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A B S T R A C T

Polybutadiene (PB) is an important polymer with various applications including next-generation solid fuel propellants. Understanding its pyrolysis behavior under 
various conditions is essential for tuning to these applications. In this study, pyrolysis of polybutadiene with a well-defined 20 % vinyl and 80 % cis + trans 
composition is investigated using thermogravimetric analysis at heating rates from 10 ◦C min− 1 to 100 ◦C min− 1. Gas speciation was measured via py-GC/MS to 
identify and quantify products. The CRECK condensed-phase kinetics framework for polymer pyrolysis is extended to predict decomposition mechanisms and product 
distributions of PB. The model incorporates 50 species and 415 reactions.

Experimental results reveal two distinct decomposition steps occurring at 350 ◦C and 475 ◦C across all investigated heating rates, responsible for 5 wt% and 95 wt 
% loss, respectively. The model reproduces mass loss profiles to within 6 wt% accuracy, though early decomposition stages show deviations attributed to the 
exclusion of cis–trans isomerization reactions. An important result is the primary production of 4-vinylcyclohexene from 0 to 5 % mass loss, butadiene after 5 % mass 
loss, followed by dimers and trimers respectively in order of net rates of production of gas phase species. Predictions of chemical product speciation capture the 
butadiene to 4-vinylcyclohexene ratio, and the butadiene to five-carbon cyclic species ratio from an average of literature sources to within 55 % and 37 % 
respectively. This work provides new, high-quality experimental data, including the measurement of 34 gaseous products, and an extended kinetic framework, 
advancing the understanding of PB thermal degradation and supporting its application in thermal recycling and advanced energetic materials.

1. Introduction

The thermal decomposition of polybutadiene (PB) has garnered 
significant attention with respect to environmental solutions to end-of- 
life plastic and rubber products. While recycling rates in the U.S. have 
improved from 11 % in 1990 to 79 % in 2024, and tire stockpile mass has 
reduced by 95 % in the same period, the U.S. still generates 3.8 million 
tons of tire waste annually [1]. Thermal conversion offers a pathway to 
produce feedstock olefins and monomers from PB, reducing virgin 
resource demand. One of the primary synthetic rubber components in 
tires is synthesized from polybutadiene [2]. Therefore, attempts to 
valorize waste tires thermally require an understanding of the rubber 
components during decomposition. Importantly, major chemical com
panies are developing polymer pyrolysis technologies to scale these ef
forts [3–5].

Another essential aspect of understanding solid polymer decompo
sition is in the realm of propellant fuel development. Degradation 
chemistry of the solid propellant directly determines the composition of 
the gas-phase from which combustion properties such as flame speed 
and ignition delay, as well as thermal properties, depend. Hydroxyl- 
terminated polybutadiene (HTPB) is the most widely used binder in 

solid composite propellants, serving as the primary polymer matrix to 
which additives are incorporated to tailor reaction properties [6]. 
Recent research has explored reactive metal enhancers for the devel
opment of next generation solid fuels [7]. Experimental research efforts 
have focused on measuring key parameters such as heat release rates, 
evolved gaseous species, melt temperatures, and overall regression rates 
[8–11]. These data are critical to ensuring that solid fuels meet the de
mands of supersonic flight by withstanding extreme mechanical loads 
while providing the necessary thrust and burn duration. Experimental 
measurements provide essential data for correlation development, and a 
complementary fundamental understanding of polymer decomposition 
is necessary to inform additive selection to improve key performance 
parameters. While HTPB is the industry standard, this study focuses on 
polybutadiene as a model polymer to investigate fundamental decom
position mechanisms. PB and HTPB share the same repeating monomer 
units, differing only by the hydroxyl end groups in HTPB. Investigating 
PB, a simpler yet chemically analogous polymer, allows for a detailed 
mechanistic analysis of the main degradation pathways that should 
govern both materials. Notably, the most used HTPB formulation for 
solid propellants, R45M [12], contains 20 wt% vinyl content. This study 
presents the first mass loss experimental data for pure PB at 20 wt% 
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vinyl, highlighting its relevance for practical applications.
An extensive literature survey has revealed that even for a well- 

known and highly studied polymer such as polybutadiene, there is a 
considerable range of variability in thermal decomposition data. A py
rolysis study was conducted by Choi & Han [13] for commercial grade, 
98 % cis 1,4 polybutadiene at temperatures between 540–860 ◦C. The 
gaseous chemical species identified were of carbon number C4, C5, C6, C7 
and C8 and were presented as relative ratios. Those ratios were used to 
support proposed decomposition process, yet absolute quantities of each 
were not reported. The pyrolysis of the elastomer constituents of waste 
tires was done by Lah et al. [14] in a temperature range of 500–700 ◦C 
using thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). The data obtained were simulated using a model that 
included internal heat transfer combined with an nth order kinetic 
model. The authors determined the kinetic parameters and found the 
reaction order for the constituents ranged from 0.86 to 1.7. Another 
pyrolysis study using the polymeric fraction intended for tires was done 
by Menares et al. [15] using TGA and pyrolysis–gas chromatography- 
mass spectrometry (py-GC/MS). Gaseous chemical species identified 
were light gases, cyclic hydrocarbons, and aromatics, reported as a 
function of temperature. The authors used a power-law model and a 
combined Flynn-Wall-Ozawa, Kissinger-Akira-Sunose model to propose 
that a Diels-Alder cyclization process was responsible for the measured 
limonene and isoprene. Therefore, this work presents new pyrolysis data 
using a well-defined polybutadiene (20 % vinyl, 80 % cis and trans 
microstructure) over a range of relevant heating rates (10 to 100 ◦C 
min− 1) appropriate for supersonic flight applications. The data obtained 
from the TGA measurements include identification of 34 gaseous 
chemical species across four temperatures as a function of PB decom
position. Besides extending and complementing the available experi
mental information on PB degradation, this work presents a high-fidelity 
model providing sufficient insights to guide both demands in the area of 
space propulsion (e.g., required reactive additives for flight trajectory) 
and chemical reactor design (e.g., for end-of-life polymer processing).

This model is, to the best of the authors’ knowledge, the first one in 
the literature overcoming single step empirical approaches for PB, 
extending the CRECK kinetic framework for plastic polymer pyrolysis 
[16], and allowing a mechanistic understanding and interpretation of 
the impact of heating conditions and feedstock characteristics on 
degradation features and products distribution. Few models have been 
developed to simulate the pyrolysis of pure polybutadiene [17,18]. More 
generally than PB as a target feedstock, models have been developed for 
functionally terminated polybutadiene (e.g., HTPB) in either a mixture 
[19] or in a copolymer [20]. Most broadly, models exist for similar 
polymers (e.g., polyethylene) as either a standalone component [21], in 
a copolymer (e.g., as used in tires) [22], or in a composite material [23].

