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Distribution kinetics is a method to analyze polymer reactions kinetically in terms of the molecular-weight (or

chain-length) distributions (MWDs) of components in a macromolecular mixture.

Governing equations for tem-

poral and spatial dependence of the MWDs are based on population balance equations (PBEs) for the distinguish-

able species.

Moments of the MWDs are related to observable properties, such as average MW and polydisper-

sity, and can be measured for polymeric systems by procedures such as size-exclusion chromatography. The

moments are related mathematically to rate parameters in the PBEs.

The distribution kinetics approach is thus a

method for interpreting experimental observations of MWD dynamics in terms of chemical reaction mechanisms.
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1. Introduction

Thermal processing of macromolecular substances
such as plastics and biomass is important for the effec-
tive utilization of unused organic resources. In sever-
al countries such as Japan and Germany, liquefaction
and gasification of post-consumer plastics or industrial
plastic wastes have attracted considerable attention.
Problems still hinder the design and efficient processes,
for example, reducing coke and char formation, remov-
ing chlorine and other unwanted by-products, and
improving the final product quality. Due to the nature
of waste treatment, demanding conditions of energy
input and product control are required for economical-
ly-feasible plastics conversions into a source of fuel or
chemicals. For designing a reactor and planning an
industrial process, kinetic data play an essential role.
Suitable reactors must be designed, constructed, and
operated based on reliable knowledge of how plastics
decompose. Estimations of raw-material treatment
capacity, production rate of products, and equipment
specifications are directly linked to economic feasibili-
ty of treatment processes for plastic wastes”. Many
previous studies of plastics decomposition focused on
the low-molecular weight products of pyrolysis, for
example, liquid distillate or volatile product formation
rates during pyrolysis?~ 3. Such liquid or gas prod-
ucts are relatively easy to integrate into existing chemi-
cal plant operations. Other design issues for macro-
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molecular conversion are heat consumption and reactor
residence time. Many reports on polymer decomposi-
tion omit quantitative discussion, and focus mainly on
qualitative issues, such as chemical analysis of prod-
ucts. The kinetic analysis and simulation of plastics
decomposition are still challenging tasks due to the lim-
ited methods of monitoring the conversion and of inter-
preting the experimental data.

Polymer decomposition aims for MW reduction.
Distribution kinetics describes the principal features of
polymer decomposition and thus assists in the quantita-
tive understanding®~? of these complex processes.
Time-dependent changes of MWDs reflect the progress
of decomposition. Due to practical problems such as
low heat transfer and viscosity, the important and ener-
gy-consuming processes of the conversion lay in the
change of polymer solid or melt to waxy products
rather than volatiles formation from liquid components.
Size-exclusion chromatography (SEC) is an effective
and often-reported method to monitor the MWD shifts
of reaction mixtures during polymer decomposi-
tion'?>!Y.  However, SEC has not always appeared in
kinetic investigations because of the lack of a kinetic
model relating the apparent changes in MWDs of poly-
mer to the progress of polymer degradation.

In this article, we review kinetic modeling for ther-
mal decomposition of plastics. This article includes
general reactions of polymer cracking, a general model
for radical reactions and its application, and distribution
kinetics for thermogravimetric analysis. Firstly, poly-
olefin-cracking is discussed as a general model of poly-
mer decomposition. For the production of fuel and
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chemicals, polymer decomposition has been examined
under various conditions of thermal decomposition
such as pyrolysis and solvolysis. Despite the many
organic reactions, the decomposition can be sorted into
three categories, MW increase, decrease, and negligible
change in MW. Depending on the chemical structure
or economic feasibility, catalytic or non-catalytic
cracking, or solvolysis is used to produce the target
products. The distribution kinetics can be applied to
the kinetic evaluation of various types of macromolecu-
lar conversion. The difficulty lies in the chemical pro-
cessing of high-MW feedstocks, which usually have a
wide distribution in the MWs. The main theme of this
review is the distribution kinetics for cracking of poly-
olefins, which are the major polymers in post-consumer
plastics. Secondly, typical kinetic models based on
radical reactions were discussed. For known mecha-
nisms of radical-chain reactions in hydrocarbon crack-
ing, simplified reactions of reversible chain scission
and recombination are explained to construct distribu-
tion kinetics models. With some alterations, the pro-
cedure for kinetic study used here can be applied to
other types of plastics and processing, such as oxidative
degradation and solvolysis. Thirdly, we introduce the
distribution kinetics for thermogravimetric analysis
(TGA). The rate of volatilization based on mass loss
in TGA was interpreted through the combined equa-
tions of mass and molar amount of a polymer for a
model of reversible random degradation and specific
degradation.

2. General Models of Polymer Decomposition

The primary objective of polymer decomposition is
to reduce MWs of macromolecules, and thus the kinet-
ics should describe the overall dynamics of decompos-
ing polymer in terms of MWs. Conventional distribu-
tion-kinetics models for polymer degradation described
random chain scission®!?!3.  Among the various
reactions during polymer decomposition, we consider
three types of polymer transformation; reactions with
MW reduction such as chain scission, MW increase
such as recombination, and negligible MW change such
as isomerization. Typical reactions shown in Fig. 1
are described according to the notation for the distribu-
tion kinetics. PBEs of chemical species are obtained
and converted into moments, which can represent
MWDs of those species.

2.1. Typical Reaction Models
2.1.1. Transformation with Negligible MW Change

Some types of transformation such as isomerization
and radical stabilization of macromolecules with high
MWs give negligible MW change. For two types of
macromolecular species A and B, one can write the
reaction of A converting into B with a constant MW of
X as
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Recombination is allowed in some reactions. Aromatization
becomes important under some conditions. Decomposition of
alkenes is also important for a long duration.

Fig. 1 General Mechanisms of Polymer Pyrolysis

A(x) — B() (1)
When £ is the rate coefficient for this transformation,
the rates of changes of two species are

—da(x, 1)/dt = ka(x, t) = db(x, t)/0t 2)
The MWD is defined as a(x, f)dx, the molar concentra-
tion (mol/volume) of A in the MW range of x to x + dx.
The rate coefficient, k, will in general depend upon
MW", and can be determined by kinetic analysis.
When MW-dependence of k is known, one can substi-
tute k(x) for simulation.

