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SYNOPSIS

To optimize the experimental conditions for the recycling of plastic wastes, we modeled
the thermal degradation process of a standard polystyrene, having a low polydispersity
index. The number of initial ruptures, IV,, in the macromolecular chain during the pyrolysis
at 350°C under nitrogen pressure is determined from the gel permeation chromatography
results from the experiments with tetralin as the hydrogen donor solvent, assuming that
all radicals have been stabilized by this solvent. The calculation shows that there are 23
depropagation reactions, 40 intramolecular transfers, and for n intermolecular transfers,
n — 2 recombinations, and N, — n + 2 dismutations. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The radical mechanisms during the thermal decom-
position of polystyrene have been investigated by
many authors."® Nevertheless, the agreement be-
tween the theoretical and experimental studies is
not always evident. This inability to well describe
the thermal decomposition mechanisms of thermal
rupture of the polymer is mostly due to

e The diversity of the studied polystyrene sam-
ples because the method of polymer synthesis
has a considerable influence on its structure and
therefore on its thermal behavior;"®

e The diversity of the pyrolysis apparatus (slow
heating rate or flash pyrolysis) and the exper-
imental conditions (final temperature, pressure,
and nature of the gaseous atmosphere in the
reactor)!’; and

e The difficulty of characterizing the composition
of the reaction system and the origin of the
molecules in the mixture (a huge number of hy-
drogen transfer reactions possible for a mac-
romolecule).!!

* To whom correspondence should be addressed.
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To model the global process of thermal degra-
dation, it is necessary to use a standard polystyrene
with a polydispersity index close to unity and to
study the reactions at a temperature of 350°C where
the decomposition rate is low. Such experiments
could be performed in microautoclaves fitted with a
Pyrex tube specially designed for quantitative anal-
ysis of the reaction products. The modeling requires
the knowledge of the number of initial scissions and,
therefore, the presence of a H-donor solvent is re-
vealed indispensable to know this number. Such
studies should permit a better understanding of the
depolymerization process. The objective of this study
was to optimize the experimental conditions for
chemical recycling of plastic waste.

EXPERIMENTAL

Material and Solutions

The standard polystyrene (I = 1.1), in powder form
is a commercial product, supplied from Interchim
Corp. by anionic polymerization (M, = 994,000).
Tetralin from Aldrich (98% purity grade) was used
without further purification. The polymer solutions
were obtained as equimolecular mixtures of styrene
units in the polymer chain and tetralin (100 mg of
PS and 132 mg of tetralin).
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A design of the microreactor was presented pre-
viously.!? A glass tube (volume =~ 10 cm®) was fitted
into the body of the reactor to avoid coking of radical
products on the steel walls and to enable quantitative
analysis of the products. The microautoclave con-
taining the reactants was placed in a fluidized sand
bath at 350°C for given period of time, then cooled
rapidly and opened after reducing the residual pres-
sure (40 Mpa) to 1 atmosphere. Weight losses in the
glass tube were less than 1%.

Analysis of the Products

The mixture of total weight, W,, was divided into
aliquots for NMR, mass spectroscopy, and chro-
matographic analysis.

Gel Permeation Chromatography

Number-average molecular weights were measured
by gel permeation chromatography (KNAUER ap-
paratus) in THF (0.5 mL./min flow), using a differ-
ential refractometer, a mixed B column (internal
diameter: 7.5 mm; length: 30 cm; pore size: 10 pm)
for heavy products, and a mixed E column (pore
size: 3 um) for light compounds (M, < 30,000). Cal-
ibration of this system was carried out using poly-
styrene standards. The calibration curve was de-
scribed by third-order polynomial.

NMR Spectroscopy

'H-NMR spectroscopy was carried out at 400 MHz
on a Bruker AM 400 spectrometer. A known quan-
tity, W,, of the above mixture was diluted with deu-
terated chloroform for NMR analysis. The total
number of moles, n;, of each compound i in the so-
lution was calculated from the integrals I; and I,
of the 'H signal of compound i and of reference r
(hexamethylcyclotrisiloxane, Aldrich 98%) of mo-
lecular weight M, added to the solution in known
quantity (W,):

_LHWW
"TH T, M, W,

where H; and H, are the number of equivalent pro-
tons in each signal.

