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ABSTRACT: To obtain low polymeric polystyrene (PS), pyrolysis of high polymeric PS in
solution was studied in the temperature range from 290 to 400°C by using additives or
acid catalysts. The low polymeric PS targeted here was that with average molecular
weight of 104. When the feed PS was pyrolyzed in tetralin by adding sulfur or diphenyl
disulfide, the molecular weight of PS decreased greatly, even at lower temperatures,
and the desired low polymeric PS was formed in a relatively large amount at the
temperatures below 350°C. The degradation behavior was able to be explained in terms
of a random polymer chain scission mechanism initiated by sulfur radicals formed from
the additives. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 2299–2305, 1998
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INTRODUCTION

Low polymeric polymers are frequently needed in
various industries. They can be prepared with
two methods. One is a controlled polymerization
in which a propagation step is restricted to a low
extent so as to yield the needed polymer. The
other is a pyrolysis in which high polymeric feed
polymers are degraded into the needed polymers.
The latter looks advantageous because of the fa-
cility for the application and the possibility of the
utilization of polymers, which are currently man-
ufactured as raw materials. Further, it may be
capable of recycling waste polymers as the feed
polymers. However, it has rarely been studied
from the viewpoint of whether it is efficient for
production of the needed polymers or not, though
it has been studied from basic mechanistic inter-
ests1–10 and for social demands of treating waste
polymers11,12 by many workers.

To carry out the pyrolysis in question so effi-
ciently as to convert the feed polymer into the
desired low polymeric polymer (hereafter, de-
scribed as the desired polymer), some problems to
be solved remain, as follows: how to inhibit side
reactions bringing by-products, such as crosslink-
ing polymers and carbonaceous materials13,14

from occurring; and how to suppress depolymer-
ization producing predominantly volatile prod-
ucts like monomers2 and, therefore, how to pro-
mote the degradation through random scission.
We have reported the properties of the pyrolysis
carried out in solvents (pyrolysis-in-solvent) us-
ing polystyrene (PS) or its derivatives as feed
polymers.15–17 The reports indicate that the py-
rolysis-in-solvent was able to inhibit the unde-
sired reactions from occurring and to suppress the
depolymerization if solvents used furnish suitable
physicochemical properties like relatively low va-
por pressures, even at higher temperature, great
thermal stability, and hydrogen donating ability.
Of the experiments having been made, the pyrol-
ysis-in-solvent using tetralin especially was able
to degrade the raw polymer without forming the
by-products. Using phenol made the pyrolysis-in-
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solvent proceed through random scission together
with only restricted occurrence of depolymeriza-
tion to yield low polymeric polymers greatly.

In this context, we are stimulated to apply the
pyrolysis-in-solvent to obtain a low polymeric
polymer. For the basic analysis, PS was men-
tioned as a typical feed polymer to be investi-
gated. The targeted polymerization degrees of the
desired polymer is about 100, which is equivalent
to 104 in molecular weight of PS. Tetralin and
phenol were mentioned as solvents furnishing
suitable physicochemical properties. In associa-
tion with the solvents, a few catalysts and several
additives were inspected so as to degrade PS more
selectively to the targeted polymer.

EXPERIMENTAL

Materials

A feed PS was purchased from Wako Pure Chem-
ical Industries, Ltd. Its weight-average molecular
weight (M# w) was 1.75 3 105. Tetralin and phenol
were used as pyrolysis solvents. Figure 1 shows
the additives and catalysts used for the pyrolysis.
Sulfur, diphenyl disulfide (DPS), diphenyl (DP),
and diphenyl ether (DPE) as additives and silica–
alumina (SiO2–Al2O3) and p-toluenesulfonic acid
(p-TSA) as acid catalysts were used. The acid
catalysts were employed from an expectation of
their ability to promote catalytically the random
scission of the polymer chain through an ionic
mechanism. The SiO2–Al2O3 was given courtesy
of Nikki Chemical Co., Ltd. (N631-HN). It was
calcined at 500°C for 2 h and pulverized to pass

through a 100-mesh screen. The additives and the
p-TSA of catalysts were of reagent grade and were
used as received.