2.1.2. Random Degradation

During thermal decomposition of polymers, apparent
events are typically bond scission in the main chain and
branched moiety. Random degradation is the degra-
dation by apparent scission of polymer backbone at a
random position giving randomly distributed MWs.
Despite the number of underlying reactions, random
degradation of a macromolecule, P, of molecular weight
of x is simply depicted as

Pix) K P (x)+ Plx—x) 3)

in terms of the rate constant ka. This scheme denotes
that a macromolecule P with MW of x decomposes at a
random position along the main chain to yield the prod-
ucts with MWs of x' and x — x". Since radical stabi-
lization or transfer of hydrogen is negligible in MW
change for large MWs of macromolecules, we simply
use the notation of P(x) giving P(x') and P(x — x').
One may treat the product P(x") as the other species if
the products is distinguishable from the feed P(x).
When a main chain is cleaved by random C-C bond
scission (Eq. (3)) with a rate coefficient kq, the rate of
change of P is

Apldt = —kap(x) +2kq J.;p(x' )Q(x, X' )dx' 4)

The term, £2(x, x'), is a stoichiometric kernel'>'® given
by 1/x' for random scission. According to Eq. (4), one
mole of macromolecule undergoing random scission
gives two moles of random scission products.
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Typical Moment Expressions Generated from Rate Expressions

Overall reaction Rate expression

Moment expression

Random degradation dplot = —kp(x) dp™/dt = —kp™

P(x) — Q')+ R(x—x") dq/ot = dr/ot dg™/dr = dr/dr
=kq Jj p(x')Q(x, x' )dx' = kaZnop™

Specific degradation plot = —kgp(x) dp™/dt = —kqp™

P(x) — Qy(xs) + R(x — x5)

/ot = ky fp(x' YQ(x — x5, X' )dx'

9gu/9t = kq | p(x )Q(xs, ¥ )d¥

dgs"/dt = kexip©®

dr™/dr = ky 2(” j) X (=1

i=0

Recombination

P(x—x) + Q) — R(x)

oplot = —k, p(x)_[: g(x')dx'
9q/0t = ~kuq(x) | p(x' )

or/ot =k, J.Jp(x' )g(x —x')dx'

dp(”)/dl‘ — _kap(u)q((l)
dg™/dt = —kag™p®

drfde =k, 2(" j) pq" "
=0

Stoichiometric kernels: Q(x, x') = 1/x' (random degradation)'?, Q(xs, x') = 6(x — xs) and Q(x — xs, x') = 8[x — (x' — x5)] (specific degrada-

tion)'>17. The value of Zo is defined as 1/(n + 1)'.

2.1.3. Specific Degradation

In poly(styrene-allyl alcohol) (PSA) decomposi-
tion'”, two types of products were observed by SEC.
One is a broad peak slowly shifting to the lower MW
and the other is a group of spiked peaks increasing their
intensities at fixed MWs. Apparently, the components
widely distributed in the broad peak are the products of
random chain scission. A few spiked peaks of
oligomers increase with faster rate of formation and are
thus distinct from random scission products. Based
on the kinetic behaviors, these products were catego-
rized into two types of degradation, random degrada-
tion and specific degradation, which were treated in a
kinetic model to obtain each kinetic parameter.

A kinetic model was derived to determine the kinetic
parameters for the simultaneous degradation by random
and specific scission. The notation of the overall
scheme for specific degradation is

P R 0, + P - 20) )
The specific products, Qs, can be one or more species
such as monomer, dimer, and trimer in polystyrene and
similar polymers. As found in a typical SEC of PS
copolymer!”, the monomer and oligomers form rapidly
by specific degradation products rather than random
degradation, which gives broad continuous MWDs.

For simultaneous degradation by random and specif-
ic scission (Egs. (3) and (5)), balance equations of P
and Qs are

Iplot = —ka p(x) + 2kq j:’p(x' YQ2(x, X' )dx'
—kqp(¥) kg [ 8[x = (x —x)]p(x' )dx' (6)

0gs/0t = kq j“ S(x' —x)p(x' )dx' (7)

The term, O(x' — xs), is a stoichiometric kernel for spe-
cific scission!”.
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2.1.4. Recombination

Under some reaction conditions, recombination as
radical addition or condensation can be an important
reaction. Equation (8) with rate constant k. designates
the recombination between two macromolecules of
MW x' and x — x' forming an addition product.

P(x)+ P(x— x) Ko p(x) ®)
When macromolecules sustain recombination (Eq. (8))
with random chain scission (Eq. (3)), the balance equa-
tion of P is

oplot = —kq p(x) + 2kq ij(x' )Q2(x, x')dx'

2k () [ P )X + ko [ plx = 5 )p(x' )
©)
Considering recombination of monomers and macro-
molecular species, the distribution kinetics can be
applied to polymerization!®1),
2.2. Moment Solutions
With the moment operation, PBEs are converted into
moment equations of macromolecular species changing
with time. Moments are often used to characterize a
continuous distribution in statistics, and express impor-
tant features of MWDs. Applying the moment gener-

ation function J:[ ]x"dx to a PBE yields the n-th moment

of the MWD?. Typical moment expressions derived
from rate expressions are summarized in Table 191,
For example, applying the moment operation to Eq. (4)
yields
p™(0)/dt = —kap"™ +2kaZno p™ (10)
where Z.o=1, 1/2, and 2/3 when n=0, 1, and 2,
respectively.
The zeroth moment (molar concentration) of P is
pO®)/dt = —kap'® +2kap'® = kg p'®
The solution to this ordinary differential equation is
pO1) = p& exp(kat) (11)
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where po® is the initial value of zeroth moment.
Equation (11) shows the molar concentration of P
increasing exponentially with time. The linear rela-
tionship of In[p©@(#)/p.?’] with reaction time is generally
found in random degradation of a typical polyolefin,
and since the random bond scission generally occurs in
plastics degradation, a similar relationship was
observed for substrates other than polyolefins?) 2%,

The first moment (mass concentration) of P is

pP()/dt=0 (12)
which confirms the constant mass concentration of P
when all components remain in the reaction system.
The second moment of P according to Eq. (10) is

p®)/dr = p& exp[—(ka/3)t] (13)

These moments provide the shape characteristics of
the MWD, and can be used to construct the MWD.
The number-average MW, M., the weight-average
MW, My, of polymer, and variance of the MWDs, p¥a,
are defined by the equations Mi(f) = pP()/pO(t), Mw
(1) = pP@/p"(0), and p* = p2(@)/p(1) — [PV @/ V(D).
The Gamma distribution is an example of a versatile
representation of distributions?® that can be constructed
from the moments.

