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Abstract

In this study, the author investigated the validity of the radical transfer mechanism for thermal
degradation of polymers based on experimental facts and macroscopic considerations. There
are various insufficiencies in the radical transfer mechanism which cannot provide any
mechanistic explanation, such as the existence of gas-liquid interface in the chemical reaction
dominant field, the effect of pressure on the thermal degradation behavior of polymers, and

the temperature drop from liquid to gas phase in the reactor.

These insufficiencies indicate that the radical transfer mechanism alone cannot explain the
entire process of the thermal degradation of polymers. The generation of volatile products
requires a different mechanism than the radical transfer. The author proposed a hydrogen

transfer mechanism for breaking the chain-end that produces the volatile, and discussed its
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consistency with the observed facts.
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1. Introduction

In 1935 Hermann Staudinger, who was awarded the Nobel Prize in Chemistry for his
discoveries in the field of macromolecular chemistry, published a paper on the mechanism in
the thermal degradation of polymers [1]. In the paper, for polystyrene, Staudinger proposed a
hydrogen transfer mechanism to explain scissions of C-C chain bonds. This mechanism
involves a hydrogen transfer at the site of a scission to yield one unsaturated and one saturated
end. Since then, this mechanism has been extended and modified to explain the experimental
results of thermal degradation of polystyrene, polyolefins and related polymers [2,3].
According to this mechanism, most of the C-C chain scissions are caused by strains formed in

the polymer chains because of thermal vehement movement.

On the other hand, in the 1950s Simha et al. proposed a radical transfer mechanism to explain
the scission of C-C bonds during the thermal degradation of polymers [4-6]. Their radical
transfer mechanism consists of several steps, namely, initiation, propagation, free-radical
transfer and termination. Thereafter, since this mechanism seems to explain satisfactorily the
product distribution in the thermal degradation of polymers, it has come to be accepted that
the thermal degradation of polymers proceeds through the radical transfer mechanism and it
has been cited in many related papers [7-9]. In particular, their papers were preferentially
referred in the mechanics consideration that was put into the research work in which the

product derived from the thermal degradation of polymers was analyzed by gas
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chromatography with a capillary column [10-13]. But it has been hardly taken notice of the

reaction rate, and the reaction system generating the thermal degradation of polymers.

In recent years, Faravelli et al. [14-18] and Broadbelt et al. [19-25] have done extensive works
for the kinetic modeling of the thermal degradation of vinyl polymers conforming basically
with the radical transfer mechanism. However, they have not aimed at the proof itself of the
mechanism and have not taken notice of the feature of the reaction system generating the
thermal degradation of polymers, that is, the rate controlling step, the gas-liquid interface in
working reactor, the temperature drop from liquid to gas phase, the effect of pressure on the
rate, the product distribution and so on. Even though they definitely contributed to the
modeling of the thermal degradation of polymers on the basis of the radical transfer

mechanism.

Now then, what’s come out on the mechanism of the thermal degradation of polymers in a
time between Staudinger and Simha et al.? Nothing, there does not appear any experimental
fact or evidence enough to prove the radical transfer mechanism for the present. At least we
are not able to declare that the radical transfer mechanism is a proved mechanism, because it
is an assumed reaction scheme, as mentioned by Simha himself in his paper [4]. Moreover,
there exist not a few doubts as to the radical transfer mechanism for the thermal degradation

of polymers.

For example, S.L.Madorsky mentioned the radical transfer mechanism [26], as follows,
“According to this mechanism, the free-radical transfer reaction takes place in two separate
steps, one in which the free radical is formed, and the other in which it abstracts a hydrogen
from its own or another chain. The question arises why unzipping of the free radical does not
take place during the interval between these two steps and thus yield a larger amount of

monomer than is actually the case”.

Similarly, there are various inconsistencies between the usual radical transfer mechanism and
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the observed fact in the thermal degradation of polymers. They show that the radical transfer
mechanism alone cannot explain the entire process of thermal degradation of polymers. The
generation of volatile substances requires a different mechanism than the radical transfer. In
the present paper the author pointed out some insufficiencies and inconsistencies in the radical
transfer mechanism for the thermal degradation of polymers based on the experimental fact
observed by continuous flow operation and the macroscopic consideration. Then the author
proposed the chain-end scission accompanying a hydrogen transfer to generate volatile

products and discussed its consistency with observed facts.

2. Insufficiencies in the conventional radical transfer mechanism

2.1 Gas-liquid interface in working reactor and the rate controlling step

The activation energy of a physical process does not exceed 10kcal/mol. Generally speaking,
when a physicochemical process has an activation energy of less than 10kcal/mol, a physical
process such as vaporization takes the role of rate controlling step. On the contrary, when
the activation energy is greater than 30kcal/mol, we conclude that a chemical reaction plays

the role of rate controlling step in that process [27].

All of the activation energies calculated from the rate analysis of the thermal degradation of
polymers in the literature are higher than 30kcal/mol [26, 28-34]. That is, the thermal
degradation of polymers is a rate process in which a chemical reaction plays the role of rate

controlling step.

On the other hand, most of researchers have not referred to the physicochemical significance
that there exists a gas—liquid interface to separate the gas (volatile product) and the liquid
(reactor content) in the working reactor generating the volatile. One of the reason would be

that most of the previous works on the thermal degradation of polymers were carried out by
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using a batch reactor system with a small amount of sample.