To simulate plastic pyrolysis, global kinetic models are generally 
more prevalent than semi-detailed kinetic models [24]; this was found 
to be the case for PB specifically as well. Some global models employ 
one-dimensional lumped multi-step reactions derived from TGA 
apparent kinetics [20,23]. Other models, including one for the pyrolysis 
of an HTPB and ammonium perchlorate (AP) compounds [19], employ a 
single-step approach. In that study [19], the decomposition of HTPB 
alone, omitting interaction with AP and its decomposition products, was 
included as a component of the kinetic scheme. The modeled decom
position of HTPB was limited to a single global reaction step, yielding 
predominantly the monomer, as well as small concentrations of methane 
and hydroxyl radicals to account for the functional groups on the 
starting polymer. Burning rates of the HTPB/PB mixture were validated 
with experimental data, yet predicted gas speciation was not validated. 
Less prevalent than the lumped models are more detailed models, such 
as one applied to pure polybutadiene pyrolysis which was simulated in a 
reactive molecular dynamics ReaxFF simulation [17]. The molecular 
dynamics simulation employed a 40-monomer chain model compound 
containing both 1,2 and 1,4 moieties, incorporated kinetics by way of 
apparent activation energies derived from TGA, and was validated by 

TGA and py-GC/MS, though at vastly lower temperatures and heating 
rates than the simulation. Other researchers took a lumped kinetic 
modeling approach to the pyrolysis of pure polybutadiene based on the 
pyrolysis of tire rubber [18]. That approach employs three main kinetic 
schemes, each with four or fewer lumped kinetic parameters. Mass and 
heat transfer considerations, and the effect of self-heating and self- 
cooling effects were novel contributions to that model. Simulated 
mass loss profiles were validated by TGA experiments. By design, that 
model does not predict product species. Lacking in the existing set of 
models is a detailed or semi-detailed kinetic model to overcome the 
simplifications introduced by global apparent-kinetics or an overly 
reduced set of reactions which is validated at relevant conditions. The 
new model proposed in this work is developed with sufficient detail to 
predict both mass loss and product speciation, with a robust set of 
products to accurately describe the decomposition, including behavior 
(e.g., crosslinking) at low temperatures prior to the onset of mass loss.

2. Materials and methods

2.1. Experiment

Thermogravimetric analysis and differential scanning calorimetry 
were performed using a TA SDT650 TGA/DSC under ultra-high-purity 
nitrogen gas (TW Smith, UHP 5.0 purity) supplied at a flow rate of 50 
mL min− 1. Polybutadiene (Millipore Sigma #383694) was selected for 
its well-characterized properties (number average molecular weight ~ 
5,000 g mol− 1), with a microstructural composition of 80 % cis and 
trans, 20 % vinyl.

The current study prioritizes small initial sample masses to reduce 
heat transfer effects and ensure high fidelity data. The minimum starting 
mass of liquid polybutadiene samples was 5.7 mg, yet masses up to 11.0 
mg were evaluated and produced high-accuracy results. Average values 
of triplicate experiments are reported in section 3.1.1 with the largest 
standard deviation near 10 %. The experiments were performed over a 
range of heating rates, from 10 ◦C min− 1 to 100 ◦C min− 1, to elucidate 
the influence of heating rate on reaction pathways and the distribution 
of pyrolysis products. The TG heating procedures were as follows: 25 ◦C 
initial temperature heated at a constant rate of 10, 30, 60 or 100 ◦C 
min− 1 until a final temperature of 570 ◦C for the lowest heating rate up 
to 660 ◦C for the highest heating rate to ensure the test temperature 
exceeded the final decomposition temperature. The samples were placed 
in 100 μ L alumina pans with a pan height-to-diameter ratio of 0.7. This 
aspect ratio, combined with the horizontal purge gas flow, ensured rapid 
removal and quenching of evolved gases, minimizing the likelihood of 
secondary reactions [25]. The TGA instrument used is configured with 
the balance arm upstream of the evolved gas flow, preventing possible 
condensation of evolved gases on the balance arm, which could other
wise impact apparent mass measurements.

Py-GC/MS was performed to identify and quantify the gaseous spe
cies produced from pyrolysis of pure polybutadiene. The GC/MS system 
(Agilent GC 7890B, Agilent MS 5977A) was directly connected to the 
outlet of the TGA via a heated, passivated transfer line, and was 
equipped with a Shimadzu SHR5XLB, 30  m × 0.25  mm inner diameter, 
0.25  μm film thickness capillary column. The carrier gas was helium 3.0 
UHP (supplied by Airgas) at a constant flow of 1.1482 mL min− 1. The 
valve box heater was held at 225 ◦C.

The GC oven temperature program was as follows: initial hold at 
60 ◦C, followed by a ramp to 66 ◦C at 0.5 ◦C min− 1 with a hold for 1.0 
min, a ramp to 70 ◦C at 1.0 ◦C  min− 1, a ramp to 80 ◦C at 5.0 ◦C  min− 1, a 
ramp to 255 ◦C at 30 ◦C  min− 1, with a final hold for 3.0 min. The MS 
operated in electron ionization mode at 70  eV, scanning from 10 to 550 
m/z. The ion source and quadrupole temperatures were maintained at 
230 ◦C and 150 ◦C, respectively.

Compounds were identified by comparing mass spectra to entries in 
the NIST V11 library and by matching retention times to reference 
standards when available. Quantification was performed using three-to- 
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four-point calibration curves generated from standard compounds 
representative of key pyrolysis products (n-pentane for linear hydro
carbons and p-xylene for cyclic hydrocarbons). For compounds in which 
direct calibration was not employed, quantification relied on published 
electron impact ionization cross sections [26,27] for the same or struc
turally analogous compounds. This approach enabled accurate estima
tion of the absolute mass of evolved products, accounting for compound- 
specific detector response and allowing direct comparison across 
experiments.

2.2. Kinetic mechanism

This work introduces the first semi-detailed chemical kinetic mech
anism capable of predicting both the PB decomposition mass profiles 
and its resulting products, representing a significant advancement in 
polymer pyrolysis modeling. This study builds upon the semi-detailed 
kinetic model from Locaspi et al. [28] to simulate the primary 
condensed-phase reactions involved in PB pyrolysis. The model captures 
the major decomposition pathways that dominate the process, providing 
a fundamental understanding of PB degradation. Despite being rela
tively small in size as a result of the functional group approach by 
Locaspi et al. [28], (i.e., incorporating only 50 gas + liquid chemical 
species and 415 condensed-phase reactions), the model effectively 
captures the key decomposition characteristics of PB, including mass 
loss profiles and major product speciation, balancing complexity and 
capability of providing valuable insights into the dominant chemical 
degradation pathways.

The model focuses on molten-phase reactions occurring for a PB 
material that was liquid at standard temperature and pressure, and on 
the formation of primary degradation products. Homogeneous liquid- 
phase reactions constitute the primary degradation mechanism, and 
evaporation is treated through volumetric pseudo-reactions [29]. Sec
ondary reactions in the gas phase of evolved species, which may be 
relevant in practical applications such as pyrolysis/gasification reactors 
and combustion systems, are not considered in this work. Yet, the model 
correctly predicts the complete conversion of PB without residue, 
consistent with experimental findings in the literature [18,30,31]. The 
full CHEMKIN-format mechanism is available on the CRECK Modeling 
Lab GitHub repository1 and is attached as Supplementary Material (SM) 
to this work.

The reaction mechanism relies on analogies with gas-phase degra
dation pathways and established molecular pathways. Bond dissociation 
energies from the ATcT [32] and NIST [33] databases and published 
literature [34] are used for rate constant estimation, with an approach 
that can be extended to compounds containing similar bonds. Evapo
ration reactions are estimated based on the boiling temperatures and 
vapor pressures computed through the group contribution methodology 
by Nannoolal et al. [35,36].

