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ABSTRACT: Pyrolysis of polyolefins has been proposed as a
potential resource recovery strategy by converting macromolecules
into valuable fuels and chemicals. Due to variations in possible
backbone structures, chain-length distributions, and arrangements of
pendant groups, their decomposition behavior via pyrolysis can be
complex. In the present work, a review of historical data and empirical
models for two distinct polyolefins, polyethylene (PE) and
polypropylene (PP), is provided followed by a comparison to recent
mechanistic models. The characteristic sigmoidal behavior of linear
polymer decomposition is captured with global, lumped-species, and
mechanistic models of high-density polyethylene. The PE model was
extended to simulate PP using the same reaction families and reaction
family parameters, but with distinct rate coefficients that accounted for the difference in the structure of PP with its pendant methyl
groups compared to PE as manifested through heats of reaction embedded in the Evans−Polanyi relationship, Ea= E0 + γ×ΔHreacn.
The change in structure and its associated kinetic parameters resulted in no sigmoidal conversion, consistent with experimental
reports for atactic PP. This suggests that mechanistic modeling could be an important complement to global model studies to
understand when other effects are at play in the pyrolytic decomposition of polymers such as PP.

■ INTRODUCTION

Hydrocarbon polymers are now a pervasive product of our
industrial age to the point that they are a significant
environmental pollution problem. Although there are active
efforts to increase recycling in the polymer form, they are also a
potential source of energy in general and liquid fuels, in
particular due to their favorable molecular structure. For
example, single-use plastics can be converted to naphtha,
opening an avenue to integrate plastics as a feedstock in
petroleum refineries.1 Liquid fuels have a higher value per
weight than when used either by combustion in raw form or
after conversion to syngas. Some have even proposed mini-
pyrolysis units to generate fuel oil locally for cooking stoves in
developing parts of the world.2 This use could have beneficial
environmental and health benefits as long as halogenated
polymers were excluded.
In addition, oil and gas are formed in the subsurface by

pyrolysis reactions that occur over millions of years. While this
is not a typical perception of pyrolysis conditions, petroleum
geochemists have developed chemical reaction models for
these reactions based on laboratory pyrolysis experiments.
Some well-preserved algal kerogens have linear structures that
give sigmoidal conversion character similar to that of linear
polymers,3 while others have branched and cross-linked
structures that require distributed reaction models.4 Also,
understanding how secondary reactions change as a function of

time, temperature, and pressure can help understand the
reliability of petroleum generation and cracking reactions.5

Conversion of polymers to any new product requires an
understanding of how time, temperature, and pressure affect
the product distribution and quality as a function of molecular
structure, including weak links, branching, and crystallinity.
Included in this goal is understanding how compositional
variations in the feedstock affect the conditions for optimum
product quality and value. The current work is motivated to
address that issue. It also follows in the spirit of our previous
contribution addressing cellulose pyrolysis.6

Process modeling has historically taken various approaches,
which might be described approximately in terms of three
classes: global kinetic models, lumped-species pseudomechan-
istic models, and true mechanistic models.7 In this work, we
first review the experimental data from literature for poly-
ethylene (PE) and polypropylene (PP), which are two very
common commodity polymers, and later explore connections
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and discrepancies among those three approaches for the
thermal degradation of polymers.

■ LUMPED-SPECIES AND GLOBAL KINETICS
MODELS

True mechanistic models for polymer pyrolysis contain
hundreds of species and thousands of reactions. In lumped-
species models, the mechanism is reduced to several species
and perhaps a dozen reactions, depending on the material and
application. Global kinetic models further simplify the reaction
network to one or two reactions with a global stoichiometric
product distribution. Mechanistic details are lost through this
progressive simplification, but if done well, the resulting
models capture the most important aspects of the reaction
mechanism.
Polyolefin polymers decompose by a free-radical chain

reaction mechanism. The fundamentals of free-radical chain
reactions date back to Rice and co-workers8,9 at about the
same time that PE started being produced commercially.
Excellent work on thermal decomposition of polyolefins was
conducted in the 1940s and 1950s, much of which was
reported in 1953 in the National Bureau of Standards Circular
525.10 Kinetic concepts first presented in that document are
applied in this work. Specifically, the reaction may be either
deceleratory or sigmoidal, depending on the polymeric
structure and the details of its decomposition mechanism. By
deceleratory, we mean that the rate of decomposition is at its
maximum value at the initial time for isothermal conditions. In
contrast, a sigmoidal reaction profile starts with a small rate at
the initial time and then rises to a maximum rate before
declining to zero as the material is consumed.
The overall decomposition of a long hydrocarbon chain, be

