolefin chains is discernable by FTIR immediately beyond the induction time (#;).
In this study, the degraded samples are denoted as A40, A50, and A60 according to
their thermo-degradation time in min.

Figure 3 shows the molecular weight distribution curves of thermo-degraded
samples at various annealing time. It should be noticed that the ordinate in the figure
indicates the weight fraction of each molecular weight species in eluted polymer
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Fig. 3 a MWD curves of the virginal i-PP and degraded i-PP; b Weight average molecular weight (open
circle) and polydispersity (filled square) changes with degradation time

which passed through the filter prior to the column. The total weight of polymer
used for the GPC measurement is kept constant so that the area under the MWD
curve is normalized. The presence of hydrogen linked to a tertiary carbon in the
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Fig. 4 Peak separation results for thermo-degradation i-PP for 40, 50, and 60 min

backbone chain causes i-PP to be degraded preferentially by chain scission with an
overall shift of the MWD curve toward lower values. As shown in Fig. 3, the peak
position shifted to the lower molecular weight side and the polydispersity was
broadened with increasing the degradation time, suggesting the increase in the
scission of polymer chains. The fragments of chains formed during scission were
shorter than the original chains and so during the GPC run they were excluded from
the higher molecular weight side reducing the weight fraction at this point.
Meanwhile, they were retained for a longer time in the GPC columns eluting with
other shorter chains, increasing the original weight fraction at this particular
molecular weight, even a large amount of lower molecular weight components
(log MW < 3.7) were detected for A40, AS50, and A60 samples. The fresh
oligomeric products are considered to be attributed to the fragments formed during
chain scission.

The MWD curves of thermo-degradation i-PP can be decomposed into two peaks
using the Gaussian distribution function, except for the pristine i-PP. The results of
peak separation are shown in Fig. 4. The sole higher molecular weight component
of pristine i-PP is separated into two portions: lower molecular component and
higher molecular component for the thermo-degradation samples. As for higher
molecular weight component, the peak position hardly changed and it was around
1 x 10°. As for lower molecular weight component, on the other hand, the peak
position gradually shifted to the lower side with increasing the degradation time.
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Furthermore, it is worth note that all the peak positions of the degraded samples
overstep the MWD range of pristine i-PP. Thus, the oligomeric products formed
during scission contributed to the most of the lower molecular weight component.

The peak position of lower and higher components and their peak areas are
plotted against the thermo-degradation time in Fig. 5. As is shown in Fig. 5, the
fraction of higher molecular weight component of A40 was 30% decreased compare
to the pristine i-PP. But both the peak position and fraction of higher molecular
weight component hardly changed when extended the thermo-degradation time. The
molecular weight of the lower component, on the other hand, decreased from log
MW = 4.08 of A40 to log MW = 3.39 of A60, and the fraction was almost constant,
suggesting that chain scission occurs heterogeneous during the degradation process.
There are some kinetically favored scission points on the chain. Consequently, the
single-modal MWD profile of pristine i-PP turns to the multi-modal profiles of
degraded samples. In addition, the peak position of lower component shifted to the
lower side, but no shift in the higher component. This point will be discussed in
detail in next session.
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Discussion

The changes in MWD of the thermo-degraded samples strongly suggest that the
heterogeneous degradation proceeded in this system. Here, we discuss how the
chain scission propagates during the thermo-degradation of the present i-PP
samples.

According to Lehrle et al. [28], when a scission at some distance (x-mer) from the
end of the chain molecule occurs at time ¢, the weight fraction w, of x-mer is given by

N, .
wx:ﬁxac:xocz(l — )" (1)

where « is the probability that a bond is broken at time #, N, is the number of x-mers,
and N is the number of all molecules. Therefore, in the case of random scission
mechanism, the plot of In(w,/x) against (x — 1) leads to the consistency of the o
values calculated form the intercept and the slope. If all molecules did not start to be
degraded at the same time and a large amount of intact chains is retained, the
degraded chains gradually increase with time. Let f§ be the fraction of degraded
molecules at time 7. Then we have

Pw, = xo(1 — o)™ (2)
Taking logarithm of Eq. 2 leads to the following linear relation:
In(w,/x) =2Inoc—Inf + (x — 1) In(1 — o) (3)

The values of o and f§ can be calculated from the slope and the intercept of the
In(w,/x) versus (x — 1) relation.

As shown in the GPC results, the fragment of chains formed during chain scission
develops a novel shoulder on the lower molecular weight side (log MW < 3.7).
Thus, the novel lower molecular weight components are the oligomers produced by
the degradation. According to Eq. 3, we plot In(w,/x) against x — 1 in Fig. 6. The
probability of chain broken (x) and the fraction of degradation chains (f) are
estimated from the slope and the intercept of the linear relation (see Table 1).
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Table 1 Probability of the

chain broken («) and fraction Sample Carbonyl index * B
of degradation chains (f3) A40 0.120 0.0075 0.19
A50 0.150 0.0088 0.29
A60 0.305 0.018 0.34
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As shown in Fig. 7, we found a linear relationship between the carbonyl index

and o value. As well known, there are various paths which can lead to chain scission

[29]. The linear relation in Fig. 7 implies that there are some kinetically favored
scissions occurring near the oxygen-centered radicals.
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Sequentially, the new carbon-centered radical can reenter the oxidation cycles
and leads to a further chain scission, possibly involving the self-termination
reactions to the extent that severe degradation will occur. That is the reason why the
peak position of lower molecular weight component shows the thermo-degradation
time dependence. Furthermore, the oxidation reaction not only occurs on the
secondary carbon-centered radicals formed by chain scission but also reacts with the
primary volatile point on other chains. In other words, more and more chains are
initiated to enter the oxidation reaction with increasing the thermo-degradation time,
that is, the f§ value accelerated increases along with the degradation time.

Conclusion

The thermal degradation of polypropylene has been investigated under isothermal
condition at 190 °C. The effect of thermo-degradation on the molecular weight and
its distribution was discussed in depth. It was found that the single-modal GPC
profile of the pristine i-PP turned to the multi-modal profiles of the degraded
samples, which indicated that the heterogeneous degradation proceeded in this
system.

Such partial thermo-degradation was estimated through the deviation from the
fragmentation predicted statistically on the basis of chain scission. A linear
relationship between the carbonyl index and probability of chain broken (o) was
found in the paper, which indicated that there are some kinetically favored scissions
occurred near the oxygen-centered radicals. In addition, the probability of chain
broken can be predicted from the carbonyl index data determined by FTIR analysis.
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