Anyway, the thermal degradation of polymers is a rate process in which a chemical reaction
plays a role of the rate controlling step, and besides there exists a gas—liquid interface which
separates the reactant (reactor content) and the product (volatile product) in the working
reactor. In addition, as shown in Fig. 1, all products pass through the gas-liquid interface in
the working reactor and exit the reactor. It exactly indicates that the vaporization of the
product into gas phase always have the same rate as the formation of the product in liquid
phase. That is, during the thermal degradation of polymers in this reaction system, the

vaporization has the activation energy that is equivalent to the one of a chemical reaction.
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Fig. 1 Continuous flow reactor for thermal degradation of polymers
The above-mentioned consideration leads to an important conclusion that the process of
volatilization during the thermal degradation of polymers must be a kind of reaction but not a
physical process. Consequently, the generation of the volatile product in the thermal
degradation of polymers is a heterogeneous reaction in which the reactant is in a liquid phase
and the product is in a gaseous phase [28].
Usually, rates of the thermal degradation of polymers are expressed by various measures, such
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as the weight reduction of original sample, the amount of volatile product, the double bond
formation in the volatile product and the like. These values are entirely determined based on
the phenomenon that comes out through the gas-liquid interface. That is, the reaction rate
must be equal to the rate of vaporization, regardless of where the volatile product is formed in
the liquid phase and then vaporized into the gas phase to emerge as the volatile product.
Therefore, the vaporization process in the thermal degradation of polymers must be a kind of
chemical reaction in which the reactant is in the liquid phase and the product is in the gas

phase, i.e. a heterogeneous reaction.

When Faravelli et al. applied a rate of the gas phase pyrolysis (homogeneous reaction) in their
works for the kinetic modeling of the thermal degradation of vinyl polymers, they corrected it
by vaporization [16]. However, there does not exist a process of vaporization in a
homogeneous system. It is considered that they already have recognized the existence of a

gas-liquid interface in the working reactor generating the volatile.

The gas phase pyrolysis is a reaction differed from the thermal degradation of polymers. The
former one is a homogeneous reaction caused in the temperature of over 600°C for a gaseous
hydrocarbon, and the latter is a heterogeneous reaction caused in the temperature range of
300-500°C for a macromolecule. And the product distribution quite differs from each other

too.
2.2 Temperature drop from liquid to gas phase

There invariably appears a temperature drop of 50-150°C from the liquid to the gas phase in
the reaction system generating the thermal degradation of polymers as shown in Fig. 2 [29]. It
is impossible for the usual radical transfer mechanism to give a mechanism-based explanation

for this temperature difference between the gas and the liquid phase.
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Fig.2 Temperature drop from liquid to gas phase in the continuous flow reactor [29]

When a simple vaporization of a liquid occurs, there will not be an appreciable difference in
temperature between the vapor and the liquid phase in vessel. In a process of vaporization, the
change of state from liquid to vapor compensates the latent heat of vaporization. But for the
thermal degradation of polymers, the change from the liquid (reactor contents) to the gas

(volatile products) involves the change of substance as well as the state.

When we attempt to estimate an enthalpy change from state A to B in a system, we can
choose any route going from A to B according to Hess’s law. In order to estimate the enthalpy
change from reactor contents to volatile products in the reaction system generating thermal
degradation of polymers, we choose a route along that reactor contents vaporize into gas

phase and then decompose to volatile products.

For the resultant change of state from reactor contents to volatile products, the heat of
vaporization is compensated by the change of state, but the heat of thermal decomposition

must be compensated by the heat capacity of volatile products. Consequently, there must exist
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a temperature drop from the liquid phase (reactor contents) to the gas phase (volatile products)

to counterbalance the heat of thermal degradation.

Because the enthalpy change from reactor contents to volatile products involves not only the
heat of vaporization but also the heat of thermal decomposition, it is not enough for the heat
of vaporization to compensate the change of state from liquid to gas. Thus, it brings about a

temperature drop in the working reactor generating the volatile.

With the usual radical transfer mechanism, where the formation of volatiles is merely
evaporation of the decomposition products, it is not possible to give a mechanism-based

explanation for this temperature difference between the gas and the liquid phase.
2.3 Effect of pressure during the thermal degradation of polymers

In the previous papers [29, 35, 36], the author reported that the reaction pressure had a
significant effect on the rate and the distribution of degradation products during thermal
degradation of polyethylene, polypropylene and polystyrene, respectively. There exists a one
to one correspondence between the double bond formation and the scission of C-C links in
polymer. When the rate of double bond formation changes with pressure as shown in Fig. 3
[29], we can conclude that the pressure takes part directly in the scission of C-C links during
the thermal degradation of polymers. The usual radical transfer mechanism can not give a
mechanism-based explanation for the effect of pressure in the thermal degradation of

polymers.
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Fig. 3 Effect of pressure on the rate of double bond formation of PE [29]

In the preceding paper [28], the authors proposed a macroscopic mechanism that the thermal
degradation of polymers consists of two sorts of scission, which simultaneously occur in the
reactor. One is a random scission of C-C links which causes molecular weight reduction of
raw polymer increasing the reactor content in liquid phase, and the other is a chain-end
scission of C-C links which causes a dissipation of the reactor content generating volatile
products. The latter one, the chain-end scission, takes place at gas-liquid interface in the

working reactor. It is the chain-end scission that the reaction pressure has an effect on.

With the usual radical transfer mechanism, where the formation of volatiles is merely
vaporization of the decomposition products, it is not possible to give a mechanism-based
explanation for the pressure effect on the scission rate of C-C links in the thermal degradation

of polymers.
2.4 Existence of long chain molecules in volatile product

Recently, it has been found that heavy compounds with boiling points much higher than the
pyrolysis temperature are present in the volatile product. Using Q-TOF MS, hydrocarbon
chains as long as nC75 (molecular weight of 1052) in the liquid products of polyethylene

were identified by Brebu et al. [37], as shown in Fig. 4.
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Fig. 4 Q-TOF MS spectra of the oil obtained from PE at 420 °C

They also found compounds with molecular weights as high as 1345 and 946, corresponding
to unsaturated aliphatic C96 and styrene nonamar structure, respectively, from the pyrolysis of
polypropylene and polystyrene. With the usual radical transfer mechanism, where the
formation of volatiles is merely vaporization of the decomposition products, it is not possible
to give a mechanism-based explanation for the vaporization of such a long chain molecule. It
is the chain-end scission at gas-liquid interface, according to Murata mechanism [29], that can

explain the presence of such compounds in pyrolysis oils.