The moment-generating function was applied to Egs.
(6) and (7) to yield equations for the n-th moments of
the species P and Qs during simultaneous conversion
by random and specific degradation,

dp"1dt = —kap™ +2kaZuo p™ — kg p™
+kq2(” j)(—l)fxsfp“‘”
j=0

dg” 1dt = kyxt p© (15)
The zeroth moments of P and Qs (n =0 in Egs. (14) and
(15)) are thus

P @) = pexp(kat) (16)

" (1) = (" ko lka)exp(kat) —1] (17)
where po® is the initial molar concentration of P.
These results simulate the formation of P and Qs in the
competitive degradation by random and specific scis-
sion in terms of the molar concentrations under the
condition that no components leave the reaction sys-
tem. The molar concentrations of degradation prod-
ucts are obtained by the simple calculation of MWDs
of reaction mixtures changing with time. Equation
(16) shows the theoretical value of p©(f)/po® changing
with time, and Eq. (17) also shows the increase of a
specific product, Qs. Because typical values of k4 and
kq are much smaller than 1, the experimental results
usually give a linear relationship for Qs, which follows
from Eq. (17) with exp(k ) = 1 + k t when k << 1.
Equation (17) is thus simplified to gs©(t) = po©@kqt, so
that the rate coefficient, kq, can be determined from the
data of the molar concentration of Qs. The rate con-
stant, k4, is obtained from the slope of In[p©@(¢)/po©]
versus time.

(14)
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By application of moment expressions evaluated
from the PBE, the observed shifting MWDs allow eval-
uation of kinetic parameters. Although plastics ulti-
mately consist of discrete components of macromole-
cules, the continuous-distribution approach adopted
here readily simulates the dynamics of macromolecular
reactions in terms of MWD with time. Compared to
discrete models, the continuous-distribution approach
provides a simple and straightforward tool for describ-
ing macromolecular conversions for kinetic analysis of
experimental data as well as simulation by computa-
tion.

3. Kinetic Modeling Based on Radical Chain
Reactions

3.1. Typical Radical Reactions in Polymer Decom-
position

In the previous section, we obtained kinetic models
of random/specific degradation and recombination.
Kinetic parameters of each type of overall transforma-
tion can be obtained by comparing kinetic equations
with experimental data of MWDs of polymers. The
method simplifies the many types of radical reactions
that occur during polymer pyrolysis. The question is
what the obtained parameter means and how the under-
lying reactions contribute to the fate of polymer com-
ponents. Random and specific degradation involve
competitive pathways for realistic radical mechanisms.
The radical mechanisms underlie the apparent MWD
data shift with time and the kinetic relationship
between feed and products. There have been reported
quite a few studies on the degradation behavior of poly-
mers, but we still have limited knowledge of the reac-
tions and physical properties of each polymer.
However, distribution kinetics based on typical radical
mechanisms will explain and simulate the fates of poly-
mer and its product.

A number of papers have appeared on cracking
mechanisms of light naphtha distillates in petrochemi-
cal processing. Radical chain reactions similar to the
Rice-Herzfeld mechanism?®’ have often been cited in
the papers in polymer degradation. Due to the simi-
larity of polyolefin chemical structures, such a reaction
mechanism should explain random degradation of a
polymer. Oligomer formation via the back-biting
reaction is known in polymer chemistry, and corre-
sponds to the Rice-Kossiakoff mechanism?® in hydro-
carbon cracking. We introduce such radical mecha-
nisms into distribution kinetics in order to construct
kinetic models of polymers and their products'.
Typical radical reactions are chosen as major elemen-
tary reactions to describe the fate of a polymer upon
pyrolysis. Based on the elementary reactions, PBEs
of polymer and radicals were derived to construct the
distribution kinetic model for polymer pyrolysis. The
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typical radical reactions are summarized as follows.
3.1.1. Initiation and Termination of Radical Chain
Reactions

In polyolefin pyrolysis, the radical initiation step
(Eq. (14)) is usually explained as homolytic C-C bond
fission at a random position along the backbone of a
polymer (P). This step gives chain-end radicals, Re,
which have an unpaired electron at the chain end. The
radical can be primary, secondary, or tertiary, and each
radical is in a different energetic level to act in subse-
quent reactions. Compared with other polyolefins,
polyvinyl chloride sustains side-chain scission prefer-
entially to evolve hydrogen chloride prior to main-
chain scission. The reverse reaction is termination of
the chain reaction by recombination of two radicals,
which is assumed to occur via recombination. The
ratio of recombination/disproportionation is stated as
about 2-10%72).

ky

P(x) Re(x")+ Re(x—x") (18)

a

The rate expressions for this reaction are

dplot = —ke p(x) + ka J:r(x' Yr(x—x")dx' (19)

/ot = 2k j;op(x' )Q(x, X' )dx' —2kar(x) f:r(x' ydx'

(20)
The moment-generating function was applied to yield
the n-th moments of the species P and R, as in Egs.
(21) and (22).

dp"/d = ko p"™ + ka 2(”j)r<f>r<"—f> 21)
j=0
dr{™ 1dt =2k Zuo p™ + 2kar™r(® (22)

When a linear polymer is considered, the C-C bond
scission is assumed to occur equally at a random posi-
tion along the main chain. As in light hydrocarbons,
the rate of the initiation step would vary with the chain
length. The initiation step, however, has a large acti-
vation energy and is relatively improbable compared to
other reaction steps. In the kinetic derivation, the rate
coefficient, therefore, can be safely assumed independ-
ent of chain length or MW for each overall scheme.

Jellinek stated the weak-link hypothesis in poly-
styrene pyrolysis that explains the two-stage rates of
degradation in polystyrene decomposition®. Although
there is no direct observation of the irregularity of main
chain such as by nuclear magnetic resonance (NMR)
and other spectroscopic methods, the accelerated degra-
dation was confirmed by experimental evidence?-3D.
In the decomposition of “aged plastics,” an oxidized
moiety in a polymer may play a role as a weak link thus
accelerating the rate of decomposition.