it in petroleum or a polymer, is described generally by
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where Pi is a dead polymer chain of length i and Rj is a radical
of length j. Here, depropagation is listed as a separate reaction
from β-scission to show explicitly the formation of monomers,
but it is rigorously a β-scission reaction. Furthermore, in more
detailed mechanistic treatments of polymer pyrolysis devel-
oped by Broadbelt and co-workers,11−14 the reverse of β-
scission, i.e., radical addition, is also included, and backbiting
reactions such as 1,5- and 1,4-hydrogen transfer are also
incorporated.
There are some variations in this formalism in the literature.

For example, Simha and Wall15 do not consider termination by
recombination, and Bouster et al.16 do not distinguish between
random and end initiation. In the most detailed mechanistic
treatments currently available, however, the highest degree of
detail possible is maintained so that reactivity and structure are
explicitly linked.11,12,14 Because mechanistic models can be
challenging to develop and solve, various simplifications have
been invoked. For example, Simha and Wall used their limited

mechanism to develop statistical models on how molecular
weight evolves with time. Starting with an initial chain length
of N and picking a threshold chain length, L, for volatilization,
they obtained

α− = − − −−x
N L L

N
1 (1 )

( )( 1)L 1
Ä

Ç

ÅÅÅÅÅÅÅÅÅ
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where x is the fraction of bonds broken and α is the fraction
volatilized. Burnham et al.3 used qualitative arguments to draw
links among this equation, the Prout−Tompkins equation,17

and its extended form with a non-integer growth coefficient.18

Further, Sanchez-Jimenez et al.19 derived a more rigorous
relationship between α and x:

α = − − −
t kL L x xd /d ( 1) (1 )L

1
(2)

where k is the reaction rate constant. In the conventional
notation of thermal analysis, the reaction rate is usually
expressed as a rate constant times a simple function of
conversion (dα/dt = kf(α)), so

α = − − −
f L L x x( ) ( 1) (1 )L

1
(3)

For L = 2, this equation is the standard logistic (Prout−
Tompkins) model. The shape of a plot of f(α) versus α is
approximately independent of L, but the overall reaction rate
increases, because fewer bonds must be broken to form a
volatile fragment. If the reactivity of the remaining material
were the same as the original, f(α) would equal 1 − α, a first-
order reaction, so the amount of deviation from first order is a
measure of the change in reactivity of the remaining material.
Bouster et al.16 approach the solution a little differently and

derive the relation (again, in thermal analysis notation):

α α α= − [ − − ]f ( ) (1 ) 1 (1 ) b2 1/2
(4)

where b for polypropylene20 also has an Arrhenius form,
= −b b E RTexp( / )bo .
Out of the solid-state decomposition literature comes the

JMAEK21−24 and Prout−Tompkins17 models, and the
following briefly summarizes the description presented earlier
for cellulose pyrolysis.6 The JMAEK model is a random
nucleation and geometric growth model in which the reaction
rate increases with the growing reaction interface but
eventually declines as the reaction volumes converge. In
thermal analysis formalism, it is given by

α α α= − [− − ] −f p( ) (1 ) ln(1 ) p p( 1)/
(5)

where p is a growth dimensionality. The Prout−Tompkins
model is simply the empirical application of the standard
logistic equation to sigmoidal reactions. It has been used with
both linear and logarithmic time. More interesting, it can be
related to a first-order autocatalytic reaction which, after
generalization and simplification, gives the extended Prout−
Tompkins (ePT) equation18

α α α= − [ − − ]f q( ) (1 ) 1 (1 )n m
(6)

where n is a reaction order and m is a growth coefficient that is
approximately equal to p − 1 for similar reaction profiles. The
parameter q approximately equals 1 − k1/k2, where k1 is the
rate coefficient for the initiation (nucleation) reaction, and k2 is
the rate coefficient for the propagation (growth) reaction.25

The ratio k2/k1 is called the autocatalytic strength and
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correlates with the tendency of the reaction to run away if it is
exothermic and combined with poor heat dissipation.