Procedure of Pyrolysis and Analysis

A 100-mL magneto-driven autoclave was used as
a reactor. The PS (2 g), the solvents (20 g), and the
additives or catalysts (0.2 g) were placed into the
autoclave. It was pressurized to 2 MPa with ni-
trogen gas and heated at a rate of 6.7°C per min21

up to reaction temperatures and then held for 1 h
while the reaction mixture was stirred at 750 rpm
by a magnetically driven stirrer. After that, it was
cooled rapidly to room temperature, followed by
taking out the reaction mixture. Its 0.2 mL was
sampled, diluted with 4 mL of tetrahydrofuran
(THF), and analyzed by a gel permeation chroma-
tography (GPC) equipped with an ultraviolet
(UV) detector. Concentration of components in
the mixtures was measured by absorbance at
254 nm assigned to the phenyl group. Preliminary
experiments showed that the mixture contained
products having various molecular weights.
Therefore, different peaks attributable to the low-
molecular-weight components, such as the pyrol-
ysis solvent and the monomer of PS, were shown
in the chromatograms besides high-molecular-
weight products. Since degraded products with
molecular weights around 104, the desired poly-
mer’s molecular weight, were the interest of this
work, the low-molecular-weight products were
ruled out for comprehensible understanding of
the pyrolysis property. On the basis of the above
consideration, the chromatograms obtained were
converted to molecular weight distributions
(MWDs), and only MWDs corresponding to pyro-
lyzed products having molecular weights of more
than 103 were paid attention to. From the MWDs,
weight-averaged molecular weight (M# w) of the
degraded products was also calculated as a mea-
sure representing the degradation property of the
pyrolysis-in-solvent.

To know the yield of the desired polymer, it
was precipitated using n-hexane as a precipitant
from the degradation mixtures which were re-
garded as being rich in the desired polymer and
then vacuum-dried and weighed. To discuss
whether or not sulfur was bound to the recovered
polymer when the additives containing sulfur
were used, it was analyzed with a LINK Q200J
X-ray analyzer mounted on a JEOL JSM-T330
scanning electron microscope.

Figure 1 Additives and catalysts used for pyrolysis.
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RESULTS

Investigation of Which Solvent Should Be Used

Figure 2 shows MWDs of feed PS and those of the
degradation mixtures obtained using each sol-
vent. The pyrolyses were made without both the
additive and the catalyst to obtain the informa-
tion of basic degradation properties of PS in sol-
vents and to investigate which solvent was suit-
able. From the figure, it is found that, according
to kinds of solvents used, the MWD varied in a
respective manner against an increase in the py-
rolysis temperature. When the pyrolysis temper-
ature increased, the mode molecular weight, that
is, the molecular weight of the most frequently
occurring components, tends to decrease in pro-
portion to the temperature for the tetralin use
and then to decrease rapidly at lower tempera-
tures for the phenol use. Further, from areas un-
der the MWD curves, the degraded products that
are interesting in this work are found to be
greater for the phenol use and to be less for the
other solvent use. These properties suggest that
the feed PS degraded mainly through depolymer-
ization into products uninterestingly in this work
like the monomer for the tetralin use, while it did
through random scission into the products inter-
estingly in this work for the phenol use. Thus, for
the purpose of the present project, phenol seems
to be appropriate as a solvent. The products ob-
tained in the presence of the phenol, however,
were severely colored against colorless products
obtained in the presence of tetralin. Since the
coloration is considered to be responsible for de-
graded products having conjugated double bonds,

the severely colored products may lack in stabil-
ity. Further phenol may corrode reactors owing to
its acidity. To accomplish the purpose of this
project, the alternative method is to use tetralin
while its property progressing the depolymeriza-
tion is improved to promote random scission. The
improvement may be attained with support of
additives and/or catalysts.