In the presence of air, the chain reaction will start by
oxygen-promoted hydrogen abstraction at a random
position along a polymer main-chain. An oxidizing

J. Jpn. Petrol. Inst.,

159

reagent also can promote radical formation3?3¥. Air
contamination and the starting polymer structure will
change the initiation step, which may lead to different
rates of the overall course of decomposition. It should
be noted that heat transfer and melting are also impor-
tant for initiating plastic conversion-3>,

3.1.2. Intermolecular Hydrogen-abstraction

Radicals form in various elementary reactions in rad-
ical chain reactions, for example, a chain-end radical
(Re) abstracts hydrogen of neutral polymer. The H-
abstraction is typically assumed to occur at a random
position along a main chain of a polymer, resulting in
the formation of a mid-chain radical (Rx).

Re(x) + P(x') — P(x) + Ri(x") (23)

A mid-chain radical also can abstract a hydrogen atom
from a polymer.

Ri(x) + P(x') — P(x) + Ri(x") (24)
An unstable primary radical would promote intermolec-
ular hydrogen-abstraction from polymer, resulting in
the formation of a mid-chain radical (R:) of secondary
or tertiary structure. The bimolecular process of poly-
mer radicals, R, interacting with a large excess of poly-
mer, P, can be considered as the pseudo-first order
transformation as in Eq. (25).

R(x) — P(x) (25)
3.1.3. Fragmentation of Mid-chain Radical and
Radical Addition

A mid-chain radical can undergo several types of
reactions, including fragmentation by f-scission. This
step contributes to MW reduction because [3-scission
allows radical species to decompose faster than neutral
polymer. The products are an o-alkene Q and a
chain-end radical Re.

Ri(x) == Q(x") + Re(x —x") (26)
The reverse reaction is radical addition to alkene. In
light hydrocarbon cracking, addition products are
observed by GC upon liquid-phase cracking rather than
gas-phase cracking®®. Radical addition of polymer
will yield MWDs shifted to higher MWs.  Such a shift
to higher MWs was reported for the polymer of a reac-
tor in distillative pyrolysis of polyethylene melt*?.
3.1.4. Intramolecular Hydrogen-abstraction of

Chain-end Radical

A 1,5-radical shift is a typical intramolecular-hydro-
gen abstraction of a chain-end radical, although a 1,4-
or 1,6-shift is possible depending on the chemical
structure. The radical-shift reaction is written as

Re(x) — Ry(x) 27
and is known as the Rice-Kossiakoff mechanism in
light hydrocarbons. In polymer chemistry, Eq. (27) is
also referred to as a back-biting reaction. Since typi-
cal paraffin compounds decompose in this manner,
similar reactions of linear polyethylene and decom-
posed fragments would also occur. The decomposi-
tion pathway of the radical-shift reaction followed by
B-scission is important because this step leads to the
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formation of oligimers of dimer and trimer, which are
the typical volatile components during polymer decom-
position.

3.1.5. Fragmentation of Specific Radical

We called the radicals formed by intramolecular
hydrogen-abstraction of chain-end radicals as specific
radicals. The important reaction for specific radicals
is B-scission to form oligimers and radicals, which cor-
respond to low-MW components such as dimer and
trimer (Eqgs. (28) and (29)).

Rs(x) — O(x — xs) + Re(xs) (28)
Rs(x) — Re(x — xs) + Os(xs) 29)
The chain-end radical, Re, can be quenched to give

aliphatic product P(xs).
3.1.6. Fragmentation of Chain-end Radical and
Radical Addition

Monomer formation in poly(methyl methacrylate)
and poly(o-methylstyrene) decomposition is typically
explained by f-scission of chain-end radicals (depoly-
merization),

Re(x) <= M(x —x") + Re(x") (30)
This depolymerization step gives little effect on MW
reduction of polymer comparing with the fragmentation
of mid-chain radicals*®®. The reverse reaction is radi-
cal addition, or chain polymerization. It is well
known that polymerization and depolymerization are in
equilibrium at a high temperature®”. Above this ceil-
ing temperature, depolymerization proceeds dominant-
ly over polymerization.

Concentration of ¢-olefin increases with decomposi-
tion progress, and will affect recombination. In some
cases, recombination gives branched products.
Decomposition of o-olefin and formation of branched
species will lead to different chemical properties from
paraffins in their reactions. When one needs to focus
on these processes, kinetic models including those
species will be needed.

3.2. Kinetic Models Considering Radical Reac-
tions

Typically, polystyrene pyrolysis is examined with a
kinetic model based on radical mechanisms. PS
pyrolysis has been well studied in product analysis and
kinetics because PS and its copolymers are the abun-
dant plastic wastes. PS also suggests potential versa-
tility for producing fuel oil and chemicals, such as
styrene and the other derivatives. Conventional kinet-
ics is based on rate of volatilization, as observed in
thermogravimetric analysis. The distribution kinetics
approach provides the clearer kinetic interpretation
based on typical radical reactions, PBEs, and moment
solutions. Then, we compare the kinetic model with
experimental data to obtain the kinetic parameters for
polystyrene pyrolysis.

The mechanism was simplified in view of reversible
random degradation and chain-end degradation, and the
major reactions are depicted as Egs. (31) through (34).
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In these schemes, P, R, and Qs designate polystyrene,
polymer radical, and specific products. Specific prod-
ucts are volatile components among the pyrolysis prod-
ucts, which are a mixture of monomer and dimer,
experimentally. For mathematical simplicity, this mix-
ture is treated as one component and has a mean MW
of monomer and dimer. The following schemes are a
simplified mechanism for PS pyrolysis: initiation and
termination of radical chain reaction (Eq. (31)), inter-
molecular H-abstraction (Eq. (32)), fragmentation of
mid-chain radicals and its reverse reaction (Eq. (33)),
and specific product formation (Eq. (34)). Depending
on the purpose and necessity, one can consider more
detailed chemical species or radical reactions. In the
first, the kinetic model for reversible transformation in
Egs. (31) through (34) is examined. Then, non-
reversible cases are examined in this section.