■ GLOBAL KINETICS ANALYSIS OF POLYETHYLENE
DECOMPOSITION

Chemical kinetic studies of PE have a long history, with the
most extensive work being in the 1950s at the National Bureau
of Standards and reviewed by Flynn and Florin.26 These early
isothermal studies established that linear PE had a maximum
reaction rate at 20−40% conversion, with the latter being at
the highest temperature, 420 °C. However, these experiments
were conducted in a vacuum, which enhances volatilization, so
caution is warranted when applying these conclusions to
relatively rapid heating rates at atmospheric pressure.
Westerhout et al.27 reviewed the literature and commented

that most workers inappropriately use a simple nth-order
reaction. Their data in N2 at atmospheric pressure confirm the
NBS results that a maximum volatilization rate occurs at about
30% conversion for isothermal heating of high-density (linear)
PE, which requires some sort of sigmoidal reaction model.
Rates of thermal decomposition of an unspecified high-

density polyethylene (HDPE)28 were obtained in 1996 using a
Pyromat instrument4 with a flame ionization detector.
Replicates were run at heating rates of 0.97 and 50.5 °C/
min to ensure precision, and a single run at 6.8 °C/min verified
the interpolation of the reaction profile shape. Those data were
fitted to the ePT model using q = 0.99, and the results are
shown in Table 1 and Figure 1. The extended Kissinger

method18 uses profile width and asymmetry to estimate m and
n and an adjusted value of A for the ePT model, and those
values were used as initial conditions for the nonlinear
optimization on measured reaction rates. Allowing n to be
optimized enabled a significantly better fit due to the
asymmetry of the reaction profile. The activation energies
are in the middle of the range reported in the literature.29

Although there is no universally accepted method of
calculating uncertainties from nonlinear regression as exists
for linear regression, comments about the uncertainty in A and
Ea are appropriate. First, the standard error in Ea from
Kissinger’s analysis is only ±0.2 kJ/mol, and the corresponding
correlated change in A is 3%. These values represent the
statistical uncertainly only and not the effects of any systematic
errors, such as a nonconstant error in temperature calibration
as a function of temperature, so the true error is larger by some
unknown factor. For nonlinear regression, the uncertainties of
all four fitted parameters are correlated. Constraining Ea to
246.6 kJ/mol increases the r.s.s. of rates by 0.1% and decreases
the r.s.s. of conversion by 4.5%. This result points out an
additional uncertainty aspect that the regression results will
depend on whether one optimizes on reaction rates,
conversion, or a combination of both. For the purposes of
this work, there is certainly no significant difference in the
three Ea values in Table 1.
Scaled master plots have been a standard way of examining

kinetic models for decades. Recently, Gotor et al.30 presented
various methods that can be applied to both isothermal and
ramped heating experiments. The most useful method in terms
of being able to discriminate various mechanisms is

α α
α

=
α=

f
f

E RT
E RT

( )
(0.5)

d /dt
d /dt

exp( / )
exp( / )0.5

a

a 0.5 (7)

where the reaction rates are normalized at half-conversion and
scaled for arbitrary thermal histories by the apparent activation
energy.
The normalized reaction rate plot calculated using eq 7 is

shown in Figure 2. The calculated curve used the parameters in
Table 1 that were optimized for n. The experimental maxima
are at about 30% conversion at 0.97 °C/min (lower reaction
temperature) and 40% at 50.5 °C/min (higher reaction
temperature). This trend is the same as that observed by

Table 1. Extended Prout−Tompkins Kinetic Parameters for
HDPE

param
extended
Kissinger n constrained n optimized

A, s−1 1.965 × 1015 1.886 × 1015 1.715 × 1015

Ea, kJ/mol 246.4 246.3 247.0
m 0.64 0.562 0.464
n 0.94 1.00 0.824
r.s.s. of ratesa 2.04 1.59
r.s.s. of conversionb 0.463 0.353
aSum of squares of normalized rate residuals. bSum of squares of
normalized cumulative residuals.

Figure 1. Comparison of measured28 (shown as points) and
calculated (shown as lines) reaction rates with repeated runs at
0.97 and 50.5 °C/min heating rates for thermal decomposition of
HDPE using parameters optimized, including reaction order.