2.2.1. Species description
In this study, the functional group approach is employed to model an 

ideal polybutadiene polymer, representing polymer chains as pseudo- 
species composed of mid-chain (MC) and end-chain (EC) moieties, 
attributing reactivity to the functional groups alone. High molecular 
weight (HMW) polymeric chains are represented with this simplified 
description, while low molecular weight (LMW) compounds of interest 
(e.g., butadiene) are represented with real species and associated 
physical properties, such as boiling point. The pseudo-species employed 
to represent HMW chains capture the primary reactive sites and mo
lecular structure and preserve chain lengths, closing an elemental mass 
balance. These functional groups enable tracking of molecular weight 
distribution and ensuring of physical consistency by considering 
neighboring fragments, termed supporting polymer units (SPUs). These 

SPUs allow for a simple and generalizable way to represent the polymer 
chain to which the functional group of interest is bound. Rather than 
establish every possible permutation of polymer chain length, all with 
the same functional group and differing only by the degree of poly
merization, implementation of the SPUs accounts for the remaining 
chain length after reaction. In this way, complexity of the model is 
reduced while information about the polymer chain length is retained. 
Further details can be found in previous works [28,29,37].

The microstructure of polybutadiene, as shown in Fig. 1, consists of 
three primary units: the 1,4-cis and 1,4-trans moieties, where the double 
bond is incorporated into the polymer backbone, and the 1,2-vinyl 
moiety where, in contrast, the double bond exists in the vinyl ligand 
attached to the polymer backbone. The model introduces 
microstructure-specific reaction mechanisms and reaction parameters to 
account for differences in the chemistry between these structures. 
Notably, the 1,2-vinyl structure contains both secondary and tertiary 
carbons, whereas the 1,4 structures consist solely of secondary carbons. 
Additionally, the 1,2-vinyl configuration can exhibit tacticity (isotactic, 
syndiotactic, or atactic arrangements), a stereochemical feature not 
present in the 1,4 configurations. The presence of the double bond 
within the backbone of the 1,4 configurations restricts rotational 
freedom due to the inability to rotate around double bonds, impacting 
the polymer’s conformational mobility and overall flexibility. These 
features impact polymer degradation and have previously been explored 
for PB specific crosslinking reactions [38] and polymerization reactions 
[39].

In this work, cis and trans isomers are combined into a single 1,4 
moiety, effectively simplifying the microstructural representation by 
omitting stereospecific distinctions between the structures. This lump
ing simplification is justified by studies indicating that product specia
tion remains relatively insensitive to the cis:trans ratio when the trans 
content is below 60 wt% [40,41]. One study reports that with trans 
content above 60 wt%, increased selectivity for five-membered cyclic 
products at the expense of 4-vinylcyclohexene by up to 13 wt% occurs at 
low conversions, suggesting an influence of stereospecificity on specia
tion at high trans content, though the reason for this is not thoroughly 
elucidated [40]. In addition, the stability of the repeating units for the 
cis-isomer is between 1.5 – 2 kcal mol− 1 lower than the trans-isomer, yet 
the onset temperature of decomposition is within 15 ◦C of each other 
because the main processes for decomposition are the C–C chain sessions 
and random backbone degradation. However, that observation stands in 
contrast to a more extensive multi-manufacturer study which tested low 
initial mass (<2 mg) samples and found no significant speciation dif
ferences between high-cis and high-trans PB [42]. Therefore, lumping 
cis and trans isomers into a single 1,4 moiety is considered appropriate 
for feedstocks spanning a wide range of microstructural composition for 
modeling purposes. As cis and trans moieties are not explicitly distin
guished, cis–trans isomerization [43] is necessarily excluded from the 
model.

Important reactive rates such as hydrogen abstraction and C–C 
scission are similar between cis and trans microstructures [34,44]. Yet, 
differences in rotational barriers and stereospecificity may influence 
reactions such as Diels-Alder cyclization, particularly in the formation of 
4-vinylcyclohexene via intermolecular addition and crosslinking phe
nomena [45–47]. Distinguishing between the cis and trans moieties 
enables predicting variation in stereospecific reaction pathways affect 

Fig. 1. Polybutadiene microstructures with lumping of 1,4 moieties.1 https://github.com/CRECKMODELING/Kinetic-Mechanisms/.
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speciation and mass loss, albeit at higher computational cost. 
Conversely, the 1,2 vinyl moiety is retained as a distinct microstructural 
unit to accurately capture the unique chemical characteristics and 
reactivity associated with its pendant vinyl group.

The structural differences between 1,4-butadiene and 1,2-butadiene 
units are explicitly represented in the model through distinct pseudo- 
species. The adopted nomenclature designates 1,2 units with a termi
nal “v” to differentiate them from their 1,4 counterparts. The base 
pseudo-species, representing a polymer fragment composed of four 
repeating 1,4-butadiene units, is named P-PB-P, while its 1,2-butadiene 
analog is designated as P-PBv-P. The distinction between 1,4 and 1,2 
units is retained also in the end-chain pseudo-species, but not for LMW 
products, allowing to significantly decrease the number of species and 
reactions. The model also considers the crosslinked 1,4 and 1,2 mid- 
chain units, denoted by the “x” in their name (e.g., P-PBx-P). All poly
mer species are identified by the initial “P-” in their label representing 
their bonds with the rest of the network, with mid-chains having also a 
terminal “-P”. To distinguish condensed-phase species from gas-phase 
ones, a suffix “(L)” is appended to the names of the former. Represen
tative examples of HMW end- and mid-chain structures, and LMW 
degradation products are summarized in Table 1, along with the total 
number of each species included in the model.

While the proportions of the three microstructures present in a given 
PB sample are often well-defined, characterization of and confidence in 
the monomer sequence distribution is not consistent [48–51]. It is not 
clear whether all moieties of a certain type exist in uninterrupted blocks 
or rather are interspersed among the other units. This uncertainty has 
likely led some prior studies to assume random distributions of mono
mer units [51,52]. Given these ambiguities, a simplified approach is 
adopted in this work to describe vinyl content distribution. For PB 
samples with a vinyl content of ≤ 10 wt%, all vinyl groups are assumed 
to be isolated (i.e., flanked by 1,4 structures). For compositions with 
vinyl content > 10 wt% and ≤ 30 wt%, half of the vinyl moieties are 
assumed to be isolated, with the remainder forming continuous, unin
terrupted blocks. At higher vinyl contents, with compositions > 30 wt% 
and ≤ 50 wt%, the fraction of isolated vinyl units decreases to 25 %, 
while for samples containing > 50 wt% and ≤ 70 wt% vinyl, only 10 % 
of the vinyl groups are assumed to be isolated. Finally, for polymers 
exceeding 70 wt% vinyl content, there are no 1,2 structures assumed to 
be isolated.

To represent key radical degradation pathways, the model considers 
resonantly stabilized radicals, which are mainly secondary allylic on 1,4 
microstructures and tertiary allylic on 1,2 microstructures (shown as 
products of reactions R1 and R1v in Fig. 2). Species containing internal 
radicals (denoted by the “_i” within their labels) are key intermediates in 
forming oligomers, while those containing terminal radicals (denoted by 
the “_t” in their label) preferentially yield butadiene, 4-vinylcyclohexene 
(labelled VCH), dimers and trimers. A comprehensive figure depicting 

all reactant species included in the model as well as additional reaction 
pathways can be found in the Supplemental Materials Fig. S1.