Effect of Additives and Catalysts
on MWD Change of PS

Figures 3–6 show MWDs of the PS degraded in
the presence or absence of additives. When sulfur
or DPS was added (Fig. 3 and 4), MWD of the
polymer shifted greatly to a low-molecular-weight

Figure 2 GPC curves of feed PS (— z —) and PS
degraded in phenol (——) and in tetralin (– – –).

Figure 3 Comparison of GPC curves of PS degraded
in tetralin between use of sulfur (——) and no use of it
(– – –).

Figure 4 Comparison of GPC curves of PS degraded
in tetralin between use of DPS (——) and no use of it
(– – –).
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side with an increase in the reaction temperature.
From the areas under the MWD curves, the de-
crease in the amount of the PS degraded was
found to be less for the pyrolysis using the addi-
tives than for that not using the additives. The
behavior resembled that for the case using phe-
nol, shown in Figure 2. Further, the temperature
at which MWD began to shift depended on the
kinds of additives, as follows: DPS gave a lower
temperature at which MWD shifted. In contrast,
when DP and DPE were used (Figs. 5 and 6), a
little difference was found in MWD between the
presence and absence of the additives. Since no
consistent change was observed for the difference
with an increase in the pyrolysis temperature, the

difference probably arose from an experimental
error. Thus, DP and DPE had no effect on the
degradation of PS.

Figures 7 and 8 show MWDs of PS degraded
under the presence and absence of the acid cata-
lysts, respectively. In case of the p-TSA presence
(Fig. 7), MWD shifted significantly, not at 350°C,
but at 360°C, when compared with that under the
absence of the catalyst, although an extent of the
shift and amounts of the desired polymer formed
were not so great as that for the use of sulfur and
DPS. Under the influence of SiO2–Al2O3 of cata-
lyst (Fig. 8), quite different properties were found
versus the above cases, as follows: At a lower
temperature of 365°C, no marked change was

Figure 5 Comparison of GPC curves of PS degraded
in tetralin between use of DP (——) and no use of it
(– – –).

Figure 6 Comparison of GPC curves of PS degraded
in tetralin between use of DPE (——) and no use of it
(– – –).

Figure 7 Comparison of GPC curves of PS degraded
in tetralin between use of p-TSA (——) and no use of it
(– – –).

Figure 8 Comparison of GPC curves of PS degraded
in tetralin between use of SiO2–Al2O3 (——) and no use
of it (– – –).
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found in MWDs from those obtained in the ab-
sence of the catalyst; at a higher temperature of
380°C, however, the amount of polymer decreased
greatly while the MWD shifted a little.

Figure 9 shows that the M# w of PS degraded for
all the runs. The figure indicates that the degra-
dation property can be classified roughly into two
types. One is a type at which M# w decreased
greatly at low temperatures and the desired poly-
mer was formed to a great extent relatively. That
is the case for the pyrolysis in phenol and in
tetralin with addition of sulfur or DPS. The other
is a type at which M# w decreased at a higher
temperature and the amount of the desired poly-
mer formed was little. The former and the latter
type of degradation property can be explained in
terms of the random scission mechanism and the
depolymerization one, respectively; although, at
higher temperatures, the depolymerization mech-
anism is regarded as being predominant, even in
the former type. Aside from the above 2 types of
degradation properties, a different behavior was
seen for use of p-TSA, as follows: the MWD shift
was not significant at 330 and 350°C but was
significant at 360°C. This is considered to corre-
spond to a case in which the random scission
occurs at higher temperatures.

Obtained Amount of the Desired Low
Polymeric PS

The PS pyrolysis in the presence of sulfur or DPS
gave the desired polymers in the large amount

when the pyrolysis temperature was controlled
properly. Table I shows their yields. The yield
became higher as the pyrolysis temperatures
were lower. Specifically, when DPS was used, the
yield went up to 56.5% at 320°C. The desired
polymers recovered were white or slightly gray
powders. Since both polymer and the sulfur rad-
icals should coexist during the pyrolysis, we sup-
posed that sulfur was incorporated more or less
into the recovered polymer by coupling between
polymer and the sulfur radicals. However, no sul-
fur was determined in the recovered polymers.