Figure 2. Normalized reaction rate plot for HPDE at three different
heating rates, 0.97, 6.8, and 50.5 °C/min. The 0.97 and 50.5 °C/min
lines cluster above and below the calculated curve, respectively.
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Bouster et al.16 for polystyrene and PP. A related breakdown of
a single activation energy model is reflected in the reaction
profiles becoming narrower in Figure 1 relative to the ePT
model as the heating rate increases. This result indicates that
the temperature dependence is more complex than can be
modeled by a single activation energy model, so caution should
be used when extrapolating outside the range of calibration.
Even though the maximum rate occurs at different conversions
for isothermal conditions, it occurs at 64% conversion at all
heating rates, with an overall standard error of 1.5%.
Consequently, even though Kissinger’s method is known to
breakdown sometimes,31 that does not appear to be the case
here.
Polyethylene decomposition kinetics vary due to the amount

of branching and possibly other factors. The degree of
branching affects the number of secondary and tertiary carbon
atoms, but it is also reflected in the density and crystallinity.
More chain linearity and fewer weak links lead to a narrower
reaction profile. Of course, the reaction profile can also be
affected by additives and heat and mass transfer effects, so
comparison with literature data must be interpreted cautiously.
A survey of the literature indicates that the LLNL Pyromat

reaction profiles in Figure 1 and in Burnham and Braun28 are
narrower than most others in the literature. Specifically, the
ΔT between 10 and 90% conversion are 37 and 34 °C,
respectively, for low-density polyethylene (LDPE) and HDPE.
These values are compared in Figure 3 to profile widths

estimated from published reaction profiles29,32−39 as a function
of Tmax at 10 °C/min for 15 determinations in addition to the
Pyromat measurements. The HDPE samples tend to have
higher Tmax values and narrower profile widths, although there
is considerable scatter due to digitization and calibration issues.
For the five cases in which one laboratory studied both
materials, the Tmax values averaged 4 °C higher, and profile
widths averaged 6 °C narrower for HDPE. Obviously, a much
better relationship could be determined by a single laboratory
measuring a set of samples having a range of densities.
The 20 °C temperature range of Tmax in Figure 3 indicates a

large variation in reactivity for different polyethylene samples.
Even allowing that 5−10 °C of that range is due to
temperature calibration errors and variations in peak shape,
the remaining 10−15 °C range is substantial. For a typical Ea
value of 245 kJ/mol, every 5 °C shift corresponds to a change
in the reaction rate of 30%. A plausibly real range of 15 °C in
Tmax implies a 2.3× variation in the time required to pyrolyze
PE at a constant temperature.
A particularly interesting data set is from Budrugeac,32 who

reports both isothermal and ramped heating experiments. Of
course, the isothermal experiments have initial ramps, and 5−
10% of the reaction occurs during those ramps. A rigorous
stepwise approach to determine the polymer conversion during
ramp-up is detailed further in the mechanistic PE model
section. Also, in our regression analysis, that is not a problem,
because the analysis integrates through the exact thermal
history. Results for a set of models of varying complexity are
shown in Table 2. The reaction profile is both narrow and
skewed to low temperature, which suggests a single reaction is
not adequate. These properties are reflected in the m and n
values of the extended Kissinger analysis of the ramped
experiments. Optimizing either m or n to all experiments
simultaneously to both rates and fractions reacted gave equally
good fits. A better fit was obtained by fitting both m and n
simultaneously but with a physically unrealistic value of m. A
far better fit was obtained using two reactions. The initiation
parameter q was 0.99 in all cases.
A comparison of measured and calculated conversion values

at ramped and isothermal conditions for the two-reaction
model (two independent, parallel, extended Prout−Tompkins
reactions, with 15% and 85% relative contributions) is shown
in Figure 4. Although the model tends to lag the data a little at
the highest conversions for both the ramped and isothermal
experiments, the agreement is excellent overall. The two-
reaction model is also consistent with the normalized reaction
rate plot shown in Figure 5. Above a fraction reacted of 0.2, the
data tend to follow an ePT reaction model with m ≈ 0.5.

Figure 3. Plot of pyrolysis reaction profile widths29,32−39 as a function
of the temperature of maximum reaction when LDPE or HDPE is
heated at 10 °C/min.

Table 2. Extended Prout−Tompkins Kinetic Parameters for HDPE Analyzed by Budrugeac32

param extended Kissinger m optimized n optimized m,n optimized first reacn = 15%; second reacn = 85%

A1, s
−1 3.92 × 1014 1.877 × 1015 9.78 × 1014 1.600 × 1015 1.58 × 109

E1, kJ/mol 239.7 247.2 246.0 249.1 161.1
m1 0.51 0.186 0.000 −0.034 0.000
n1 0.87 1.00 0.557 0.518 0.826
A2, s

−1 3.46 × 1015

E2, kJ/mol 249.0
m2 0.464
n2 1.000
r.s.s. of rates 10.2 10.1 3.96 1.18
r.s.s. of conversion 0.91 0.91 0.196 0.098
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However, at lower conversions, the normalized reaction rate
tends to level off and then rise sharply as conversion
approaches zero.
Comparing these results with others in the literature, it

seems that there is a variable amount of labile material even in
nominally high-density PE. The sample analyzed by the
Pyromat instrument seems to have the lowest concentration of
this labile material, which leads to a sharper reaction profile.
The PE used by Budrugeac seems to be typical of commercial
HDPE. The temperature of the peak reaction rate of these two
materials is very similar.