P(x) % R(x)+ R(x—x") 31)

t

PO~ ROx) (32)
ku

R(x) % P(x')+ R(x— x') (33)

a

R(x) Z: O.(x:)+ R(x—x.) (34)

as

The PBE:s for P, R, and Q. are
Oplot = —ke p(x) -+ ke[ r(x' Jr(x - x' )dx
ki p() + kir(x) + ko | r(x )Qx, x' )
—ka p(x)j:r(x' ydx' (35)

oot = 2ks J:p(x' )2(x, x')dx' —2k[r(x).[:r(x' ydx'
ki px) — kir(x) = kor(x) + ko [ (2 )Q(x, ¥ )dx
e J p(x (= 2 )dx —kar () p(x' )’
—kor(x) + ks [ ()81 = (' —xs) I

+kas J:qs (xs r(x' — x5 )dx' —kas r(x)J:qs (x5 )dx'
(36)

010t = ke [ 7 )O(x —x)dx' ks (xs) [ (2 )by

(37

The long-chain approximation (LCA) suggests a negli-
gible effect of initiation and termination reactions com-
pared with the predominant influence of the chain reac-
tions, H-abstraction and radical fragmentation, often
cited as propagation-depropagation. The LCA is
applied to the balance equations. With the initial con-
ditions, p(x, t = 0) = po and gs(xs, = 0) = 0, the n-th
moment are given as follows.

Vol. 46, No.3, 2003



dp™/dt = —knp™ + knur™ + ko Zor™ — ko p™r®

(38)
dr™/de = knp™ — kir™ — ko™ + ko Zuor™

n

tha Y, (”j)rmp(n—j) — kg™ p©
j=0

k™ 4 ksi(nj) (=)D =)

J=0

o i(nj)ru) 2D ks Mg ©  (39)

Jj=0

dqg")/dt = koxr® — kasqg’”r(o) (40)
When the quasi-steady-state approximation (QSSA) is
applied to radicals, zeroth moments (n = 0) give the
molar concentration of P and Q,

PO = ko/lka + (ko/p® — k) exp(-K )] (41)

40 (1) = (ks {1~
[k +exp-K - Dkapl?] ] @2)

where K = kvkn/kn. The mathematical results in Eqgs.
(41) and (42) show that the molar concentration of P
and Qs approaches kv/ka and ks/kas, respectively, at time
going to infinity.

Considering non-reversible case of Egs.(33) and
(34), a similar mathematical procedure gives the fol-
lowing equations,

dp(n)/dl = —khp(n) + kHr(”> + ka,,or(”) 43)
dr(”)/dt = khp(n) - kﬂr(") - kbr(") + kanor(”)

ket (” .)xg' (i r) (44)
=
dg{™/dt = ksx2r'® (45)
Applying QSSA to radicals, the zeroth moments of P
and Qs are given as
P (0)=p” exp(-K 1) (46)

¢s” (1) = (P ksl )exp(K 1) —1] (47)

where K = kokn/kn. These results are identical to
distribution kinetics without consideration of radical in
Egs. (16) and (17). The rate k4 in the overall kinetics
corresponds to the term kvkn/kn, and the overall forma-
tion rate, kq, of specific products corresponds to radical
fragmentation rate, ks, in the radical mechanism.

Thermal decomposition of polymer involves many
types of radical reactions of macromolecules with wide
MWDs. It is not easy to describe every macromolecu-
lar reaction in a kinetic model, and, to be more diffi-
cult, some reactions may be affected by physical condi-
tions such as viscosity or unknown underlying reac-
tions. However, the distribution kinetics handles
influential factors in the mechanism as an overall kinet-
ic parameter for a defined reaction.

The distribution-kinetics method based on radical
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mechanisms provides an effective tool for the investi-
gation of various reaction conditions. It is necessary
to consider radical mechanisms for understanding vari-
ous aspects of plastics decomposition. Hydrogen
donor addition, for example, is sometimes effective for
promoting plastics decomposition*”. The interaction
between polymer radicals and a hydrogen donor was
theoretically and experimentally examined by McCoy
and coworkers*)4?. It is noteworthy that similar and
simple kinetic modeling can apply to solvolysis due to
the random nature of main-chain scission and availabil-
ity of degradation rates obtained with SEC data. In
practical examples of plastics waste treatment, pure or
mixed plastics display different reactivities. Distri-
bution kinetics based on radical mechanisms is useful
to understand the kinetics by relating the reactivity of
each plastic component to the MWDs with time*)49,

4. Distribution Kinetics for Thermogravimetric
Analysis

MWDs changing with time represent basic behavior
during polymer pyrolysis, with gas, liquid, and coke
increasing. Most kinetic studies are based on rates of
formation of each fraction by determining their boiling
temperature ranges. Typically, the release rate of
volatile products is the rate of decomposition?3-6).
Thermogravimetric analysis (TGA) has been used for
examining decomposition of various materials and
determining decomposition rate and kinetic parameters
in the pyrolysis of both inorganic and organic sub-
stances*”*®. TG curves provide valuable information
such as decomposition temperature and rate of
volatilization. Different from ordinary mole-based
kinetics of the reactions of simple components, the
kinetic data by TGA are weight losses of volatile mat-
ter. In kinetic modeling by global kinetics, the rate of
volatilization has been interpreted as decomposition
rate. An empirical equation including a power term of
a weight fraction is generally used to obtain decompo-
sition rates by fitting it to the weight loss data. For
simple decomposition it is relatively easy to correlate
the rate of weight loss to the rate of reaction.
However, TGA is often used for determination of
kinetic parameters for the thermal decomposition of
complex organic substances including coal, biomass,
and plastics. Even plastics with simple chemical
structures sustain complex radical reactions at TG
pyrolysis. It is a challenging task to integrate weight-
loss data of volatile-product evaporation, and ultimate-
ly, to an overall decomposition rate of combined
macromolecular reactions. Some efforts have been
reported by relating TG data to computer-assisted sim-
ulation with detailed mechanisms*’ and reaction mod-
els with distributed activation energies for coal conver-
sion’?,
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Plastics decomposition is essentially MW reduction
by chain scission with radical addition influencing it
under some conditions. The apparent shift in MWD is
the overall result of various radical reactions, which
can be categorized as chain scission, addition, and iso-
merization, corresponding to fragmentation, agglomer-
ation, and other transformation. We can simplify
those reactions into three types of overall reactions:
random degradation, chain-end degradation and recom-
bination. Each overall reaction theoretically relates to
MW-reduction, volatiles formation, and MW-enhance-
ment, respectively. Polyethylene pyrolysis was per-
formed in a thermobalance with forced evacuation of
volatile products by nitrogen-gas flow?”, and the distri-
bution kinetics was linked with rate of volatilization.
A thermobalance is designed to perform pyrolysis with
minimum mass transfer resistance and sufficient heat
transfer so that the reactions of chain scission and
recombination mainly control the TG data. A Kinetic
model describing formation of volatile products in TG
pyrolysis with negligible mass transfer resistance was
derived from the distribution kinetics, and the kinetic
parameters of chain-end degradation were determined®".
In this section, distribution kinetics is developed to
interpret TG data in terms of random/specific degrada-
tion and recombination. As a typical example, PS
pyrolysis with a thermobalance was analyzed to deter-
mine the kinetic parameters.