Prior studies [40,53–55] identified the most abundant PB pyrolysis 
products and those of similar diene polymers, such as HTPB [43,56–58], 
its copolymers [59,60], and its rubbers [30,61,62]. From these studies, 
compounds with yields above 4 wt% are incorporated in the current 
description, with product distributions from the literature informing the 
definition of reaction pathways in the condensed phase. Importantly, 
Diels-Alder and cyclization reactions of the evolved species can occur in 
the gas phase [63], which may hinder the accurate measurement of 
primary pyrolysis products, motivating the use of spectroscopic methods 
close to the burning surface [64] or quenching [43], as in previous 
studies. Therefore, the simulated results must be compared to appro
priate corresponding experimentally-measured speciation data at con
ditions and in configurations that limit secondary gas phase reactivity.

Lumping [65] is applied to simplify the mechanism, grouping olig
omers by carbon number (e.g., all trimers, cyclic or aliphatic), except for 
4-vinylcyclohexene, which, due to its high abundance, is treated sepa
rately with a dedicated reaction scheme. Species lumping introduces a 
small error of approximately 5 wt%. For example, small species used 
solely for atom balancing (e.g., C2H2) represent only up to 1.5 wt% of 
the total products and are not treated as true pyrolysis products. Simi
larly, real pyrolysis products reported in the literature, such as toluene 
(e.g., from HTPB [56,57]), are not explicitly included in the model 
through formation pathways nor from delumping, and are possibly 
formed by secondary gas-phase degradation and isomerization outside 
the scope of this study. Species with a boiling temperature lower than 
250 ◦C are assumed to form directly in gas-phase upon stabilization 
because of their high boiling rates. Conversely, the model accounts also 
for the condensed-phase reactivity of the tetramer and longer oligomers 
[31] but, to reduce the computational cost, the C16+ carbon distribution 
is represented only through the tetramer and heptamer by the lever rule 
[16].

2.2.2. Polymer backbone degradation mechanism
Polybutadiene decomposes following a radical degradation mecha

nism similar to other polyolefins [66], as briefly reiterated in the present 
section and sketched in Fig. 2. Nevertheless, the unsaturation along the 
backbone chain enables polymer-specific reaction pathways as dis
cussed in section 2.2.3. Backbone degradation of PB is initiated through 
random chain scission (reactions R1, R1v in Table 2) at elevated tem
peratures, typically starting at ~ 350–400 ◦C [67]. This degradation is 
initiated by the cleavage of C–C bonds along the backbone, producing 
reactive intermediates. These random scissions generate radicals that 
can propagate or terminate through recombination. Similarly to other 
vinyl polymers, the propagation reactions considered are hydrogen 
abstraction (R2, R2v), beta-scission (R3, R3v), unzipping (R4, R4v), and 
backbiting (R5, R5v). Further, radical addition cyclization reactions 

Table 1 
Schematic representation of the HMW and LMW species introduced for PB degradation.

Species type Total # of species in model Representation of select main species

Stable species Radical species

HMW MC 5 4

EC 4 5

LMW 15 16
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(R10, R11) are also considered as discussed in the section 2.2.3.
Chain scission along the polymer backbone (R1 and R1v) forms 

terminal radicals, which can either decompose (e.g., by unzipping or by 
intramolecular isomerization followed by beta-decomposition) or sta
bilize (e.g., by intermolecular H-transfer on any stable species forming 
internal radicals). A notable pathway involves hydrogen abstraction 
from polybutadiene MC moieties, followed by beta-scission (R2 and R3), 
generating a terminal allylic radical and a stable diene. Similarly, 
abstraction on end-chain species form internal radicals that decompose 
to release oligomers and terminal radicals. The formation of these 
aliphatic dimers, trimers, and oligomers up to carbon number 28 are 
modeled as forming in a single lumped step, with equal probability. The 
dienes formed by beta-scission reactions also decompose by hydrogen 
abstraction followed by beta-scission to preferentially release an un
saturated dimer labelled C8H10. Termination reactions in the model 
follow the approach of Locaspi et al. [28], occurring exclusively via 
radical–radical recombination. These reactions increase average chain 
length and are modeled as combinations of MC and EC moieties to avoid 
introducing additional species that do not affect the overall degradation.

The models for the 1,4 and 1,2 microstructures are similar, but 
specific deviations both in reaction pathways and rate parameters are 
introduced. Specifically, terminal radicals of the vinyl moieties can 
undertake 1–5 backbiting analogously to other vinyl polymers [66]. This 
reaction is an intramolecular hydrogen transfer through a six-member 
transition state, which results in the formation of a more stable inter
nal radical. The decomposition of this radical for the 1,2 microstructure 
then results in preferential formation of the trimer and heptadienyl 
radicals (C7H11), as shown in Fig. 3. The same reaction can take place 
also on 1,4 microstructures, in that case, resulting in the preferential 

formation of the dimer only. In both cases, a single lumped reaction is 
introduced to represent this process, assuming that the isomerization is 
the rate-determining step analogously to other vinyl polymers [66].

2.2.3. Polybutadiene-specific degradation mechanisms
Beyond the radical backbone degradation, the availability of double 

bonds along the polymer chains enables additional reaction pathways 
that contribute significantly to the thermal decomposition of PB. These 
include crosslinking, intramolecular cyclization, and decomposition of 
specific functional groups. These reaction classes play a critical role in 
determining product speciation, particularly in the formation of cyclic 
species such as 4-vinylcyclohexene and other five-member cyclic 
hydrocarbons.

Crosslinking is among the most important reactions occurring within 
the polymeric melt below the decomposition temperature. This process 
leads to the formation of a branched network characterized by reduced 
unsaturation, without significant variation in polymer mass. In the 
present work, crosslinking is explained through ene reactions (R6), in 
line with the experimental observation of Golub [46], which converts 
the original polymer into branched units as shown in Fig. 4. Further
more, the reaction enthalpy of approximately –22 kcal mol− 1 explains 
the exothermicity observed in the early stage of PB decomposition, both 
in this work and in previous studies [31,54,67,68]. To simplify the re
action mechanism, only the 1,2–1,2 and 1,4–1,4 crosslinked structures 
are considered, while the mixed conformation is represented as equi
molar average of the other two. The two crosslinks share several simi
larities, such as the reduced number of allylic hydrogens and formation 
of alkyl, but they also exhibit opposite effects on polymer degradation. 
Specifically, the 1,4-crosslink loses four diallylic structures, converting 

Fig. 2. Schematic representation of the main pathways in polybutadiene (blue) degradation mechanism through molecular and radical reactions to form major 
products (purple). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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them into four allylic ones, with a consequent decrease in polymer 
reactivity. Conversely, the 1,2-crosslink loses four allylic positions but 
gains two diallylic structures, resulting in an overall increased reactivity 
compared to the starting vinyl units.