Gas Chromatography/Mass Spectrometry
(GC/MS)

The analyses were performed at the Centre de Re-
cherche ELF-ATOCHEM in Carling, France. The
light products (M < 300) were analyzed by GC/MS.

The analyses were carried out on a gas chromato-
graph equipped with a split/splitless injector and a
capillary fused silica column HP1 (length 50 m, in-
ternal diameter 0.22 mm) coupled with a quadrupole
mass spectrometer NERMAG R 1010C (electron
impact ionization 70 eV; source temperature 235°C).

RESULTS AND DISCUSSION

Without H-donor Solvent

The GPC chromatograms of the degraded polysty-
rene samples present the same characteristics and
contain three well-distinct areas whatever the time
of reaction is (Fig. 1). The first peak spreads over
8-10 min of elution time and represents the non-
degraded and (or) partially degraded polystyrene
with a relatively high molecular weight. The next
one is a broad peak representing the oligomers (no-
tably the di-, tri-, and tetramers) and the last one
represents the light compounds, mostly styrene.

The results (Table I) show an abrupt drop of mo-
lecular weight during the first 20 min of reaction.
During this time, a small quantity of light com-
pounds is observed. This initial drop is caused
mainly by random scissions in the chain'®*'¢ [reac-
tion (1)]:

I_I;Z_(I b
o
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R}
where Rj is a primary macroradical and Ry, is a sec-
ondary macroradical.

In the case of a polystyrene prepared by anionic
polymerization (the chain structure of these poly-
mers 1s more regular than is a free-radical polymer-
ization polystyrene), it was shown that additional
chain-end initiation could also occur'™® [reactions
(2) and (3)]:

MCHZ—CH—CHZ% H2 —_— .«m..“m'.w(:H2—CH—CH2 + H2
@ @ @

MCH2~CH + CHz—‘C:cHz

wmnsontis CH ,— CH = CH ,— C==CH, —_—
o © © °©

However, the important drop of the molecular
weight as well as the absence of light products when
using tetralin as solvent (cf. next paragraph) show
that at 350°C reactions (2) and (3) are certainly
negligible with respect to reaction (1).°

H
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Figure 1 GPC curves (mL/min) obtained from the pyrolysis of polystyrene without
tetralin: (a) initial polystyrene and (b) after 20 min, (c) 40 min, (d) 60 min, (e) 80 min, and

(f) 150 min of pyrolysis time.

When the time of thermal treatment increases, the
drop becomes gradual. After 150 min, the percentage
of partially degraded polystyrene represents about half
of the initial polymer. Its molecular weight tends to
an asymptote,”® where M, = 13,000. The reaction
medium is then the place of numerous reactions:

e On the one hand, some intramolecular transfer
reactions notably from hydrogen atoms situated
on the tertiary carbons which are the most la-
bile. For example, the transfer of a hydrogen
in position 3 with regard to the active center of
the radical Ry leads to a new radical:

H H H H H W H H H H R

L I
wnvmwsr C— C—C—C—C—C* ————» WT—C—f—C—‘f—C“

L @ L @ }L @ " " @ " @

This radical can break in the § position either on
the left with formation of an other radical and a
dimer:

H H

_
—C—C—C—H
" -

or on the right with formation of an olefin and a
benzy! radical:

[9)
+
T—0O——X
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Table I GPC Results of Thermal Decomposition at 350°C of the Standard Polystyrene Without Tetralin

Light Products

Time (min) Degraded Polystyrene Trimers and More Dimers (Styrene)
0 M, 994,518
% Aera 100 0 0 0
I 1.10
20 M, 125,290 365 208 104
% Aera 98.62 0.7 0.43 0.24
1 2.08 1.05 1.02 1.00
40 M, 58,326 365 208 104
% Aera 91.95 3.00 2.32 2.73
I 2.02 1.05 1.03 1.01
60 M, 47,143 365 208 104
% Aera 88.48 3.98 3.13 4.42
I 1.81 1.07 1.03 1.02
80 M, 29,635 360 212 106
% Aera 83.6 591 5.56 4.93
I 1.76 1.08 1.02 1.01
150 M, 12,920 370 204 110
% Aera 55.05 18.52 11.54 14.90
I 1.71 1.06 1.01 1.01