The above insufficiencies cause various inconsistencies in the interpretation of thermal
degradation of polymers by the radical transfer mechanism. In the following section a couple
of inconsistencies will be shown that occurs if the radical transfer mechanism governs the

entire process, including the generation of volatile, in the thermal degradation of polymers.

3. Inconsistency between the radical transfer mechanism and the observed

fact

In this section various inconsistencies of the usual radical transfer mechanism are illustrated
based on the experimental result observed by the thermal degradation of polystyrene with

continuous flow operation. The author has previously reported similar experimental results of
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polystyrene  ( Temperature: 5 levels ) [38], but here we will discuss it based on the

experimental results carried out again.
3.1 Experimental

Fig. 1 shows a schematic diagram of the experimental set-up used for the thermal degradation
of polystyrene (PS) under continuous flow operation. The thermal degradation was performed
in a stainless steel vessel reactor of 5 1 volume in which a rotating stirrer was installed. The
details of materials, the experimental procedure and the analytical methods were described in

the preceding paper [28].

In this paper, ‘volatile products’ refers to the gaseous and liquid products, and ‘degradation

products’ refers to the volatile product and the reactor content.
3.2 Results and Discussion
3.2.1 Rate of thermal degradation of PS

Fig. 5 shows the rates of PS thermal degradation which were observed by the continuous flow
reactor shown in Fig. 1. The definitions of the rates of thermal degradation (the mass rate of

volatilization and the rate of double bonds formation) are given by Eq. 1 and 2.
The mass rate of volatilization (h'") =

volatilization rate (kg h™') / amount of reactor content (kg) (1)
The rate of double bonds formation (mol kg™! h'") =

C=C bonds in volatile (mol h™') / amount of reactor content (kg) (2)

The amount of C = C bonds in volatile was determined based on the bromine number of the

liquid product and the gas chromatography data of the gaseous product. The double bond in
degradation product is a direct measure for the breakage of polymer links, because there exists

a one to one correspondence between the breakage of C-C links and the formation of double
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bonds.

The activation energy of PS thermal degradation was 50kcal/mol, which was calculated from
the mass rate of volatilization. As mentioned before, we can conclude that PS thermal

degradation in this reactor system is a chemical reaction dominant process.
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Fig. S Rate of thermal degradation of PS observed by the continuous flow reactor shown in Fig.1

In the preceding papers [28, 29], we have explained about DVR (Degradation and
Volatilization Reactor), a continuous flow reactor system such as shown in Fig. 1. The DVR is
a continuous flow stirred tank reactor in which the thermal degradation of polymers and the
generation of volatiles simultaneously occur under a steady state. In DVR, the input polymer
is continuously melted into a viscous liquid and mixed with the reactor content. At
degradation temperature, the reactor content is a liquid thermally decomposing into small
molecules which are convertible to hydrocarbon vapor and leave the reactor. As shown in Fig.
1, all volatile products vaporize in reactor before coming out as the output product of DVR.
Thus, there coexist gas (volatile products) and liquid (reactor content) in DVR, that is, there is

a gas-liquid interface in the working reactor.

In the present study the author carried out PS thermal degradation in the DVR system to
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investigate the temperature effect on the reaction rate and the product distribution under
atmospheric pressure. Then the mechanistic consideration for the thermal degradation of

polymers was done based on the observed information.
3.2.2 Degradation products

Gaseous product:

The thermal degradation of PS provided a small amount of gaseous products that is less than
0.15wt% of the volatile product. For PS thermal degradation, the gaseous product was mainly
hydrogen, since the breakage of C-C main bonds does not bring about any gaseous product.
And it is not until 800°C that the breakage of side chain begins and benzene increases in the

pyrolysis product [39].

Liquid product:

The liquid product yield of 99.9wt% was obtained for PS thermal degradation in this
continuous flow operation. Physicochemical properties of the liquid products resulted from
PS were also shown in the preceding paper [28, 38]. Fig. 6 shows a carbon number
distribution (NPgram) of the liquid product. The liquid product obtained by PS thermal
degradation can be characterized by NPgram (Normal Paraffin gram) demonstrated by Murata
and Makino [34]. NPgram is a carbon number distribution of the liquid hydrocarbon which is
composed by the gas-chromatogram on the basis of boiling points of a series of normal
paraffins. The detail of NPgram is mentioned in the preceding papers [28, 35]. The author has
extended the application of NPgram for various hydrocarbon oils, such as waste plastics

derived oil, petroleum fractions and coal derived oil [40].

29



60

w ] - 350°C
A = 360°C
40
, \ - 370°C

Weight fractionn [wt%]
T ———
—_—

=
——
/WA'/

[V

AU

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Carbon number

Fig. 6 Carbon number distribution (NPgram) of liquid products derived from PS

Table 1 Constituents derived from thermal degradation
of polystyrene and their assignments on NPgram

Carbon number

on NPgram Component

7 Benzene

8 Toluene

9 Ethyl benzene
Styrene monomer
Cumene

10 Aryl benzene
« -Methyl styrene

17 1,3-Diphenyl propane

18 Styrene dimer

25 Styrene trimer

The NPgram of the liquid product derived from PS has peaks at 9, 18 (or17) and 25. Table 1
reveals major constituents contained in the liquid product of PS and their corresponding
carbon numbers in NPgram. Peak components at 9, 18 and 25 in NPgram involve monomeric

constituents, such as monomer, dimer and trimer, respectively. Thus, monomeric constituents

are major products in PS thermal degradation.
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As shown in Fig. 6 and Table 1, the liquid product of PS does not contain a constituent less
than carbon number 6 in NPgram. Benzene is assigned to nC7 and toluene to nC8 in NPgram.
In this paper, nC6, nC7, nC8, --- refer to the carbon numbers in NPgram. On the other hand,