The reactivity of the two crosslinks involves both alkyl and allylic 
sites, as shown in Fig. 4. Among these, only the diallylic and allylic 
positions are assumed to contribute to the radical pool through initiation 
reactions (R1 and R1v, respectively), while H-abstractions from both 
alkyl and allylic hydrogens are considered. The former is unfavorable 
due to the lower stability of the resulting alkyl radical, but β-scission at 
these alkyl positions proceeds readily because it yields allyl radicals 

breaking the crosslink bond. Consequently, h-abstraction at alkyl hy
drogens is assumed to be the rate-determining step responsible for de- 
crosslinking the structure, producing one stable and one radical MC 
unit, as shown in Fig. 5. In contrast, allylic hydrogens within the 
crosslinked unit are treated with a distinct species given their compa
rable stability to other hydrogens in the system. Nevertheless, the 
β-scission of these radicals is slower than that of other mid-chain ones, as 
it involves the formation of non-resonant radicals that then quickly 
decompose by β-scission into more stable allylic radicals. Since the first 
β-scission is significantly slower, the model lumps both steps in a single 
reaction, assuming the first step to be rate-limiting. The crosslinked 
allylic radicals may also form by decomposition of neighboring chains. 
Within functional group approach, this phenomenon is represented 
employing the crosslink species as SPU in unzipping and β-scission re
actions. To simplify the model, these EC crosslinked radicals are repre
sented by the MC ones, and result in formation of butadiene and the loss 
of the crosslinked structure. A more detailed representation of the 
crosslinked structure, introducing appropriate end-chains or multiple 
crosslinks species, could potentially enhance the model predictions of 
minor products such as cyclohexadiene and pentadiene. However, this 
refinement would considerably increase the number of species and re
actions without sufficient experimental evidence to justify the added 
complexity.

The double bonds along the backbone allow for intramolecular 
radical additions starting from the terminal position. As shown in Fig. 6, 
the end-chain terminal radical can add on the unsaturated 1,4 micro
structure through a six-member ring to form an alkyl radical that readily 
decomposes to release the cyclic dimer 4-vinylcyclohexene. The other 
product of this reaction is the reactant end-chain radical, yet with a 
polymeric chain eight carbons shorter. Fig. 6 depicts how this reaction is 
represented following the functional group approach. To represent the 
product polymer being shorter than the parent one, an additional SPU is 
consumed to regenerate the EC radical. This preserves the correct 
functional groups (a terminal HMW radical), while also representing the 
decrease in chain length [28]. The elementary steps of bond rotation, 
cyclization, and beta-scission are represented through a lumped reaction 
(R10) directly forming 4-vinylcyclohexene and P-C8H12_t, and the 
overall reaction is written in blue. The cyclic dimer is released as a gas, 
and the reactive end-chain remains in the condensed phase as a high 
molecular weight pseudo-species. The same reaction can take place also 
starting from the internal diene radical, releasing, however, 4-vinylcy
clohexadiene. The model lumps all C8H10 isomers, and therefore this 
reaction is represented by the beta-scission of the diene radical (P- 
C8H10_i) which generates the linear confomer.

The scientific literature reports, among the different degradation 

Table 2 
Modified-Arrhenius parameters for the rate constants of elementary reactions 
(units cm, mol, s, cal). k = A TnA exp(− EactRg

− 1T− 1).

Reaction A nA Eact

R1 Diallylic random scission 2.00 ×
1012

0 54,000

R1v Allylic random scission 2.00 ×
1013

0 67,000

R2 Hydrogen abstraction (from 1,4 by secondary 
carbon)

7.50 ×
1010

0 18,000

R2v Hydrogen abstraction (from tertiary 1,2 by 
secondary carbon)

4.00 ×
1010

0 16,200

R3 Beta-scission (1,4) 3.00 ×
1013

0 29,000

R3v Beta-scission (1,2) 3.00 ×
1013

0 28,000

R4 Unzipping (1,4) 2.00 ×
1013

0 26,000

R4v Unzipping (1,2) 2.00 ×
1013

0 25,000

R5 Backbiting 1,5 (1,4) 3.00 ×
108

0 16,000

R5v Backbiting 1,5 (1,2) 1.00 ×
109

0 16,000

R6 Ene reaction 4.00 ×
1010

0 34,000

R7 Retro-ene reaction 9.00 ×
1011

0 48,000

R8 Intermolecular Diels-Alder 5.00 ×
109

0 30,000

R9 Intramolecular Diels-Alder-like (isolated 1,2) 4.0 ×
1013

0 46,000

R10 Intramolecular cyclization (6-member ring) 1.00 ×
1011

0 21,000

R11 Intramolecular cyclization (5-member ring) 8.00 ×
1011

0 22,500

R12 Radical recombination 2.00 ×
1011

1 6,000

Fig. 3. Reaction mechanism for 1,5 backbiting of polybutadiene-derived end-chains to form dimers.
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products, C5 and C7 compounds [13,30,40,43,69]. These compounds 
differ from the remaining volatiles as they are not oligomers but rather 
involve an odd number of carbon atoms. While C7 products form as 
consequence of backbiting of 1,2 microstructures, the present model 
accounts for formation of these compounds through additional 
polybutadiene-specific reactions. A reaction that disrupts the even- 
numbered terminations is a retro-ene reaction involving a vinyl unit 
adjacent to a cis or trans site, as shown in Fig. 7. This reaction produces a 
terminal diene and a vinyl end-chain. While the vinyl end-chain 
invovled in this reaction is analogous to those formed through other 
reactions in the model, the diene, however, differs from the P-C8H11 

1,4-microstructure diene shown in Fig. 2, as it features two carbon 
atoms, rather than one, separating the diene from the next double bond 
along the chain. The formation of the C9 diene is among the reaction 
steps responsible for the formation of C5 cyclic compounds. Intra
molecular cyclization to form five-member rings from reactive end- 
chains is included in the model, as shown in Fig. 7. Following any h- 
abstraction at the hydrogen α to the diene, an internal cycloaddition 
through a five-member ring followed by β-scission forms cyclo
pentadiene and a terminal end-chain radical. Similarly, β-scission of the 
allylic radicals on the diene results in formation of a pentadienyl radical 
and a C8 diene. In this work, to avoid introducing additional species, the 

Fig. 4. Reaction mechanism for crosslinking of polybutadiene for both 1,4 and 1,2 moieties via ene reactions.

Fig. 5. Reaction mechanism for crosslink degradation via hydrogen abstraction and beta scission.
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full sequence, including retro-ene reaction, end-chain cyclization and 
beta-scission, is lumped into a single reaction step, assuming the retro- 
ene is the rate-determining step. Remaining fragments are lumped into 
mid-chain and end-chain units, forming also C2H2 for the purposes of 

atom balancing with even carbon numbers. The reaction equation as 
implemented in the model is schematically represented in Fig. 7, where 
the model represents 1,4 and 1,2 neighboring units employing the vinyl 
microstructure as a SPU. The model considers five-member ring cycli
zation also on the P-C8H10_i end-chains. However, compared to the 
reaction shown in Fig. 7, it involves formation of a vinyl radical, which is 
significantly less stable than the allylic ones formed from the reaction 
shown in Fig. 2. Nevertheless, the reaction forming an allylic terminal 
radical can occur after double bond migration from the 6th to the 7th 
position, which may result from hydrogen abstractions on the 7th car
bon and stabilization of the 6th carbon resonant position.

The model also considers bimolecular Diels-Alder reactions, depicted 
in Fig. 8, which represent another important class of reactions, albeit at a 
lower rate than free-radical pathways. These reactions involve diene 
end-chains forming six-member rings along the backbone. These rings 
detach following multiple allylic h-abstractions and β-scissions, 
breaking the bonds connecting them to the rest of the polymer. To avoid 
considering these numerous intermediate species, the model assumes 
the formation of the mid-chain ring structure to be the rate-determining 
step, modulating the reaction rate by the probability the ring will 
decompose back to the original reactants or will get released. Overall, 
the model considers one global reaction (R8) releasing 4-vinylcyclohex
ene and a toluene precursor.