However, mechanism (4) should be predominant
because a secondary radical is more stable than is a
primary one. Similarly, the transfer of a hydrogen
atom Iin position 4

H

H
SV S VO S —n

lele ‘000

leads to the formation of a dimer and a new radical
Ry if there is a 8-scission on the left:

—I
O— I
O—I
O—x
O—X

onmmane G — —C— —

X—O0—2X
x—O—xI
I—O—1
T—0,

T—O—X

or to the formation of an olefin and the ¢CH,CHj;
radical, if the B-scission is on the right:

&

Trimers and tetramers can be formed according
to analogous reactions, but the heaviest oligomers

are not detected in the GPC curves, so we can con-
clude that the intramolecular hydrogen transfers
become negligible when the hydrogen is too far away
from the active center (on a carbon situated in a
position further than 7). The NMR spectra of the
pyrolysis products after 80 min of the reaction show
that toluene is present in a very small quantity
(traces), whereas ethylbenzene, cumene, and «-
methylstyrene are missing. These results are in good
agreement to those found by Chien and Kiang® and
Cascaval et al.?! at the same temperature. The GC-
MS analysis of the oligomer fraction (at 150 min
reaction time) shows that the dimers consist of 45%
of diphenyl-2,4-butene-1 (M, = 208) coming from
reaction (4). Other olefins, such as diphenyl-1,3-
propene-1 (M, = 194) and diphenyl-2,4-pentene-1
(M,, = 222), are also present in small amounts (re-
spectively, 2 and 3%). We also found 1,3-diphenyl-
propane (33%), which is coming from an intramo-
lecular transfer of a hydrogen atom in position 5
from a secondary radical followed by a right 8-scis-
sion. Formation of diphenylbutane (11%) is due to
the same mechanism, but the intramolecular trans-
fer is provided from a hydrogen atom in position 6
from a primary radical. These products could also
be formed by recombination of the radicals
wCH,CH; and ¢CHj. The other compounds are in
negligible quantity. As for trimers, the chief com-



ponents are triphenyl-1,3,5-hexene-1 (M, = 312) and
triphenyl-1,3,5-pentane (M, = 300)!' derived, re-
spectively, from a hydrogen transfer in position 5 of
a primary radical and in position 7 of a secondary
radical:

e On the other hand, some depropagation reac-
tions: By rupture in the 8 position of radicals,
the amount of styrene formed could be deter-
mined either by GPC (if the other light com-
pounds like toluene, ethylbenzene, etc., are not
present'® or by NMR (peaks at 5.2 and 5.6
ppm). The olefinic protons of the oligomers are
also observable in this region. The quantity of
styrene found by means of these two techniques
after 80 and 150 min of the reaction are prac-
tically identical.

e Finally, some intermolecular transfer reactions:
The radicals Rj or Rj; reacting with hydrogens
of other chains. If the reaction takes place near
the chain end, the mechanisms are similar to
those described previously. When the transfer
occurs on a carbon distant from the chain end,
and if it is followed by a B-scission either on
the left or on the right, there is a formation of
a secondary radical and a high molecular weight
olefinic compound:

H o H H

v~

H H H
PR B A P
H

' j
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In Presence of Solvent

I—0O—3I

(8

The H-donor solvents were frequently used in a coal
hydroliquefaction process to stabilize the radicals
produced during the rupture of the lateral chains
linking the polyaromatic entities.???? To model this
process, we have already studied the reactions be-
tween a model radical precursor, benzyl phenyl ether
(BPE), and different hydroaromatics solvents (noted
AgrH,) such as tetralin at 350°C. It was shown that
the stabilization of the radicals could occur in three
different ways:

o By recombination of the benzyl and phenoxy
radicals inside the radical cage, with formation
of o- and p-benzylphenols. In our case of ther-
mal decomposition of polystyrene, this type of
mechanism is unlikely and it would not change
the molecular weight of the polymer.

e For a very small part, by the methylenic hy-
drogens of the nondegraded BPE, leading to
the formation of benzaldehyde. This mecha-
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nism is equivalent to the mechanisms of inter-
molecular transfers previously described. How-
ever, in the case of polystyrene, the absence of
heteroatorn makes the hydrogens less labile
than those of BPE.