C6, C7, C8 --- refer to the actual carbon numbers of organic compounds.
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Fig. 7 Temperature dependence of components assigned to individual carbon numbers on NPgram

Ethyl benzene, styrene monomer and cumene belong to nC9 in NPgram, and they account for
more than 50 % of the liquid product of PS. Two constituents are assigned to nC10. One is
a-methyl styrene that accounts for 99% of the nC10 component, the other is allyl benzene for
the rest. 1,3-Diphenyl propane is assigned to nC17, styrene dimer (2,4-Diphenyl-1-butene) to

nC18, and styrene trimer to nC25, respectively. Constituents other than the above-mentioned
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accounted for 2~3 wt% of the liquid product, even though more than 20 peaks were found on
the gas-chromatogram of the liquid product. Fig. 7 shows the temperature tendency of the
major components in NPgram. It reveals that there are two distinct groups. The one has a

tendency to increase and the other to decrease with the degradation temperature.
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Fig. 8 Components assigned to the carbon number 9 on NPgram

Referring to the assignment shown in Table 1, we can see that the weight fractions of
components which contain monomeric constituents, such as monomer, dimer and trimer,
increase with degradation temperature. On the contrary, the weight fractions of components
that do not contain monomeric constituents decrease with the degradation temperature. For

more detail, the weight fractions of constituents assigned to nC9 were separately plotted in
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Fig. 8.

It is evident that the increase of nC9 component comes from that of styrene monomer, since
the others, ethyl benzene and cumene decrease with temperature. Similarly, the increase with
temperature of nC18 component comes from that of the styrene dimer. For the styrene trimer,
it seems to behave in the same way, even though we could not obtain a separate peak on

gas-chromatogram.

Based on the above data, we can calculate the activation energy of the individual constituent.
The activation energies of individual constituents were shown in Table 2, which were
calculated from Arrhenius plots drawn based on their mass rate. The activation energies
exceed 50kcal/mol for monomeric constituents, while less than 30kcal/mol for the
non-monomeric constituent. We will lately refer to the difference of activation energies
between monomeric and non-monomeric constituents in relation to the mechanism for PS

thermal degradation.

Table 2 Activation energies based on the rate of individual constituents
produced by thermal degradation of polystyrene

Component Activation energy [kcal/mol]
Toluene 21
Ethyl benzene 26
Styrene (monomer) 56
& —Methyl styrene 17
1,3-Diphenyl propane 27
2.4-Diphenyl butene—1 (dimer) 63
nC,s (trimer) 76
Over all 20
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Reactor content:

The reactor content is a brown solid at ambient temperature, but it melts at temperatures
abovel50°C. The reactor content of PS is more viscous than those of polyethylene and
polypropylene. At degradation temperature it looks like boiling rice gruel. The properties of

PS reactor content were also reported in the preceding papers [28, 38].
3.3 Mechanistic consideration

Since the earliest systematic works were carried out by Staudinger and coworker [1], a
number of descriptions on the mechanism of PS thermal degradation can be found in the
literatures [39, 41-44]. As a result, most of researchers seem to accept that PS thermal
degradation proceeds through a free radical transfer mechanism initiated by random chain
scission. The author also agrees with the free radical transfer mechanism in liquid phase that
causes a random chain scission resulting in a molecular weight reduction of raw polymer

during the thermal degradation of polystyrene.

However, in most of mechanistic considerations, researchers have not referred to the
formation of non-monomeric constituents derived from PS thermal degradation. It is not
possible to accomplish the consistency in the mechanistic consideration of PS thermal
degradation without any referring to non-monomeric constituents, because the volatile
product from PS invariably consists of monomeric and non-monomeric constituents. In the
conventional radical transfer mechanism, there are various inconsistencies for the formation

of monomeric and non-monomeric constituents derived from PS, as follows.

(1) As shown in Fig. 9, the difference in the activation energy between the polymerization

and the depolymerization corresponds to the heat of polymerization. That is,
Eqs=E, + AH, (3)
Eq: activation energy of depolymerization, E,: activation energy of polymerization, ~AH,:
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heat of polymerization.

Correct data for E, and AH, of polystyrene are found in a handbook [45]. Substitution of

7.25kcal/mol for E,, and 17.1kcal/mol for AH, to Eq.2 makes Eq =24.4kcal/mol.

On the other hand, the observed activation energy of the formation of styrene in PS thermal
degradation is S6kcal/mol as shown in Table 2 in this study (55kcal/mol in the previous work
[38]). The difference in the activation energy between the formation of styrene in PS thermal
degradation and the formation of styrene in PS depolymerization is significantly large enough

to insist that they are different reactions.
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Fig. 9 Relationship between activation energies of polymerization and depolymerization

(2) Generally, we take it for granted that the formation of monomer in the thermal
degradation of polymers is a reverse reaction of polymerization, that is, depropagation which
proceeds by a free radical transfer mechanism resulting in the production of monomer. Even
though a lot of non-monomeric components other than monomer are always involved in the

thermal degradation of polymers.