4.1. Theory

The purpose of the kinetic model in this section is to
relate the weight loss of TG sample to the three major
reactions of random and chain-end degradation, and
recombination. The Sestak-Berggren equation in Eq.
(48) is a typical kinetic model based on mass for TGA.

dy/dt =ky"(1-gy)* (48)
where y is mass fraction (m/mo) at time, ¢, and ¢, v, and
[ are adjusting parameters. The rate coefficient, k, is
usually expressed by the Arrhenius equation with the
pre-exponential or frequency factor, A, and the activa-
tion energy, E.

k= Aexp(—E/RT) (49)
where R is the gas constant, and 7 is the absolute tem-
perature. The distribution kinetics method is mole-
based kinetics combining defined reactions with the
aim to relate the apparent observation of volatilization
to polymer decomposition reactions. As general reac-
tions for TG pyrolysis, random/specific degradation
and recombination (Egs. (3), (5), and (8)) are used to
construct a kinetic model. The mechanistic definition
of specific degradation in the reaction mechanism
involves two cases. One is depolymerization of
chain-end radical as in poly(methyl methacrylate) and
poly(o-methylstyrene) decomposition. The other is
an overall reaction of intramolecular radical shift of
chain-end radicals followed by radical fragmentation to
yield oligomers. The resulting oligomers may decom-
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In the direction of the arrows, isothermal periods of 0, 10, 20,
35, 50, and 65 min. MW standard sample of PS (40 mg,
Polymer Laboratories, Mp 13100) was pyrolized with a ther-
mobalance. The residual sample in tetrahydrofuran was
analyzed by GPC.

Fig. 2 MWDs of PS Melt (normalized mass distribution, Pw(x)
vs. log My) in TG Pyrolysis at 350°C

pose further to monomer. The balance equations and
moment operation yield moles and mass of polymer
melt, n and m, of a TG sample as shown in Egs. (50)
and (51)%.

dn/dt = kan — kapmn*m (50)

dm/dt = —kqxsn (&29)]
where kq, kq, and k. are the rate coefficients of random
degradation, specific degradation, and recombination.
The density of polymer melt is pm, and xs is an average
molecular weight of volatile products. As derived in
the previous chapter, those rate coefficients are the
overall form of the combined rates of underlying radi-
cal reactions.

The material balance equations, Egs. (50) and (51),
show moles of polymer increase by first-order random
degradation and decrease by second-order recombina-
tion. The mass of polymer decreases with the evapo-
ration of volatile products by specific degradation.

4.2. Data Analysis of PS Pyrolysis with a Distribu-
tion-kinetics Model

Polystyrene pyrolysis with TGA data was evaluated
with the distribution kinetics presented in the previous
section. During isothermal heating, weight and MWD
of polystyrene change with time. The MWDs of PS
were analyzed by SEC with reaction times. Weight
and MWD data were examined with Egs. (50) and (51)
to obtain the rate coefficients. Figure 2 shows the
MWDs of PS degradation at 350°C under helium flow
of 40 m//min. A peak top of the broad peak gradually
declined and the peak shoulder in the lower MW region
to the peak top became higher. As shown in Fig. 3,
the higher MW region at log Mw = 4.4 also increased its
height especially at the time 0-50 min. The apparent
increase of the mass distribution in the high MW region
suggests recombination of macromolecular compo-
nents. A similar increase of high MW components of
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polymer melt was observed in distillative pyrolysis of
PE*D.  Figure 4 shows that moles and mass of PS
decreased linearly with time in the pyrolysis conditions.
With moles of PS and the slope of dm/dt, Eq. (51) gave
kq increasing from 0.6 to 1.1 min~!. Equation (50)
gives the numerical relationship of PS moles to k4 and
ka, and it is difficult to obtain each rate coefficient sepa-
rately. Thus, a computer-assisted fitting procedure
was designed to obtain each kinetic parameter.

The rate coefficients are defined for random degra-
dation, recombination, and specific degradation by the
Arrhenius equation in Egs. (52), (53), and (54), respec-
tively.

ka = Ad exp(=E4«/RT) (52)
ka = Aa exp(—=Eo/RT) (53)
kq=As exp(=Es/RT) (54)

where A is a pre-exponential value and E is an activa-
tion energy for the overall reaction.

For nonisothermal TGA, Eq. (55) defines a constant
heating rate,

dT/dr= (55)
To obtain the kinetic parameters, the experimental data
were fit to Egs. (50) through (55) by error minimiza-
tion. The pre-exponentials, Ad, Aa, and As were set to
estimated values, 6 X 102, 6 x 10°, and 6 x 10'? min™',
respectively, and the three unknown activation ener-
gies, Eq, Ea, and Es, were obtained by the non-linear fit-
ting procedure. We reported the results of the activa-
tion energies for PS pyrolysis by isothermal TGA at
335-355°C, and Eq, Ea, and Es were given at 170.1-
176.0, 77.3-86.9, and 142.1-151.7 kJ/mol, respective-
ly5Y.  Nonisothermal TGA gives results over wider
ranges possibly due to various underlying reactions
during the pyrolysis at wide-ranging temperatures?.
4.3. TG Curve Properties

A TG curve gives important information, for exam-
ple, the temperature at which volatilization begins is
considered as the decomposition temperature, and a
slope of the curve is considered as a decomposition
rate. In this section, the slope of a TG curve, especial-
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Fig. 4 Moles (circles) and Mass (dots) of Pyrolyzing PS with
Isothermal Periods at 350°C

ly at the inflection point, is theoretically examined in
terms of the rates of degradation and recombination.
Isothermal and nonisothermal (constant heating rate)
conditions are typical operations in TGA, and the TG
curves have different shapes. The second differential
of Eq. (50) gives

dm?/dr* = —(dkq/dt)xsn — kqxs(dn/dr) (56)
At the inflection point, dm?/d> = 0.