■ GLOBAL KINETICS ANALYSIS OF
POLYPROPYLENE DECOMPOSITION

Although there are many contributions on the thermal
decomposition of PP, an early work by Amorim et al.20

provides data at both isothermal and ramped heating
conditions for 85% isotactic PP. Those data were digitized
and analyzed by Kinetics2015 using Friedman isoconver-
sional,40 Kissinger,41 and ePT methods. The digitized data
were shifted by 5 min to account for reactor heat-up time. The

isoconversional results varied somewhat for the different
heating regimens, but the general result is that Ea was about
235 kJ/mol over 30−70% conversion and more erratic at high
and low conversion, as is typical for that method. Kissinger’s
method gave Ea = 236 kJ/mol and A = 5.60 × 1014 s−1. The
reaction profile was only 63% as wide as a first-order reaction
using the Kissinger A and Ea values. The profile asymmetry was
0.68, about the same as a first-order reaction. Using the simple
algorithms in Burnham,18 an initial estimate of m = 0.61 was
derived. Subsequent nonlinear regression of the ramped and
isothermal data separately and together gave the results in
Figure 6, and the resulting kinetic parameters are consistent
with the simpler methods. Reaction order n and initiation
parameter q were constrained to 1.0 and 0.99, respectively, in
all cases. The parameters from fitting all data simultaneously
would likely give the most reliable estimate for an arbitrary
thermal history.
Figure 7 uses eq 7 to compare all of the data from Amorim

et al.20 to the curves calculated from the ePT parameters
derived by nonlinear regression of all data. In addition, Figure
7 shows curves from three other sigmoidal models calculated
simply from their functional form.
All models agree qualitatively with the measured results.

Each model curve can be changed somewhat by adjusting the
relevant shape parameters.6 For example, changing the random
scission chain length, L, from 2 to 8 drops the maximum by 4%
and shifts it from 0.25 to 0.28. Similarly, changing the Bouster
parameter, b, from 2 to 1.5 decreases the maximum by 5% and
shifts it from 0.24 to 0.26. Recall that b has an Arrhenius form,
and Bouster et al.16 found that Eb was negative and b decreased
from 2.57 at 331 °C to 1.20 at 380 °C for polystyrene. Amorim
et al.20 found similar values and trends for PP.
The two-parameter ePT model is the most flexible.

Changing m to 0.25 shifts the curve maximum to 0.18, and
changing it to unity causes the curve to be symmetric about 0.5
conversion. Decreasing n causes the maximum to be shifted to
higher conversion, and increasing n causes the opposite shift.
Using n = 0.8 causes the normalized rate to agree well for
conversion greater than 0.5, but reaction profile width as well
as peak shape must be matched, which leads to other
parameter constraints.

Figure 4. Comparison of calculated conversions (lines) for the two-reaction model in Table 2 with data (points) from Budrugeac32 at heating rates
of 2.99, 4.98, 7.44, 9.88, and 12.36 °C/min and nominally isothermal temperatures from 390 to 435 °C.

Figure 5. Normalized reaction rate plot for both the ramped and
isothermal experiments of Budrugeac.32 The three colored lines are
single-reaction models using parameters from the three nonlinear
regression models in Table 2. The anomaly at α ≈ 15% was a
momentary thermal excursion in one of the isothermal experiments.
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■ MECHANISTIC MODELS
Pyrolysis of polymers, PE and PP in particular, involves a wide
variety of reactions leading to a broad product distribution. As
mentioned previously, mechanistic models are characterized by

detailed reaction mechanisms involving hundreds to thousands
of elementary reaction steps and reactive species. Such models
allow for detailed product distribution studies based on
thermodynamics and kinetics of the underlying reactions,
quantifying the short oligomers and small molecules that can
be measured experimentally as they are formed from a variety
of reaction pathways. It is also possible to track the extent of
depolymerization in terms of polymer chain length and
molecular weight distribution.
Discrete models based on methods such as kinetic Monte