® Mainly by the solvent: It was shown that 85%
of the benzyl and phenoxy radicals were sta-
bilized by the hydroaromatic hydrogens of te-
tralin. In the case of polystyrene, the radicals
R; and Rj; will be preferentially stabilized by
the two abstraction processes (AB):

R; (or Ry + AgH, = R{H (or RyH)

+ AgH; (AB) (9)

ARHZ’. + Ri (OI‘ Ri{) - ARH2

+ RiH (or RyH) (AB) (10)
where ArH, is the aromatic counterpart of the sol-
vent, i.e., 1,2-dihydronaphthalene (and then naph-
thalene Ar with two supplementary abstractions).
These compounds are, however, not detected in 'H-
NMR because the radicals formed are in too small
an amount at 350°C. Some secondary reactions can
also occur, the main one being the addition of the
radical R on the solvent:

R} + ARH4 - R] - ARH;
RI - ARH:; + Ri - R]

(AD) (11)

— ARH; + RiH (AB) (12)
In mechanism (12), the radical Rj was stabilized by
an addition process and the compound obtained,
R;AgH, has a molar mass very close to the mass of
the stabilized radical.

The results of the experiments with tetralin as a
solvent (Table I1) show that the molecular weight
always drops abruptly in the beginning of the re-
action but are still more important than are those
obtained without solvent. No oligomer or light
product is observable until 40 min of reaction time.*
One can therefore reasonably think that until this
time practically all the radicals were stabilized by
tetralin according to reactions (9)-(12). The pres-
ence of traces of styrene or oligomers would not
change anyway the molecular weight since these
products appear only for a reaction time longer than
40 min. The chromatograms seem to indicate that
these oligomers are principally dimers, which proves
that intramolecular mechanisms are now limited to
hydrogen linked to carbons close to the active center
(on position 2 or 3). The transfer mechanisms from
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Table II GPC Results of Thermal Decomposition
at 350°C of the Standard Polystyrene with Tetralin®

Degraded
Time (min) Polystyrene Dimers
0 M, 994,518
% Aera 100 0
I 1.10
20 M, 169,282 0
% Aera 100 0
1 2.25 1.05
40 M, 144,077 208
% Aera 99.9 0.1
I 2.08 1.05
60 M, 66,115 208
% Aera 96.82 3.18
I 2.05 1.07
80 M, 63,128 208
% Aera 96.42 3.58
I 2.02 1.08
150 M, 52,050 208
% Aera 82.80 17.20
I 1.87 1.05

The low quantity of light products, located in the solvent peak,
is not measured.

hydrogen atoms situated on the distant carbons are
now insignificant because there are in competition
with those of the H-donor solvent.

Modeling of the Predepolymerization
Mechanisms

If we want to model the mechanisms of pre-depo-
lymerization, it is necessary to determine the num-
ber of initial ruptures N, according to

P > (N, + 1)R;

where R represents a macroradical (or a biradical)
as the ruptures are not supposed to be produced at
the chain ends. The number of macromolecules, M,
is determined by the ratio r between the mole num-
ber of partially degraded polystyrene, calculated
from molecular weight (Table I) and the mol number
of initial polymer. The calculation is based on the
experiments with tetralin because we will consider
that the number of the radicals formed 1s sufficiently
low and therefore they are practically all stabilized
by the solvent. For 20 min of the reaction time, r

= 5.87; it means that there are about six times more
macromolecules than initially—so M, = R = 6 and
N,=5.

To precise these results, further experiments will
be done by varying the concentration and the nature
of the H-donor solvent. Without solvent, although
the kinetic of decomposition could depend on the
medium viscosity, it can be considered that the
number of initial ruptures N, at a given time is the
same as that obtained with tetralin. As we seen
above, the macroradicals Rj can be stabilized:

(i) By intramolecular transfer according, e.g., to
mechanisms (4) and (5), as follows:

R+ O
Ry <
MO+ L
where R’ is a macroradical; L*, a “light” rad-
ical (such as ¢CH3); O, an oligomer; and MO,
a macrolefinic compound. If we exclude for
the moment all ulterior intermolecular

transfer, the radicals would undergo some
termination reactions:

e either by recombination: In this case, there
are three possibilities—

R+R—-R-R
R+L'>R-L
L'+Lr'-L-L

In this view, the number of obtained mac-
romolecules of R—R and R—L type de-
creases by one unity due to recombination,
with regard to the number of initial radicals
Rj. These macromolecules will be situated
in the first GPC peak representing the par-
tially degraded polystyrene and it excludes
the presence of the L — L-type compounds
which are situated in the oligomer area in
the GPC curves.