PS is synthesized from a sole constituent of styrene. On the other hand, in PS thermal

degradation a number of constituents, such as toluene, styrene, ethyl benzene, a-methyl
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styrene, dimer, etc. are simultaneously formed. In the thermal degradation of PS, it is not valid
to distinguish between the formation of styrene monomers and the formation of
non-monomeric components. Therefore, the formation of styrene monomer does not appear to
proceed solely by a different reaction, the reverse reaction of polymerization, rather than
thermal decomposition. As PS is a macromolecule which consists of repeated units of styrene
monomer, even if any small quantity of a-methyl styrene contaminates in styrene, such a
mixture brings about a different polymer from PS. For the production of polystyrene, it is
necessary for the reactant to consist of 100% of styrene. If the styrene is solely formed by a
reverse reaction of polymerization in PS thermal degradation where a number of constituents
are simultaneously generating in reactor, the concentration of styrene in degradation product
has to approach to 100%, as the degradation temperature comes near to that of polymerization.
But, with the lower temperature, the concentration of styrene monomer decreases, as shown in
Fig. 8. That is, the formation of styrene in PS thermal degradation and the formation of

styrene in PS depolymerization are not the same reaction.

(3) For example, toluene, a product of PS thermal degradation, is not a product derived from
the propagation that consists of the release of monomeric fragments from primary or
secondary radicals. If we apply the usual radical transfer mechanism to the formation of
toluene, it proceeds through Reaction 1 shown as follows. That is, a methyl-phenyl radical
formed by hydrogen abstraction and following B-cleavage of C-C bond (position a) shifts to
toluene. The hydrogen abstraction is caused by an intermolecular radical transfer for the third
carbon from chain-end. It brings about styrene dimer, when the -cleavage of C-C main chain

occurs at the position b of Reaction 1.
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When D; is the dissociation energy of the C-C bond at the position a and Dy, at the position b

in Reaction 1, respectively, we can say that D, is larger than Dy. That is,
Da > Db

Meanwhile, as shown in Table 2, the observed activation energies of the formation of toluene
and styrene dimer are 21 and 63kcal/mol, respectively. It conflicts with the above mentioned
mechanistic conclusion that D, is larger than Dy. Moreover the difference between the
activation energy of the formation of toluene and that of styrene dimer is significantly large
enough to insist that there is an inconsistency in the usual free radical transfer mechanism. For

the formation of 1,3-diphenyl propane and trimer, we can also obtain a similar conclusion.

(4) If we apply the usual free radical transfer mechanism to the formation of a-methyl
styrene in PS thermal degradation, it proceeds through Reaction 2 shown as follows. Reaction
2 resembles Reaction 3 (depropagation of poly-a-methyl styrene). When D is the dissociation
energy of the C-C bond at the position ¢ in Reaction 2 and Dy is the dissociation energy of the
C-C bond at the position d in Reaction 3, respectively, we can say that D. is larger than Da.

And the difference between D, and Dy is estimated about 3kcal/mol [46]. That is,
Dc > Dd

The activation energy of the formation ofa-methyl styrene in PS thermal degradation is
17kcal/mol as shown in Table 2. On the other hand, the activation energy of the formation of
a-methyl styrene in the thermal degradation of poly-a-methyl styrene was reported to be

55kcal/mol by S. L. Madorsky [26]. Besides poly-a-methyl styrene yields 95-100% of
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monomer (o-methyl styrene) during the thermal degradation in the temperature range of about

300-500°C [47].
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H H

H
Reaction 2

d
H C H CH H C
i |

LTV

Reaction 3

w

Obviously those experimental results conflict with the above mentioned mechanistic
conclusion that D is larger than D4. Moreover the difference of 38kcal/mol between the
activation energy of formation of a-methyl styrene experimentally obtained by Reaction 2 and
the one similarly experimentally obtained by Reaction 3 is significantly large enough to insist

that there is an inconsistency in the usual radical transfer mechanism.

What does bring about such as inconsistencies? In relation to it, S.L.Madorsky mentioned the
mechanism of the thermal degradation of polymers in his book, “Thermal Degradation of

Organic Polymers” [26], as follows.

"For the gas-phase pyrolysis of ordinary paraffins in a closed system, Rice and Rice suggested
a mechanism which involves the steps of formation of free radicals and abstraction of
hydrogen by the radicals, a process which continues until equilibrium sets in [48]. Simha et al.
proposed a similar mechanism to explain the process of thermal degradation of polyolefins

and other polymers [4, 5]. This mechanism involves several steps. -----

It could be presumed that Simha et al. proposed a mechanism similar to the gas-phase
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pyrolysis of ordinary paraffins for the thermal degradation of polymers without well-grounded
consideration. None of researchers have referred to the reaction system generating the thermal
degradation of polymers other than S. L. Madorsky. Most of researchers have tacitly
understood that the thermal degradation of polymers occurs in a homogeneous phase of liquid.
But the reaction system generating the thermal degradation of polymers is not the same one
generating the gas-phase pyrolysis of ordinary paraffins. In the reaction system generating the
thermal degradation of polymers, there always coexist gas (volatile products) and liquid
(reactor content) in the working reactor. Therefore, the formation of volatile products during
the thermal degradation of polymers is a heterogeneous reaction in which the reactant is in a
liquid phase and the product is in a gas phase as mentioned above and in the preceding papers

[28, 29].

The above discussion shows that the radical transfer mechanism alone cannot explain the
entire process of thermal decomposition of polymers. We essentially need a new concept for

the generation of the volatile that is consistent with the observed fact.

4, The chain-end scission accompanying a hydrogen transfer for

generating the volatile

When the experimental findings are in conflict with the radical transfer mechanism in the
mechanistic consideration of the thermal degradation of polymers, we do not have any
alternative other than the hydrogen transfer mechanism. For the decomposition of polystyrene,
Staudinger et al. proposed a mechanism involving the hydrogen transfer at cleavage sites that
produces one unsaturated end and one saturated end [1]. It is accompanied primarily by
intramolecular hydrogen transfer at the site of scission. Jellinek also mentioned a hydrogen

transfer mechanism which splits off monomer units, as shown below [49].
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In this study, the author extend the hydrogen transfer mechanism to include the formation of

non-monomeric compounds as well as monomeric compounds, as mentioned below.