(dko/dt)xsn = —kqxs(dn/dr) (57)
Applying Eq. (50) to Eq. (57) gives

dko/dt = kq(—ka + kapmn/m) (58)
From Eq. (51),

n = —(1/kqxs)(dm/dt) (59)

Eliminating n in Eq. (58) by Eq. (59) and using weight
fraction y (= m/mo) gives

d In y/dt = —(d In ko/dt + ka)(kexs/kapm) (60)
From kq = As exp(— EJ/RT),

In ko/dt =1n As — EJ/RT (61)
Applying heating rate §= d7/dr to Eq. (61),

d In k¢/dt = (- EJ/RT?3 (62)
Equations (60) and (62) yield

d In y/dt = (EsB/RT? — ka)(kexs/kapm) (63)

For isothermal TGA (8 = 0), Eq. (63) at the inflection
point gives

dy/dt = —y(kakqxs)/ (kapm) (64)
Equation (56) with dm?*df* = 0 gives dn/dt = 0, which
means that the moles of the polymer reach a maximum
value at the inflection point.

For nonisothermal TGA (8 > 0), the second deriva-
tive of Eq. (51) at the inflection point gives

dm?/de* = —d(kgqxsn)/dt = 0 (65)
Applying d7/dt = B to Eq. (65) gives
d(kgxsn)/dt = (xs/ B)d(kqn)dT = 0 (66)

Equation (66) shows kqn reaches the maximum value at
the inflection point.

Equation (63) shows that larger [ gives the steeper
slope at a fixed y value if Esf/RT*> >> ka. We have
negligible difference of the slopes in nonisothermal
TGA of poly(ether-ether-ketone)3). Then, the similar
slope is supported by Eq. (63) at Esf/RT?> << ka, which
yields
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d In y/dt = —kakqxs/kapPm 67)
The term kakq/ka appears in both isothermal and non-
isothermal TGA, and this motivated us to derive the
computer-assisted fitting procedure in determining the
kinetic parameters of the overall reactions of degrada-
tion and recombination.

5. Conclusions

Chemistry and engineering—combining fundamental
and applied knowledge—are crucial in macromolecular
processing for polymer recycling. Plastics decompo-
sition for an optimized and economically-feasible recy-
cling process requires an appropriate reaction theory
and an evaluation method based on it. The chemical
and physical behaviors of reacting macromolecules will
vary with the progress of decomposition. It is very
difficult to trace how every macromolecular species
participates in the elementary reactions under the dif-
ferent physical conditions of the varieties of viscosity
of liquid and polymer melts, temperature gradients, and
so on. We have focused on the main events of
molecular-weight reduction to simplify the various ele-
mentary radical-chain reactions. By introducing radi-
cal mechanisms into distribution kinetics, one can
understand the relationship between the apparent obser-
vation of MWDs shifting with time and the underlying
radical reactions. The distribution kinetics approach
provides a solution for quantitative understanding of
plastics pyrolysis, and assists in the study of more com-
plex reaction systems, such as polymer mixtures or
hydrogen donor addition. Furthermore, the distribu-
tion kinetic model was applied to TGA to derive rela-
tionships to reversible random degradation and
volatilization of specific scission products. Under
some assumptions and approximations, the changes in
MWDs and volatilization were interpreted to provide
the kinetic parameters of random degradation, recombi-
nation, and specific degradation. The distribution
kinetics relates those apparent data to the underlying
reactions, and contributes to the design and improve-
ment of reactors and processes.

Nomenclatures

A : pre-exponential factor in Arrhenius expression  [min™']
E : activation energy [kJ/mol]
k : rate coefficient [min™"]
m : p(1), mass of pyrolyzing polymer [g]
n : pO(t), moles of pyrolyzing polymer [mol]
pUAe) - j: p(x, t)x"dx, n-th-order moment of the molecular-weight

distribution (—]1
p(x, 1) : molecular-weight distribution of the polymer [—I1
R : gas constant [0.008314 kJ/mol - K]
T : temperature [K]
t : time [min]
X : molecular weight [g/mol]
y : m/mo, mass fraction of polymer remaining [—]
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<Greeks>

B : temperature increase rate [K/min]
pm  :mass density of polymer melt [g/ml]
<Subscripts>

a : addition (recombination)

d : dissociation (random degradation)

q,s :specific scission (specific degradation)