e Or by dismutation: A macroradical (now
noted HR") permits its hydrogen to stabilize
another radical R’ with formation of a ma-
croolefinic compound:

R + HR - RH + MO

and in this case, the number of macromol-
ecules is equal to Rj. Consequently, it is
not possible to obtain a number of mac-



romolecules superior to the number of ini-
tial radicals by intramolecular transfers
only. The same is true for the depropaga-
tion processes.

(i1) By intermolecular transfer: If the hydrogen
atom is linked to a chain-end carbon, we are
brought back to the previous case. However,
these carbons are in very low proportion in
comparison to those situated in the middle
of the chain (~ 15/19,000); therefore, we
suppose that oligomers can be formed only
via intramolecular reactions. If the transfer
takes place according to mechanism (8), we
obtain by recombination the same number of
macromolecules as initial radicals but this
number increases by one unity for every dis-
mutation. We arrive at the same conclusion
if the transfer is accomplished via the radicals
R or L.

These observations permit us to describe the
whole degradation process. In the experiments with
tetralin, we have seen that the number of initial
macromolecules was about 6. In Figure 2(a), we
present an example of macromolecular chain rup-
tures, with calculated values of M,, M,, and [
(166,000, 378,000, and 2.28, respectively) being close
to the experimental data (169,000, 380,000, and 2.25;
cf. Table II). There are, of course, several possibil-
ities, but to obtain a polydispersity index value I
= 2.25, it is necessary that the macroradicals formed
during the thermal treatment have very different
lengths.

Without solvent and for 20 min of reaction time
[Fig. 2(b}], we can determine the number of depro-
pagation and intramolecular transfer reactions cal-
culated from the ratios r’, r”, and r”. The ratio r/,
representing the number of styrene molecules on
the number of initial molecules, shows that there
are 23 molecules of monomer per one chain and,
therefore, 23 depropagation reactions. The other ra-
tios r” and r” are defined to calculate the number
of molecules of dimers and trimers and more, taking,
respectively, a mass of 208 and 365 on the GPC
curve. We found 21 dimers and 19 trimers formed
for a macromolecular chain. It means that there are
40 intramolecular processes. In reality, this number
of intramolecular reactions is certainly overesti-
mated because the corresponding areas on the GPC
chromatograms contain few recombination products
of the L— L type.

The results obtained for the partially degraded
polystyrene show that after 20 min of the reaction
the ratio r is now equal to 7.98. Therefore, there are
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Figure2 Modeling of the thermal decomposition of the
standard polystyrene.

two additional macromolecules for each chain,
stemming evidently from intermolecular reactions
followed by dismutations, as we have seen above. It
is not possible for the moment to evaluate the num-
ber of intermolecular transfers n, but to obtain two
supplementary macromolecules, it is necessary to
consider n — 2 recombinations and N, — n + 2 dis-
mutations. In Figure 2(c), we present an example
for n = 4 chosen arbitrarily. According to the pre-
vious formulas, the number of recombination and
dismutation reactions has to be 2 and 3, respectively,
to obtain the final number of macromolecules equal
to 8 [Fig. 2(d)], with M,,, M,,, and I values of 125,000,
260,000, and 2.08, being in agreement with the ex-
perimental data (124,000, 259,000, and 2.08, respec-
tively; cf. Table II).

CONCLUSION

This work shows that it is possible to give a repre-
sentative picture of the radical mechanisms during
the process of pre-depolymerization of polystyrene
utilizing a standard polymer with a low polydisper-
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sity index. To improve the model, the number of
initial scissions could be determined using other H-
donor solvents more effective than is tetralin, as,
e.g., 9,10-dihydrophenanthrene or anthracene. Such
a modeling can therefore help to a better under-
standing of the parameters influencing the thermal
degradation of the polymer (synthesis conditions,
polydispersity, polymer properties, chain length,
etc.) and seems to be useful for description of deg-
radation process in the presence of a catalyst.
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