The thermal degradation of mixed polymers suggests us that the random scission of C-C links
of macromolecule is an intermolecular reaction accompanied with a free radical transfer [50].
When the random scission of main chain is accompanied with intermolecular radical transfer,
there are two possible sources of available hydrogen atoms, the hydrogen atom from a tertiary
benzylic carbon and the hydrogen atom from the secondary aliphatic carbon. However, the
former one is more reactive compared to the latter. These alternatives lead to four chain-end
patterns of the newly formed chain-end, and the transferring radical molecule. That is, 4
patterns, such as (D~@ shown in Fig. 10, are possible for the chain-end, which generates
volatile products at the gas-liquid interface during thermal degradation of polystyrene. The
dotted line in Fig. 10 shows the position for the scission of C-C links, although the double
bond will not split undoubtedly. As shown in Fig. 11, each structure with pattern (D~@ is
further decomposed by the chain-end scission accompanied with the hydrogen transfer from
position ‘a’ or ‘b’, that corresponds to B-hydrogen near side or far side, respectively from the

chain-end.
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Fig. 10 Basic patterns of the chain-end during thermal degradation of polystyrene and the dotted line

shows the position for scission

Fig. 11 shows a couple of examples of the chain-end scission accompanied with hydrogen
transfer during the thermal degradation of polystyrene. When a chain-end scission occurs at
the position 2 of pattern (O in Fig. 10, it produces styrene monomer or ethyl benzene
according to a probability of which hydrogen is transferred from a or b. Here, we designate
these reactions as (1)-2-a (starting chain-end pattern: (), position of scission: 2 and transfer of
hydrogen: a) and (D-2-b, respectively. And when a chain-end scission occurs at the position 2

of pattern (@), it also produces styrene monomer. But there is not other choice of the hydrogen
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to be transferred. We designate this reaction as (2)-2-b.

Styrene monomer

T 11
—C—C=C + H—C—C—H

é }‘l ® }‘I Ej b

Ethyl benzene

H

|
=C @-2-b

Styrene monomer

O—o—mT
Il
@)
+

T o=

Fig. 11 Examples of the chain-end scission during thermal degradation of polystyrene

Table 3 shows the list of products derived by the chain-end scission accompanied with the
hydrogen transfer during the thermal degradation of polystyrene. It also shows the change of
chain-end patterns that is resulted from the scission of C-C bond accompanied with the

hydrogen transfer in polystyrene thermal degradation.
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Table 3 List of products derived by the chain-end scission during thermal degradation of polystyrene

Methane

Styrene monomer
Ethyl benzene
a-Methyl styrene
2-Phenyl propane
Styrene dimer
1,3-Diphenyl butene
2,4-Diphenyl pentene-1
2,4-Diphenyl pentane
Styrene trimer

__repeat

shift to

shift to
shift to
shift to
repeat
shift to
shift to
shift to
repeat

Starting |Position of| Transfer of Product Change of | Resultant
chain-end | scission hydrogen chain-end | chain-end

@ 1 b Toluene shift to @

@ 2 _a _ Styrene monomer __repeat M

) 2 b Ethyl benzene shift to ®

Q) 3 a 1,3-Diphenyl propene shift to ©)

O] 3 b 1,3-Diphenyl propane shift to @

6 4 a Styrene dimer repeat §

@D 4 b 1,3-Diphenyl butane shift to @

@D 5 a 1,3,5-Triphenyl pentene-1 shift to ®

N 5 b 1,3,5-Triphenyl pentane shift to D

a o ¢ a Styrene trimer repeat @

) b 1,3,5-Triphenyl hexane shift to @

@ 9 b Styrene monomer repeat | @

@ a 1,3 Diphenyl propadiene shift to

@ b 1,3 Diphenyl propene shift to

) a 1,3-Diphenyyl butadiene shift to

@ b Styrene dimer repeal

) a 1,3,6-Triphenyl pentadiene-1,4| shift to

) b 1,3,5-Triphenyl pentene-1 shift to

@) a 1,3,5-Triphenyl hexadiene-1,5 shift to

@ b Styrene trimer __repeat

©)

@

)

&)

©)

©)

)

)

©)

©)

S

SEESESEE®

O T o LT QoITE T T T T

o

1,3,5-Triphenyl hexane
Styrene monomer
a-Methyl styrene
1,3-Diphenyl butadiene

2,4-Diphenyl pentadiene-1,4
2,4-Diphenyl pentene-1
1,3,5-Triphenyl hexadiene-1,5

Styrene trimer
a:p -hydrogen near side from chain-end

b:g -hydrogen far side from chain-end

shift to
repeat
shift to
shift to
repeat
shift to
shift to
shift to

repeat

As shown in Table 3, when the monomeric styrene is formed by the chain-end scission

accompanied with hydrogen transfer, it does not cause any change of the chain-end pattern.

That is, the resultant chain-end has the same pattern as the starting chain-end before scission.

And the same happens for the formation of styrene dimer and trimer. The author calls it “The

rule of repeat for the monomeric constituent”. On the contrary, when the non-monomeric
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constituent is formed, the resultant chain-end after scission invariably has a different pattern
from the starting chain-end before scission. Moreover, it is not possible to form the original
non-monomeric constituent from the resultant chain-end structure. Therefore, the formation of
non-monomeric products is reduced compared to the formation of monomeric styrene, such as
monomer, dimer and trimer which regenerate the same chain-end pattern. The above
mentioned findings coincide with the observed result that the major products in thermal

degradation of polystyrene is the monomeric constituent.