A final reaction class incorporated in this model is the intramolecular 
cyclization of an isolated 1,2 moiety, forming 4-vinylcyclohexene via a 
Diels–Alder-like mechanism. This reaction (R9) occurs when a single 
vinyl moiety is flanked by cis and/or trans units, leading to ring closure 
and subsequent release of the six-membered cyclic product, as shown in 
Fig. 9. To the authors’ knowledge, this reaction class has not been pre
viously introduced in the context of PB pyrolysis, but a structurally 
similar reaction has been proposed in the catalytic depolymerization of 
PB at room temperature [70]. In that previous work, 1,4–1,2–1,4 triads 
(i.e., isolated vinyl units) were identified as chain limiters in metathesis 
reactions, with proposed ring-closing mechanisms yielding either 
cyclopentene derivatives or 4-vinylcyclohexene. Only the latter is 
incorporated because 4-vinylcyclohexene was a dominant species at low 
conversions, consistent with experimental observations of PB pyrolysis 
at moderate temperatures (<425 ◦C) [57]. The catalytic depolymeriza
tion study [70] proposed pathways similar to intramolecular cyclization 
using a structural basis that can occur thermally. Given the resemblance 
of this process to Diels-Alder mechanisms, the reaction rate parameters 
are adopted from a related intramolecular Diels–Alder reaction modeled 

Fig. 6. Reaction mechanism for intramolecular cyclization of polybutadiene-derived end-chains to form 4-vinylcyclohexene.

Fig. 7. Reaction mechanism for intramolecular retro-ene polybutadiene 
decomposition on a 1,2 microstructure neighboring a 1,4 microstructure and 
cyclization to form cyclopentadiene.
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in polyvinyl chloride (PVC) decomposition [71].
The inclusion of this Diels–Alder-like reaction improves model ac

curacy for mass loss profiles and early-stage cyclic product formation, 
particularly in predicting the evolution of 4-vinylcyclohexene. Since 
vinyl content, and specifically isolated vinyl content approximated as 
described in section 2.2.1, directly influences its formation, this reaction 
class is essential for capturing the initial pyrolysis behavior of PB for
mulations with varying 1,2 and 1,4 microstructural composition.

2.2.4. Kinetic parameters
Accurate prediction of PB pyrolysis requires well-defined kinetic 

parameters for key reaction pathways. Table 2 presents a summary of 
key reaction types and their Arrhenius parameters, with reaction types 
distinguished between those for the cis or trans microstructure (e.g., R#) 
and those for the vinyl microstructure (e.g., R#v), if applicable.

The Arrhenius parameters for random scission reactions (R1) are 
based on analogous NIST data for 1,5-heaxdiene and 1,5-heptadiene 
[72], with a gas-to-liquid correction applied as described in previous 
work [28] and originally derived from a solvation correction applied to 
vinyl polymers [71]. Parameters to define the random scission of vinyl 
moieties (R1v) are derived from decomposition data for 3,4-dimethyl-1- 
pentene [73] and by analogy to polystyrene [66] and allyl radicals 
formation of small olefins [33], adjusted with the same gas-to-liquid 
correction.

Hydrogen abstraction reactions are evaluated for several scenarios, 
focusing on secondary and tertiary allylic carbons as the most reactive 
hydrogen donors for the 1,4 (R2) and 1,2 (R2v) microstructures 
respectively. For each reaction, rate parameters were assigned based on 
whether abstraction was performed by a primary, secondary, or tertiary 
carbon and according to the site abstracted. Per-site rate parameters 
specific to resonantly stabilized structures are employed [44]. The pa
rameters for beta-scission reactions (R3, R3v) are derived using poly
ethylene (PE) [66] as a reference and following the corrections proposed 
by Mehl et al. [74]. For scission at 1,2 moieties, the activation energy is 
reduced by 1 kcal mol− 1 compared to 1,4 moieties due to the formation 
of the more stable resonant structure. Unzipping (R4, R4v) rate pa
rameters are derived analogously to PE [66] starting from the beta- 
scission, using a three times higher frequency factor and reducing the 
activation energy by 3 kcal mol− 1 to reflect reduced caging effects [75]. 
Rate parameters for backbiting (R5, R5v) are defined similarly to 
polystyrene [66]. Specifically, the vinyl units have a higher frequency 
factor than in polystyrene due to the lower steric hindrance of the vinyl 
side groups compared to the aromatic rings. Conversely, a lower fre
quency factor is considered for the isomerization of the 1,4 micro
structure, in line with the decrease in isomerization rate calculated by 
Wang et al. [76] for intramolecular additions.

For the polybutadiene-specific reactivity, the rate parameters are 
defined employing studies on analogous dienes and resonantly 

Fig. 8. Reaction mechanism for intermolecular Diels-Alder of a stable end-chain diene species and a stable end-chain dienophile species to form 4-vinylcyclohexene 
and toluene precursor.

Fig. 9. Reaction mechanism for intramolecular Diels-Alder of an isolated vinyl moiety to form 4-vinylcyclohexene.

L.T. Creadore et al.                                                                                                                                                                                                                             Fuel 405 (2026) 136572 

9 



stabilized radicals. The rate of ene reactions (R6) is obtained in analogy 
to the NIST database and the study of Popelier et al. [77], introducing a 
2 kcal mol− 1 decrease to account for the lower bond dissociation energy 
of secondary allylic hydrogens with respect to primary allylic ones. In 
this work, the same rate is considered for 1,2 and 1,4 unsaturation loss, 
as no clear trend is experimentally observed. For instance, Chiantore 
et al. [45] report 1,4 being as more reactive than 1,2, while Golub [46] 
reports the opposite trend. Nevertheless, the proposed rate parameters 
align with the experimental observations of Golub [46] for 1,4 unsatu
ration loss, and the ones of Chiantore et al. [45] for 1,2 unsaturation 
loss. The deviations may result from more complex reaction pathways 
that lead to unsaturation loss not considered in this work. The rate of 
retro-ene reactions (R7) is taken from the theoretical study of Popelier 
et al. [77], which accounts for the decrease in energy barrier for allylic 
hydrogens. Considering other molecular reactions, the same rates pro
posed by Marongiu et al. [78] for PVC are employed. Specifically, 
bimolecular Diels-Alder reactions involving six-member ring cyclization 
(R8) use the same rate parameters, reducing the rate was by a factor of 
10 to account for the lower frequency of concerted addition reactions 
followed by beta-scission, rather than direct adduct formation. Simi
larly, the rate parameters of the four-member ring intramolecular 
cyclization (R9) are obtained starting from the study of Marongiu et al. 
[78], where the energy barrier is increased by 18 kcal mol− 1 to account 
for the highly strained four-member ring in the transition state, and the 
frequency factor is increased by approximately 101.6 due to the reduced 
number of hindered rotors involved.