Carlo (kMC) enable tracking of every elementary reaction and
the reactant and product species at each time-step. However, it
can become complex and computationally intensive to build
such models for the pyrolysis of polymers with longer chain
lengths. Continuous distribution kinetic models42,43 involve
lumping of polymeric and free-radical species populations that
are tracked according to the moments of their distributions
and are less computationally expensive. Although the detailed
structural information on the degrading polymer is lost, these
models can still provide its molecular weight distribution and
structural detail at the level of the types of chains that are
tracked (e.g., chains with unsaturated groups, chains with weak
links, and so on). Vinu and Broadbelt,44 and Zhou, Broadbelt,
and Vinu45 presented a detailed overview of the continuum

Figure 6. Fits of the ePT model to the PP thermal decomposition data of Amorim et al.20 Experimental data are shown as points, and fits are
depicted using lines.

Figure 7. Comparison of observed (points) and calculated (lines)
normalized reaction rates, where the former have been calculated for
ramped heating using eq 7 from the data of Amorim et al.20
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models for polymer pyrolysis. In brief, the population balance
rate equations are solved by applying the method of moments
to determine the concentration, mean, and spread of similar
polymer species that are grouped by specific features but not
their chain length, which is tracked as distributions according
to moments. The details of the model formulation, rules used
for the different reaction families in the generalized mechanism
above, and other specific details are outlined in the
reviews.43,44

While the diversity of reactions and the level of detail that is
tracked in mechanistic models are its strengths, they present
challenges because a rate coefficient needs to be specified for
each distinct reaction in the model. Therefore, a hierarchical
approach to specifying rate coefficients is used, leveraging
structure−reactivity relationships. The Evans−Polanyi kinetic
correlation,46 given as Ea = E0 + γ×ΔHreacn, specifies the
activation energy of individual reactions from the enthalpy of
reaction and two reaction family parameters, E0 and γ, an
intrinsic barrier and transfer coefficient, respectively. In
addition, each reaction in a reaction family shares the same
Arrhenius pre-exponential factor. Using these correlations,
temperature-dependent rate coefficients can be calculated
using the Arrhenius equation, k = A×exp(−Ea/RT). The
combination of the mechanistic formulation of the reactions
and their rate coefficients with reactor design equations that
describe the reactor of interest allows for the interrogation of
reaction pathways at the mechanistic level.

■ MECHANISTIC ANALYSIS OF POLYETHYLENE
DECOMPOSITION

The model developed by Levine and Broadbelt14 was
employed to obtain mechanistic insights into PE pyrolysis.
The reaction family parameters in the model of Levine and
Broadbelt are summarized in Table 3. The model was used to
simulate the experimental data of Westerhout et al.,27

corresponding to isothermal HDPE pyrolysis at 440 °C.
When the model parameters were used without adjustment,
the overall rates compared to the experimental data were

slightly low. Given that the pre-exponential factors are
representative values, it is feasible to adjust them slightly
within the bounds set by transition-state theory, particularly
since Levine and Broadbelt developed their model against data
collected in closed batch reactors in which secondary or
tertiary reactions may be more prevalent. Specifically, AH‑abs
and Aβ‑scission were selected for slight adjustment. In general,
AH‑abs increased the initial rate of conversion of PE, while an
increase in Aβ‑scission increased the overall conversion. More-
over, higher AH‑abs values significantly lowered the end-chain
radical concentrations and led to a faster production of low
molecular weight (LMW) radical species. On the other hand,
higher β-scission rates increased the concentration of these
LMW radical species, which explains the increase in overall
conversion. The final values of AH‑abs and Aβ‑scission adjusted
against the data of Westerhout et al.27 are summarized in Table
3.
The model with the rate parameters validated against the

data of Westerhout and co-workers was then used without any
further adjustment in parameters to predict a different data set,
the experimental data reported by Budrugeac32 under quasi-
isothermal conditions (Figure 8). The model simulations were
performed with a stepwise temperature profile that mimics the
quasi-isothermal temperature profile. It can be observed from
Figure 8 that there was negligible conversion predicted by the
model during the temperature ramp, which is in good
agreement with Budrugeac’s data. The overall trends in the
temperature dependence are captured very well, with a slight
underproduction of the rate at the lowest temperature and
times. Notably, though, the sigmoidal character of PE pyrolysis
is clearly observed, manifesting at temperatures as low as 400
°C and persisting even at higher temperatures.
The detail inherent in the mechanistic model allows a

quantitative analysis of the observed sigmoidal character.
Kinetic chain length, calculated as the ratio of the rate of
radical propagation to the rate of initiation, is shown for PE in
Figure 9 for a wide range of pyrolysis temperatures. The longer
the kinetic chain length, the longer a free radical can react