f : bond fission

t : termination

h, H :hydrogen abstraction

b : B-scission

as : addition of specific products

References

1) Ishihara, Y., Saido, K., Kuroki, T., J. Jpn. Petroleum Inst., 46,
(1), 77 (2003).
2) McNeil, I. C., Zulfigar, M., Kousar, T., Polym. Degrad. Stab.,
28, 131 (1990).
3) Westerhout, R. W., Waanders, J., Kuipers, J. A. M., van Swaaij,
W.P. M., Ind. Eng. Chem. Res., 36, 1955 (1997).
4) Murata, K., Hirano, Y., Sakata, Y., Uddin, M. A., J. Anal. Appl.
Pyrolysis, 65, 71 (2002).
5) Ceamanos, J., Mastral, J. F., Millera, A., Aldea, M. E., J. Anal.
Appl. Pyrolysis, 65,93 (2002).
6) Gloor, P. E., Tang, Y., Kostanska, A. E., Hamielec, A. E.,
Polymer, 35, 1012 (1994).
7) Kehlen, H., Ritzsch, M. T., Bergmann, J., Chem. Eng. Sci., 43,
609 (1988).
8) McCoy, B. J., Ind. Eng. Chem. Res., 38, 4531 (1999).
9) Sterling, W. J., McCoy, B. J., AIChE J., 47, 2289 (2001).
10) Malhotra, S. L., Hesse, J., Blanchard, L.-P., Polymer, 16, 81
(1975).
11) Nishizaki, H., Nippon Kagaku Kaishi, 1976, 331.
12) Inokuti, M., J. Chem. Phys., 38, 1174 (1963).
13) Aris, R., Gavalas, G. R., Philos. Trans. R. Soc. London, Ser. A,
260, 351 (1966).
14) Madras, G., Chung, G. Y., Smith, J. M., McCoy, B. J., Ind. Eng.
Chem. Res., 36,2019 (1997).
15) McCoy, B. J., Wang, M., Chem. Eng. Sci., 49, 3773 (1994).
16) McCoy, B. J., Madras, G., AIChE J., 43, 802 (1997).
17) Wang, M., Smith, J. M., McCoy, B. J., AIChE J., 41, 1521 (1995).
18) McCoy, B. J., Madras, G., Chem. Eng. Sci., 56,2831 (2001).
19) Kodera, Y., McCoy, B. J., AIChE J., 43, 3205 (1997).
20) McCoy, B.J., AIChE J., 39, 1827(1993).
21) Karmore, V., Madras, G., Ind. Eng. Chem. Res., 40, 1306 (2001).
22) Karmore, V., Madras, G., Ind. Eng. Chem. Res., 41, 657 (2002).
23) Sivalingam, G., Madras, G., Ind. Eng. Chem. Res., 41, 5337
(2002).
24) Wang, M., Smith, J. M., McCoy, B.J., AIChE J., 40, 131 (1994).
25) Rice, F. O., Herzfeld, K. F., J. Am. Chem. Soc., 56, 284 (1934).
26) Kossiakoff, A., Rice, F. O., J. Am. Chem. Soc., 65, 590 (1943).
27) Kuroki, T., Sawaguchi, T., Niikuni, S., Ikemura, T.,
Macromolecules, 15, 1460 (1982).
28) Arnett, L. R., Stacy, C.J., Polym. Eng. Sci., 6, 295 (1966).
29) Jellinek, H. H. G., J. Polym. Sci., 3, 850 (1948).
30) Chiantore, O., Camino, G., Costa, L., Grassie, N., Polym.
Degrad. Stab., 3,209 (1981).
31) Madras, G., Smith, J. M., McCoy, B. J., Polym. Degrad. Stab.,
58, 131 (1996).
32) Kim, Y.-C., McCoy, B. J., Ind. Eng. Chem. Res., 39, 2811 (2000).
33) Sterling, W. J., McCoy, B. J., Kim, Y.-C., Ind. Eng. Chem. Res.,
40, 1811 (2001).
34) Zhong, C., Yang, Q., Wang, W., Ind. Eng. Chem. Res., 40, 4151
(2001).
35) Ceamanos, J., Mastral, J. F., Liesa, F., Energy & Fuels, 16, 436

Vol. 46, No.3, 2003



(2002).

36) Wu, G., Katsumura, Y., Matsuura, C., Ishigure, K., Kubo, J.,
Ind. Eng. Chem. Res., 35, 4747 (1996).

37) Sezgi, N. A., Cha, W. S., Smith, J. M., McCoy, B. J., Ind. Eng.
Chem. Res., 37,2582 (1998).

38) Madras, G., Smith, J. M., McCoy, B. J., Polym. Degrad. Stab.,
52, 349 (1996).

39) Odian, G., “Principles of polymerization,” Wiley, New York
(1991), p. 283.

40) Sato, Y., Kodera, Y., Kamo, T., Energy & Fuels, 13, 364 (1999).

41) Madras, G., Smith, J. M., McCoy, B. J., Ind. Eng. Chem. Res.,
34,4222 (1995).

42) Madras, G., McCoy, B. J., Catal. Today, 40, 321 (1998).

43) Madras, G., McCoy, B. J., Ind. Eng. Chem. Res., 38, 352 (1999).

44) Karmore, V., Madras, G., Ind. Eng. Chem. Res., 40, 1306 (2001).

165

45) Carniti, P., Beltrame, P. L., Armada, M., Gervasini, A., Audisio,
G., Ind. Eng. Chem. Res., 30, 1624 (1991).

46) Murata, K., Hirano, Y., Sakata, Y., Uddin, M. A., J. Anal. Appl.
Pyrol., 65,71 (2002).

47) Burnham, A. K., Braun, R. L., Energy & Fuels, 13, 1 (1999).

48) Westerhout, R. M. J., Waanders, J., Kuipers, J. A. M., van
Swaaij, W. P. M., Ind. Eng. Chem. Res., 36, 1955 (1997).

49) De Witt, M. J., Dooling, D. J., Broadbelt, L., Ind. Eng. Chem.
Res., 39,2229 (2000).

50) Maki, T., Takatsuno, A., Miura, K., Energy & Fuels, 11, 972
(1997).

51) Kodera, Y., McCoy, B. J., Energy & Fuels, 16, 119 (2002).

52) McCoy, B.J., Chem. Eng. Sci., 56, 1525 (2001).

53) Vyazovkin, S., Wight, C. A., J. Phys. Chem. A., 101, 8279 (1997).

7T RFy 7R BROERDEER

/N

#— T, Benjamin J. McCoy ™

O RE AR AR oAV F —FHBITEEM, 305-8569 Iyl o XTI 16-1 BERATD <3V
™ Dept. of Chemical Engineering, Louisiana State University, Baton Rouge, LA 70803, USA

A R R 1~ 7 U T IREW T D5 (F72
R 2 I L@ T RIS O MR IR O i CTh %o
4 DALEY & L TorBERt 25 AN W] e 2 A L 16 L Tor -
BOMESE 2, ZOWMBONEHRERE I TE,
KPS IEE— XY MEPRON D, EH T O -5/ OFF#
ERTE— AL MEIL, ZNENOBSTOE IV BRI
EERG 2D, T— XY MEIRPHSTF-ERDA DN L BE
DU BND o B DO RIE % 3 I TR0 MR A &

J. Jpn. Petrol. Inst.,

E—A Y MEIFHEEX LCTHELTWS, KL IEIC L7
HEXPHEON L E— X ¥ b OB & 4 Xk
yaA<Y NI 74 —THLNLGFRAMPOEHENS E—
A2 D OFEREE BT 5 2 & THERKE KD B 2 L ATIRE
Thbo HOAEEREMVIULT T AT v 7 O5T-E57
DOREEEAL 2 S E B LT, Y32 —ML72h, #EE
BEEERTL I ENTREE 2 b,

Vol. 46, No.3, 2003