Considering reactions involving resonant-stabilized radicals, the 
theoretical study of Wang et al. [76] is taken as reference. The rate 
parameters for the six-member intramolecular cyclization reaction 

(R10) are based on a reference endo-ring closure reaction [76] involving 
the same reactant as the C8 end group of the modeled pseudo-species, 
with the primary distinction being that the end-chain in the model is 
longer due to the addition of the SPU (i.e., the attached polymer back
bone). The reaction follows a 1,6-endo pathway, consistent with prior 
literature on free-radical cyclization in conjugated diene systems [76]. 
Given the near-identical structure, the same activation energy was 
initially applied, assuming the isomerization is the rate-determining 
step. The cyclization rate of five-member rings (R11) is obtained 
comparing 1,5-endo cyclization reactions described by Wang et al. [76] 
Compared to the 1,6 cyclization (R10), a higher frequency factor is 
considered to account for the reduced number of hindered rotors, and a 
1.5 kcal mol− 1 increase in activation energy to account for both the 
higher strain of the five-member ring and the higher stability of the 
radical intermediate. Finally, termination reactions (R12) are repre
sented using diffusion-controlled rates [79] employing viscosity values 
reported by Van Krevelen [80].

3. Results and Discussion

3.1. Experimental data

3.1.1. Effect of heating rate on mass loss
The decomposition of polybutadiene in nitrogen at four heating rates 

is presented in Fig. 10, displaying thermogravimetric (TG) and differ
ential thermogravimetric (DTG) profiles. The data in Fig. 10 are shown 
up to 600 ◦C for clarity, yet include, for all heating rates, that the DTG 
returns to zero, demonstrating the pyrolysis is complete. The experi
mental data are indicated by markers; simulation results, discussed in 

Fig. 10. Experiment TG and DTG curves (markers) of polybutadiene samples at a heating rate of 10 ◦C min− 1, 30 ◦C min− 1, 60 ◦C min− 1, and 100 ◦C min− 1 compared 
to simulation TG and DTG results (lines).
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section 3.2, are indicated by solid lines. The plotted data show the 
average weight fraction from triplicate experiments at each heating rate, 
with error bars indicating the standard deviation between individual 
measurements and the mean. Additionally, a representative DTG profile 
from one experiment, for clarity, with its simulation at the corre
sponding heating rate is plotted, showing the change in weight fraction 
as a function of change in temperature. The error bars on the DTG data 
account for the binning of high-frequency experimental data into 
discrete points spaced at 1 ◦C intervals. Across low to moderate heating 
rates, 10-100 ◦C min− 1, repeated experiments exhibit consistent mass 
loss trends. The DTG profile highlights two distinct decomposition 
events observed under all tested conditions.

Onset of the first mass loss event occurred at 348, 360, 358 and 
369 ◦C for heating rates of 10, 30, 60, and 100 ◦C min− 1 respectively, as 
determined from the second derivative of the mass loss versus temper
ature data. The onset of the second, dominant mass loss occurred at 
temperatures ranging from 470 ◦C for the 10 ◦C min− 1 and 480 ◦C for the 
100 ◦C min− 1 heating rates. This decomposition regime extends until the 
remaining polybutadiene is completely volatilized. Importantly, final 
residues were zero, within the instrument’s margin of error, demon
strating the purity of the polybutadiene sample. Finally, the DTG curves 
reveal the time–temperature shift of the peaks of the first decomposition 
event with the changing heating rates, from 377 ◦C at 10 ◦C min− 1 to 
441 ◦C at 100 ◦C min− 1.

Our data confirm two distinct stages of decomposition for pure PB at 
a heating rate up to 100 ◦C min− 1. Although reported literature presents 
inconsistencies, some previous studies corroborate this observation: 
experiments with commercial PB sourced from six manufacturers show 
two distinct stages of mass loss, including those with high cis (i.e., 95 wt 
%) PB at heating rates of 2 and 100 ◦C min− 1 [54]. This has also been 
shown to be present for other microstructural compositions (77 wt% 
vinyl content and 55 wt% trans content) [54]. However, at 90 ◦C min− 1, 
vulcanized PB appears to suppress this two-stage behavior, though two 
stages remain evident at lower heating rates (15 – 45 ◦C min− 1) [30]. 
Notably, DTG results for the single-stage decomposition at heating rates 
above 45 ◦C min− 1 show a broad primary decomposition peak flanked 
by two smaller peaks, revealing overlapping decomposition events. 
These observations align with studies showing that butadiene rubber 
exhibits two distinct decomposition stages even at heating rates as high 
as 80 ◦C min− 1 [18,60]. Discrepancies in reported decomposition stages 
may stem from polymer microstructure, contaminants, or misinterpre
tation of TGA data, particularly when DTG is not reported. For example, 
it has been demonstrated that high vinyl content PB at 10 ◦C min− 1 

exhibits a single-stage decomposition by TGA, but DSC data reveal 
exothermic and endothermic events, indicating overlapping chemical 
processes [67]. Similar complexities arise at intermediate heating rates, 
where TGA alone suggests a single stage, yet DTG and DSC analysis 
highlight two distinct chemical regimes [67], emphasizing the necessity 
of multi-technique analysis for accurate characterization. The kinetic 
mechanism proposed in this work provides further insight into the first 
decomposition stage, offering a framework to reconcile discrepancies in 
the literature and predict conditions under which two stages of 
decomposition are likely to occur.

3.1.2. Validation of experimental data against literature
Our experimental mass loss profiles resulting from PB pyrolysis are 

validated against literature data [18,31,55,58,68,81] to ensure accuracy 
and fidelity. Given the variability in reported mass loss profiles under 
similar conditions, careful benchmarking was performed against both 
analogous polymers (e.g., hydroxyl-terminated polybutadiene 
[58,68,81]) in Fig. 11 and direct PB [18,30,31] literature data in Fig. 12, 
Fig. 13, and Fig. 14), with key test parameters summarized in Supple
mental Materials Table S1.

As shown in Fig. 11, the PB degradation experiments reported in this 
work at 10 ◦C min− 1 are compared to relevant literature studies con
ducted at the same heating rate albeit with differences in sample 

Fig. 11. TG curves of hydroxyl-terminated polybutadiene samples from exist
ing literature results compared to new uncured polybutadiene data [this work] 
at heating rates of 10 ◦C min− 1.

Fig. 12. Simulated TG curves (lines) compared to experimental data (markers) 
of polybutadiene samples at heating rates of 10 ◦C min− 1.

Fig. 13. Simulated TG curves (lines) compared to experimental data (markers) 
of polybutadiene samples at heating rates of 30 ◦C min− 1.
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characteristics, such as cis, trans, vinyl ratios and TGA configurations. 
HTPB studies from Lu & Kuo [58] and Chen & Brill [68] show minor 
discrepancies, particularly at early conversion, likely due to differences 
in sweep gas (N2 vs. Ar), TGA configuration (vertical vs. horizontal 
purge gas flow), and preheating conditions. However, by 60 % conver
sion, these datasets converge.