The structures resulted from the scissions of PS C-C links follow the L-s-L-s pattern of the
main chain shown in Fig. 12, where ‘L’ stands for a large molecule (CH-CsHs) and ‘s’ stands
for a small molecule (CHz). Thermal energy at the temperature of degradation leads to strains
at various points of C-C chain, causing scissions. The larger molecules ‘L’ have more effect of
anchor compared to the smaller ones °s’, therefore the L-s bonds (as considered from the

chain end) are easier to break compared to the s-L ones.

Vehem entm ovem ent
or tension of chah-end

Fig. 12 Tendency for scission of C-C bond

There exist a couple of mechanistic principles for the chain-end scission accompanied with

the hydrogen transfer in the thermal degradation of polymers. That is,
B The rule of repeat for the monomeric constituent

B The rule that L-s bonds are easier to break compared to the s-L ones
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B The steric hindrance for the hydrogen transfer

PS thermal degradation also follows the above mentioned principles. The non-steric hindrance
explains the formation of toluene (nC8, 7.5 wt% of oils at 350 °C — Fig. 6) in a high amount
by the reaction (D-1-b, though it generates the chain-end pattern @) instead of the starting
chain-end one (D). Contrary, the similar reaction 3)-1-b leads to very few amount of methane
(0.02wt% of volatile product). The (D-2-a and (D-3-b scissions are also favorable ones for the
chain-end pattern (O and lead to formation of styrene monomer (with repeating chain-end
pattern (D) and of 1,3-diphenylpropane at nC17 respectively. The latter generates the

chain-end pattern @,

The most important chain-end scission of pattern ) is @-2-b that involves the vinylic bond
which generates styrene monomer while repeating the same chain-end pattern. The @-3-b

scission leads to 1,3-diphenylpropene assigned to nC17 resulting to chain-end pattern @.

Two reactions compete as most favorable ones for the scission of chain-end pattern (3,
namely 3-2-b and (3)-3-a. While the former one generates ethylbenzene (nC9) and chain-end
pattern @), the latter one, forming o.-methylstyrene (nC10) and chain-end pattern (D has the
advantage of a L-s type link and a more reactive H atom without steric hindrance. This might
explain the formation of higher amount of a-methylstyrene compared to ethylbenzene. The
(3)-4-b scission leads to 1,3 diphenylbutane (nC17) and to chain-end pattern 4. The reaction
(3)-2-a leads to formation of styrene, however this is of less importance due to less reactive H

atoms at primary carbon and partial steric hindrance of the phenyl group.

The chain-end @ breaks down mainly by the 4)-2-b scission that involves the weaker vinylic
bond, leading to styrene monomer in a similar way to the @)-2-b scission. The @)-3-b scission
leads to the formation of o.-methylstyrene and of chain-end pattern ). According to the L-s
tendency for scission of C-C links in PS fragments, it is clear that the reaction 4-2-b is more
favorable than the @2-2-b one. Also, this is more favorable than the reactions (D-2-a and
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(3)-2-a, though both of them lead to styrene formation and repetition of chain-end pattern.
Therefore we can consider the @)-2-b scission as the main process leading to formation of

styrene monomer.

The process involving the repetition of same chain-end patterns is favored at higher
temperature of degradation. On the contrary, the non-repeat mode of the chain-end pattern
forces the production of non-monomeric compounds to decrease relatively with increasing

temperature.

5. Conclusion

The conventional radical transfer mechanism mentioned in the literature has inherent
insufficiencies and inconsistencies that the experimental findings are in conflict with. These
facts show that the radical transfer mechanism alone cannot explain the entire process of the

thermal degradation of polymers.

Those inconsistencies originate in the false understanding that the production of volatile
proceeds in a homogeneous manner in liquid. In the polymer decomposition system
generating the volatile product, there always coexist the gas (volatile product) and the liquid
(reactor content) in the working reactor, where the chemical reaction takes a role of the rate
controlling step. The formation of the volatile product in the thermal degradation of polymers
is a heterogeneous reaction in which the reactant is in liquid phase and the product is in gas

phase.

It could come to the conclusion that two distinct scissions simultaneously occur in the thermal
degradation of polymers. One is the random chain scission that proceeds through the free
radical transfer mechanism resulting in a molecular weight reduction of raw polymer in liquid

phase. The other is the chain-end scission that proceeds through the hydrogen transfer
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mechanism generating the volatile product at gas-liquid interface in the working reactor. Fig.

13 and 14 illustrate the above-mentioned mechanism for the thermal degradation of polymers.

Raw Polymer

Random scission ofC—C bonds n
liquid phase w ith radical transfer

ReactorC ontent Paralel

C-C bonds scission from chan—end
at gas—liquid nterface

Vohtike Product

Fig. 13 Macroscopic mechanism for the thermal degradation of polymer
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Long chain anchored in liquid \movemems ' Gas phase
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Fig. 14 Mechanism of the chain-end scission of polymer generating volatile products at gas-liquid

interface proposed by K. Murata

All liquid products derived from the polymer emit a fluorescent color as shown in Fig. 15.
The author is also aware of the possibility that the above-mentioned chain-end scission at
gas-liquid interface could create two radical species, one is in a gas phase (volatile) and the

other is in a liquid phase (reactor content). But it seems beyond the scope of this paper.