DISCUSSION

Thermal Degradation Mechanism in the Presence
of Additives

In the previous article,15 we explained the ther-
mal degradation behavior of PS in phenol with a
random scission mechanism as follows. During
the pyrolysis, phenoxy radicals are formed from
phenol molecules and abstract hydrogens from PS
at random positions of its chain to form carbon
radicals, and then the polymers having carbon
radicals rupture through b-scission. This random
scission mechanism suggests that if any radical
having enough reactivity to abstract hydrogen
from PS is formed during the pyrolysis, the radi-
cal can induce the random scission of PS. The
degradation behavior in the presence of sulfur or
DPS is thought to correspond to that proceeded
through the above mechanism. From comparison
of the molecular structure of DP and DPE, not
affecting the degradation behavior of PS, with
that of DPS, the radicals that can abstract hydro-
gen from PS was considered sulfuric ones, which
are thiyl radical (RS•) and •Sx•. The sulfuric
radicals are regarded as being formed from addi-
tives’ OSSO bonds by their thermal rupture
and/or by radical chain transfer to them from
carbon radicals formed in PS through thermal

Figure 9 Effect of pyrolysis temperature on weight
average molecular weight (Mw) of PS degraded in (h)
phenol and in tetralin in the (E) absence and (‚, Œ, �,
{, }, ■) presence of additives or catalysts. Additive or
catalyst: (‚) sulfur; (Œ) DPS; (�) p-TSA; ({) DPE; (})
DP; (■) SiO2–Al2O3.

Table I Yield of Low-Molecular-Weight
Polymers

Additives Temperature (°C) Yield (%)

Sulfur 340 29.7
Sulfur 350 18.5
DPS 320 56.5
DPS 330 40.4
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decomposition of polymer chains. At low temper-
atures below 350°C, the radical chain transfer
may be negligible because PS degradation in the
absence of the additives was found to be insignif-
icant at the temperatures; thus, the sulfur radi-
cals are formed by the thermal rupture ofOSSO
bond of the additives. The rupture of OSSO
bonds of the additives begin to occur at their
inherent temperatures; and, therefore, the tem-
perature at which PS degraded through the ran-
dom scission mechanism depended on the addi-
tives. Of the degradation mixtures recovered,
those obtained in the presence of sulfur or DPS
had odors characteristic of H2S and thiophenol
(RSH), respectively. The presence of H2S and
thiophenol may be a piece of evidence of the hy-
drogen abstraction by the sulfur radicals. Figure
10 shows a possible mechanism of PS degradation
under the influence of additives of sulfur or DPS.
The sulfur radicals are formed from the additives
[Fig. 10. (1)]. The radicals abstract hydrogens
from PS to form a carbon radical at a random
position of the chain of PS [Fig. 10 (2)]. The PS
then degraded to low polymeric PS through the
b-scission mechanism [Fig. (3)].

If PS degraded at a random position of PS
chain, the desired low polymeric PS formed
greatly while it did a little when depolymerized.
The difference in their amount between random
and depolymerized degradation can be ex-
plained as follows. In general, the amount of a
polymer remaining after pyrolysis can be con-
sidered to depend on the conversion of the poly-
mer to volatile products. If depolymerization
occurs, the polymer degrades to volatile prod-
ucts, such as its monomer. Thus, the decrease in
Mw is accompanied by a great decrease in the

amount of the desired low polymeric polymer.
In the present experiments, PS depolymerized
considerably above 350°C (from GPC measure-
ment and analysis of the amount of volatile
products15). On the other hand, when PS was
pyrolyzed in the presence of sulfur or DPS, the
polymer degraded below 350°C through the ran-
dom scission mechanism, as stated above. At
the lower temperatures, the rate of depolymer-
ization is less, and, thus, PS was converted less
to volatile products. Therefore, relatively large
amounts of low polymeric PS are produced.