Table 3. Reaction Family Parameters Used in Mechanistic Models of PE and PPa

reacn type A (s−1 or L mol−1 s−1)b E0
c (kcal mol−1) γd representative ΔHreacn(kcal/mol) for HDPE

chain fission 1.00 × 1016 2.3 1 87.4
allyl chain fission 5.50 × 1013 2.3 1 72.9
radical recombination 1.10 × 1011 2.3 0 −87.4
disproportionation 1.10 × 1010 2.3 0 -
end-chain β-scission 1.29 × 1013 11.4 0.76 22.3
mid-chain β-scission 5.35 × 1014 11.4 0.76 23.0

8.00 × 1014

β-scission to LMWS 2.33 × 1013 11.4 0.76 22.0
8.00 × 1014

radical addition 2.88 × 107 11.4 0.24 −23.0
hydrogen abstraction 2.75 × 108 12.0 −1.57

5.00 × 108

1,4-hydrogen shift 1.58 × 1011

1,5-hydrogen shift 1.82 × 1010

1,6-hydrogen shift 1.05 × 1010

1,7-hydrogen shift 3.00 × 109

x,x + 3-hydrogen shift 1.00 × 1011

x,x + 4-hydrogen shift 1.26 × 1010

x,x + 5-hydrogen shift 7.24 × 109

aBoldfaced values are adjusted in this work. Rate parameters are taken from Levine and Broadbelt.14 bA = frequency factor. cE0 = intrinsic barrier.
dγ = transfer coefficient.
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before terminating. The sigmoidal decomposition of PE stems
from the slower rate of radical initiation relative to the
dominating rate of propagation comprised of an accumulation
of more-stable mid-chain and primary end-chain carbon
radicals, thus accelerating the conversion of the polymer
fraction to LMW products. Additionally, as the temperature
increases, the rate of initiation has a stronger temperature
dependence (higher Ea) and increases more than that of
propagation, thus lowering the ratio and shortening the chain
length. Although the detail is not shown here, it is important to
note that the rate of initiation and the rate of propagation are
not simply a result of one reaction each but instead are
calculated from the rates of tens to hundreds of individual
elementary steps. Thus, the overall rates represented in Figure
9 as a single kinetic chain length changing as a function of time
and temperature can be dissected in even greater detail if
desired, allowing the dominant rates of each family to be
identified and related to the specific radical classes or chain
types that are contributing most significantly. Furthermore, the
evolution of individual low molecular weight products is also

explicitly provided by the model. Results are not shown here
since the focus of this work is on conversion and global
conversion measures, but temporal yields of products as a
function of time and temperature are output by the model.

■ MECHANISTIC ANALYSIS OF POLYPROPYLENE
DECOMPOSITION

The global analysis of PP decomposition kinetics revealed
interesting differences in the rate signatures for isotactic versus
atactic PP. The orientation of methyl groups along the
backbone of PP impacts the crystallinity of the polymer on the
macroscale. Isotactic or semicrystalline polypropylene (IPP)
has regular order in that the pendant methyl groups are
aligned, whereas atactic or amorphous polypropylene (APP)
has a random steric structure.47 Translating the physical
structure to chemical behavior, IPP has clearly sigmoidal
isothermal conversion, just as HDPE does. However, APP has
a deceleratory decomposition rate, as demonstrated by
Amorim et al.20

To isolate the effects of chemical structure and physical
influences, polypropylene decomposition was studied in silico
by using the PE mechanistic model and accounting for the
difference that -[CH2−CH(CH3)]- repeat units in PP
compared to -[CH2− CH2]- repeat units in PE would have
on the intrinsic kinetics. That is, the introduction of branched
carbon atoms influences bond strengths and the heats of
reaction for the elementary steps underlying the mechanistic
model, and thus, the same reactions in PE and PP all naturally
have different rate coefficients, influencing the relative rates of
all of the reactions in the model. Following the methods of
Kruse et al.12 who built a comprehensive PP pyrolysis model,
the reaction family parameters (pre-exponential factors and
Evans−Polanyi parameters) from the HDPE model were used
without adjustment, but the heats of reaction for individual
reactions were calculated on the basis of the structure of the
species specifically contained in the PP model. As seen in
Figure 10, the variation of reaction rate with conversion of PP
is noticeably deceleratory. This behavior is a hallmark of APP