Fig. 15 The liquid product derived from PE, PP and PS

48



References

(1]

[17]

[18]

[19]

H. Staudinger, A. Steinhofer, Annalen der Chemie, 511 (1935) 35.

S. L. Madorsky, S.Straus, J. Res. Nat. Bur. Stand. 53 (1959) 361.

S. L. Madorsky, Soc. Plastics Engrs. J. 17 (1961) 665.

R. Simha, L. A. Wall, P. J. Blatz, J. Polym. Sci. 5 (1950) 615.

R. Simha, L. A. Wall, J. Phys. Chem. 56 (1952) 707.

R. Simha, L. A. Wall, P. J. Blam, J. Chem. Phys., 29 (1958) 894.

L. A. Wall, S. L. Madorsky, D. W. Brown, S. Straus, R. Simha, J. Amer. Chem. Soc. 76
(1954) 3430.

E. Kiran, J. K. Gillham, J. Appl. Polym. Sci. 20 (1976) 2045.

M. R. Grimbley, R. S. Lehrle, Polym. Deg. Stab. 48 (1995) 441.

Y. Tsuchiya, K. Sumi, J. Polym. Sci. A-1 6 (1968) 415.

Y. Tsuchiya, K. Sumi, J. Polym. Sci. A-1, 7 (1969) 1599.

Y. Tsuchiya, K. Sumi, J. Polym. Sci. A-1 7 (1969) 813.

R. P. Lattimer, J. Anal. Appl. Pyrol. 31 (1995) 203.

E. Ranzi, M. Dente, T. Faravelli, G. Bozzano, S. Fabini, R. Nava, V. Cozzani L. Tognotti,
J. Anal. Appl. Pyrol. 40-41 (1997) 305-319.

T. Faravelli, G. Bozzano, C. Scassa, M. Perego, S. Fabini, E. Ranzi, M. Dente, J. Anal.
Appl. Pyrol. 52 (1999) 87-103.

T. Faravelli, M.Pinciroli, F. Pisano, M. Dente, E. Ranzi, J. Anal., Appl. Pyrol. 60 (2001)
103-121.

T. Faravelli, G. Bozzano, M. Colombo, E. Ranzi, M. Dente, J. Anal. Appl. Pyrol. 70
(2003) 761-7717.

A. Mrongiu, T. Faravelli, E. Ranzi, J. Anal. Appl. Pyrol. 78(2007) 343-362.

C. Libanati, L. Broadbelt, C. Lamarca, M.T. Klein, S.M. Andrews, R.J. Cotter, Molecular

49



[32]

[37]

[38]

[39]

[40]

Simulation 11(1993) 187-204.

0O.S. Woo, T.M. Kruse, L.J. Broadbelt, Polym. Degrad. Stab. 70(2000) 155-160.

T.M. Kruse, O. S. Woo, H.-W. Wong, L.J. Broadbelt, Chem. Eng. Sci. 56(2001) 971-979.
T.M. Kruse, O.S. Woo, H.-W. Wong, S.S. Khan, L.J. Broadbelt, Macromolecules 35(2002)
7830-7844.

T.M. Kruse, H.-W. Wong, L.J. Broadbelt, Ind. Eng. Chem. Res. 42(2003) 2722-2735.

S.E. Levine, L.J. Broadbelt, Polym. Degrad. Stab. 93(2008) 941-951.

S.E. Levine, L.J. Broadbelt, Polym. Degrad. Stab. 93(2009) 810-822.

S. L. Madorsky, Thermal Degradation of Organic Polymers, John Wiley & Sons, Inc.,

New York, 1964.

O.Levenspiel, Chemical reaction Engineering, John Wiley & Sons, New York, 1962,
p.356.
K. Murata, Y. Hirano, Y. Sakata, Md. A. Uddin, J. Anal. Appl. Pyrol. 65 (2002) 71-90.

K. Murata, K. Sato, Y. Sakata, J. Anal. Appl. Pyrol. 71 (2004) 569—-589.

D.A. Anderson and E.S. Freeman, J. Polym. Sci. 54 (1961) 253.

R.M. Fuoss, 1.O. Salyer and H.S.Wilson, J. Polym. Sci. : Part A, 2 (1964)

A.B.Mathur, V. Kumar, A .K.Nagpal and G.N.Mathur, Indian J. Technology, 19 (1981) 8§9.
H.Nishizaki, K.Yoshida and J.H.Wang, J. Appl. Polym. Sci., 25 (1980) 2869.

K. Murata, T. Makino, Nippon Kagaku Kaishi (1975) 192-200.

K. Murata, K. Sato, Nenryo Kyokaishi, 61 (1982) 776-784.

K. Murata, Y. Hirano, Transactions of K. Murata Research Lab, 11, 2021.
(https://kmurata-research-lab.jimdofree.com/contents/)

M. Brebu, 1. Bunia, M. Silion, Rev. Chim. (Bucharest), 64 (2013) 1197-1200.

K. Murata, T. Makino, Nippon Kagaku Kaishi, (1975) 1241-1248.

F.A. Lehman, G.M. Brauer, Anal. Chem. 33 (1961) 873.

K. Murata, Y. Sakata, Md. A. Uddin, J. Jpn Inst. Ener. 83 (2004) 56-63.

50



[41]

[42]

[46]

[47]

[48]

[49]

[50]

S. Straus, S.L. Madorsky, J. Res. Nat. Bur. Stand. A66 (1962) 401.

S. L. Madorsky, D. Mclntyre, J. H. O’Hara, S.Straus, J.Res. Nat. Bur. Stand. A66 (1962)
307.

L. A. Wall, S. Straus, J. H. Flynn, D. Mclntyre, R. Simha, J. Phys. Chem. 70 (1966) 53.
G. C. Cameron, Macromol. Chem. 100 (1967) 255.

Nippon Kagaku-kai, Kagaku Binran (Ouyouhen), Maruzen, Tokyo, 1973, p.809.

H. Kambe, Koubunsi no Netsubunkai to Tainetsusei, Baihukan, Tokyo, 1974, p.227.

S. L. Madorsky, J. Res. Nat. Bur. Stand. 62 (1959) 219.

F. O. Rice and K. K. Rice, The Aliphatic Free Radicals, Johns Hopkins Press, Baltimore,
Md., 1936.

H. H. G. Jellinek, J. Polym. Sci. 4 (1949) 13.

K. Murata, M. Akimoto, Nippon Kagaku Kaishi, (1979) 774-781.

51