Thermal Degradation Mechanism in the Presence
of Acid Catalysts

When p-TSA was used, a relatively large decrease
in Mw appeared at 360°C, which is being consid-
ered due to the random scission of polymer chain.
At this temperature, a odor characteristic of sul-
fur compounds could be smelled at the degrada-
tion mixtures. This implies that p-TSA was de-
composed thermally and acted as a source of a
sulfur radical rather than an acid catalyst. The
radicals are considered to have promoted random
scission of the polymer chain. However, a pyro-
lytic temperature of 360°C was high enough for
the depolymerization to proceed at a great rate.
Thus, the amount of the desired polymer was
smaller than that obtained by addition of sulfur
or DPS.

For the pyrolysis in the presence of SiO2–
Al2O3, the amount of PS was observed to decrease
greatly at 380°C, though the mode molecular
weight did not change so much from that of the
feed PS. This behavior can be explained in terms
of being neither depolymerization nor random
scission mechanism. The conventional pyrolysis,
pyrolysis not using a solvent, of PS in the pres-
ence of SiO2–Al2O3 has already been studied by
several workers.18,19 The catalyst was found to
induce b-scission of the polymer chain and dephe-
nylation of the polymer through mechanisms in-
cluding carbonium ion formation on the polymer
chain. As for the b-scission, contrary to our expec-
tation, the experimental results did not indicate
that the scission occurs under the present condi-
tion so frequently as to bring a large MWD shift.
The great decrease in the amount of PS with a
little MWD shift, found at 380°C, may be ex-
plained in terms of the dephenylation as follows.
Since GPC curves of PS were obtained by mea-
suring absorbance of its phenyl group, the inten-
sity of GPC curve was considered to be propor-

Figure 10 Random scission mechanism of PS in-
duced by sulfur radicals.
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tional to the amount of PS as far as the structure
of the polymer was unchangeable. However, if
dephenylation occurs, the intensity of GPC curve
is no longer proportional to the amount of the
polymer and lower than that expected from the
amount of the polymer. Further, by the depheny-
lation, ethylene, or vinyl units may have been
formed in the polymer chain. The units are
thought to have retarded the depolymerization of
PS. Thus, the amount of the polymer appeared to
decrease in spite of a little MWD shift.

Practical Aspect of the Pyrolysis-in-Solvent

As stated above, the desired low polymeric PS
was obtained successfully when PS was pyrolyzed
in tetralin using sulfur-containing additives.
From a practical point of view, however, we
should take into account recycling tetralin be-
cause the solvent is needed to be used in rela-
tively large amounts for the pyrolysis in solvent.
During the pyrolysis, a part of the solvent is con-
sidered as donating hydrogen to polymer radicals
and being converted into naphthalene. Naphtha-
lene is poor in hydrogen-donating ability, and,
therefore, the hydrogen-donating ability of the
solvent mixture will lower as the number of uses
increase. From the results of gas chromatography
analysis, however, the amount of the solvent con-
verted into naphthalene is considered to be little
for several times of recyclic use, though it will
depend on the ratio of the polymer to the solvent.
Even if the above problem arises, it will be solved
by the following treatment. Since both tetralin
and naphthalene have high boiling points, they
may easily be separated from the volatile prod-
ucts by distillation. The solvent recovered can be
refined by hydrogenation in such a way that
naphthalene is hydrogenated to tetralin by using
a proper catalyst in the presence of hydrogen.20

CONCLUSION

PS was pyrolyzed in tetralin by adding several
additives or catalysts to recover low polymeric PS.
When sulfur or DPS was used as additives, the

yield of desired low polymeric PS increased
greatly. The thermal degradation behavior was
explained in terms of random scission of the poly-
mer chain caused by sulfur radicals formed from
the additives. The pyrolysis described here may
be an alternative for obtaining a low polymeric
polymer to controlled polymerization.
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