Figure 8. Comparison of predictions of conversion from the HDPE
mechanistic model (lines) and the experimental data reported by
Budrugeac.32

Figure 9. Variation in HDPE kinetic chain length, Rp/Ri, as a function of fraction reacted at temperatures over the range of 380−440 °C.
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as noted above and is in sharp contrast to the IPP pyrolysis
behavior in Figure 6.
The mechanistic model is agnostic to tacticity and takes into

account the difference between HDPE and PP based on
monomeric structural differences alone as captured in
differences in enthalpies of reaction. For radical initiation via
chain fission, PP has a higher rate constant than HDPE due to
the lower enthalpy of reaction and, consequentially, the lower
activation energy. However, both polymers have approximately
the same rate of radical propagation, so HDPE has an overall
longer kinetic chain that results in higher reactivity over time as
radical concentration accumulates. PP appears to become less
reactive as it degrades due to the initial high rate of radical
formation from chain fission, lowering the ratio of propagation
to initiation. This may be a matter of degree, such that the PP
pyrolyzed in this model has unhindered radical initiation via
bond fission, thus lowering this kinetic chain length. This
suggests that further effects from structural differences such as
tacticity manifest independently from differences in the
structure of the backbone monomers, resulting in distinct
variations in observed reaction kinetics. By controlling for one
of these factors, the effect of chemical structure alone was
identified and shown to be profound. This result also suggests
that taking physical differences imparted by tacticity (i.e., IPP
versus APP) into account would be important. Chen and co-
workers48 also highlight the importance of intermolecular
effects such as chain mobility and viscosity on the apparent
activation energy, where isotactic polystyrene has an enhanced
thermal stability relative to atactic polystyrene. A similar
phenomenon may be at play with PP, where APP has a lower
viscosity and thus greater chain mobility compared to IPP, thus
increasing the rate of radical diffusion and propagation
throughout the melt sample.
While a global model can easily be fit to capture these

differences, they do not provide the insight offered here by the
mechanistic foundation of the more detailed model based on
monomer identity, backbone composition, and elementary
steps. Additionally, the purity of the literature samples used are
unknown. It is possible that remnants of polymerization
catalysts or oxygen are present in the polymer, especially for
PP, which is highly sensitive to oxidation, particularly in the
amorphous phase.49 Kruse and co-workers12 included weak

peroxide links to mimic structural defects in a modified version
of the PP model used here to accelerate radical initiation and
found that weak-link fission does increase the rate of radical
initiation, but at temperatures above 350 °C carbon−carbon
bond fission dominates. More detailed models could include
further oxidative degradation,50 such as reactions found in the
autoxidation of condensed-phase hydrocarbons.51,52

■ CONCLUSIONS

Isothermal and ramped thermal analysis of PE and PP are
modeled with global, lumped, and mechanistic methods.
Lumped and global models can capture experimental results
with strong agreement, but mechanistic models offer insight
into the effect of structural characteristics on the intrinsic
kinetics of polyolefin pyrolysis. Detailed analysis of relative
rates of reaction of tens to hundreds of elementary steps can be
used to understand the origin of macroscopic measures such as
sigmoidal character of the conversion as a function of time.
The mechanistic model was able to toggle this behavior by
modifying only the monomer structure of the polymeric
backbone and its attendant effect on the rate coefficients
through heats of reaction for individual elementary steps. This
analysis shows that other characteristics such as tacticity would
need to be layered on top of these chemical structural effects,
which may be best incorporated with kMC, which tracks
individual chains and even can account for spatial effects. The
results from studying PE and PP here fall in the expected trend
of polyolefins from HDPE to LDPE to PP regarding backbone
branching and effects.
A final note is that while the mechanistic models provide

detailed product information, it was not given here because it is
difficult to harmonize thermal analysis and product measure-
ments with the required detail for comparison to the model.
Thus, the authors encourage future experiments to collect
high-quality kinetic data and measure product yields in the
same experiments. For example, the pyrolysis of HDPE has
hundreds of products, and mechanistic models are inherently
compatible with this level of detail, so it would be useful to do
thermogravimetric analysis with detailed product analysis.

Figure 10. Predictions from the mechanistic model of variation of the reaction rate, dα/dt, of PP decomposition as a function of fraction reacted, α.
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