Fig. 12 compares model results with mass loss profiles of various 
pure PB samples at 10 ◦C min− 1. The model was employed to simulate 
both the new data presented in this work and the preexisting literature 
data. The data show both faster and slower decompositions compared to 
this work, with only the work of Akkouche et al. revealing a smaller 
initial decomposition step followed by a larger one, which is consistent 
with the findings of the present work. The current results demonstrate 
the expected trend of higher heating rates causing decomposition tem
peratures to shift upward. The results here reported are typical 
compared to the majority of observed trends in the literature for 
decomposition of PB [55,67], HTPB [58,81–84], polybutadiene rubber 
[62,85], natural rubber [85], polybutadiene-co-acrylonitrile [81], and 
styrene-butadiene rubber [85]. However, not all literature data align 
with the new experimental results at higher heating rates reported in 
this work. As shown in Fig. 13, at 30 ◦C min− 1, and more acutely in 
Fig. 14 at 60 ◦C min− 1, Akkouche et al. report an opposite trend as 
compared to lower heating rates—where increasing heating rates 
advance mass loss onset rather than delay it, which the current data do 
not replicate. Up to 100 ◦C min− 1, the results of the present work 
consistently show mass loss shifting to higher temperatures with 
increasing heating rates, as expected.

Akkouche et al. attribute their trend reversal to self-heating effects, 
where endothermic and exothermic reactions alter the sample temper
ature independently of the furnace. Their study showed that for large PB 
samples (≥30 mg), thermal gradients were significant, leading to self- 
heating effects that advanced the mass loss profile. Self-heating 
increased sample temperatures by up to 25 ◦C above the furnace set
point, affecting decomposition behavior. They found that reducing the 
sample size to 10 mg minimized these thermal effects, ensuring accurate 
TGA measurements. This effect has also been reported for large samples 
of biomass [86]. Abbas-Abadi et al. reported a similar trend reversal 
behavior to Akkouche et al.: as heating rates increase from 30 to 45 to 
90 ◦C min− 1, degradation temperatures advance. Abbas-Abadi et al. 
used a 12 mg sample, which is close to the 10 mg threshold recom
mended by Akkouche et al. However, it is suggested that sample mass 
suitability depends on crucible design [87]—Akkouche’s experiments 
used a 130 µL cylindrical crucible with a low height-to-diameter ratio 

(~25 %), whereas Abbas-Abadi did not specify their crucible type. In 
this study, a similarly sized crucibles (100 µL) and sample masses be
tween 5.7–11.0 mg are employed, ensuring shallow pan conditions 
comparable to Akkouche et al. The data reported in this work exhibit no 
evidence of self-heating effects up to 100 ◦C min− 1. Consequently, they 
are not expected to match the 60 ◦C min− 1 data from Abbas-Abadi et al. 
Only in two other studies did the trend reversal, as seen in Abbas-Abadi 
et al. and Akkouche et al., occur, though only at high heating rates of 75 
and 100 ◦C min− 1, and only for some types of samples (high cis PB [67], 
random crosslinked PB [67], and crosslinked HTPB [58]).

3.2. Simulation

3.2.1. Validation of model-derived mass loss profiles with experimental 
data

The modeled mass loss profiles of PB as a function of temperature 
compared against both literature data and experimental results from this 
study are presented in Fig. 12, Fig. 13, and Fig. 14. In those figures, each 
relevant experimental dataset is paired with a corresponding simulation 
conducted under matching conditions. Since the model does not 
differentiate between cis and trans microstructures, it provides a single 
prediction value for all PB samples of a given vinyl content. For instance, 
to model the Sanglar et al. experiment with pyrolyzed PB (33 wt% cis, 59 
wt% trans, 8 wt% vinyl) at 10 ◦C min− 1 [31], a simulation was per
formed using PB with 92 wt% 1,4 and 8 wt% 1,2 microstructures at the 
same heating rate. Akkouche et al. conducted experiments with 30 mg 
and 10 mg samples [18], both shown in Fig. 12, but a single simulation 
at 1 wt% vinyl was used for comparison. Additionally, the model is used 
to simulate the new experimental data, providing further validation of 
its predictive capability.

Mass loss profiles at heating rates of 10, 30, 60, and 100 ◦C min− 1 

demonstrate the model’s performance in predicting key decomposition 
behaviors. The model effectively reproduces the region of maximum 
mass loss rates while capturing the initial and final stages of decompo
sition. Moreover, the model accurately predicts the complete conversion 
of PB to gaseous products with no residual mass remaining. The average 
discrepancy between the simulations and the data ranges from 0 wt% to 
6 wt% at a given temperature, resulting in a 2 wt% overall average. This 
discrepancy falls within the range of discrepancies among experimental 
data [18,30] as reported in the literature.

According to the simulation, the first decomposition peak, yielding a 
5 wt% mass loss, is due to intramolecular cyclization via molecular 
Diels-Alder-like reactions of the isolated 1,2 microstructures (R9) that 
contribute to 56 % of the 5 % mass lost. At the same conversion, the next 
most predominant reactions are hydrogen abstraction (R2) to form high 
molecular weight reactive species and unzipping of 1,4 moieties (R4) to 
form the monomer. Deviations between the model and experimental 
results during the initial stage of mass loss are observed. Early-stage 
cis–trans isomerization reactions [55,88] are known to retard the 
onset of mass loss by up to 50 degrees [31]. Their omission from the 
current model contributes to the deviations between the model and 
experimental results in this region, yet the model is still able to capture 
the early-stage decomposition exhibited by feedstocks containing vinyl 
moieties due to the inclusion of the novel isolated-vinyl Diels-Alder-like 
molecular reactions.

Molecular Diels–Alder reactions involving isolated 1,2 moieties 
become negligible, according to the model, after the initial decomposi
tion event (i.e., at mass loss greater than 10 wt%), with product for
mation rates a result of these reactions only reaching − 5.25x10-7 kmol 
m− 3 s− 1 due to their prior consumption. Although hydrogen abstraction 
reactions are still prevalent at this extent of reaction, competing random 
scission (R1) and unzipping reactions gain significance at these higher 
temperatures. Between 10 % conversion and 25 % conversion, product 
formation rates due to hydrogen abstraction reactions only increase by a 
factor of 2.6, whereas those due to unzipping reactions increase by a 
factor of 14.8. Random scission increases by a factor of 1.3. Finally, after 

Fig. 14. Simulated TG curves (lines) compared to experimental data (markers) 
of polybutadiene samples at heating rates of 60 ◦C min− 1 and 100 ◦C and 
100 ◦C min− 1.
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an initial rate of production peak of 60 % from 0-5 % conversion, 
cyclization to form six-carbon compounds from 1,4 moieties (R12) 
provides a nominally consistent contribution for decomposition 
(8.9–11.7 %) at all heating rates throughout intermediate extent of re
action until 90 % conversion, with the other product species, predomi
nantly butadiene, comprising the balance of produced species.

The advanced stages of decomposition (i.e., 90 wt% conversion), 
reveal that random scission becomes more dominant, overtaking some 
hydrogen abstraction reactions in terms of rate of consumption of the 
parent polymer. Unzipping, which is an important component 
throughout the decomposition process, continues to contribute signifi
cantly from 50 wt% loss to 90 wt% loss, aligning with the high pro
duction of butadiene. Likewise, 4-vinylcyclohexene formation is 
consistently prominent. Secondary reactions produce precursors to these 
major products or aliphatic oligomers, as observed in short-lived in
termediates in other work [63].

A reaction rate sensitivity analysis, provided in Supplemental Ma
terials Fig. S2, demonstrates that mass loss profiles are generally robust 
to parameter variations. Maximum deviations from baseline were 
limited to 15 ◦C under a twofold increase or decrease in reaction rates. 
However, the model is most sensitive to the random scission of 1,4 mi
crostructures, influencing mass loss across the entire decomposition 
sequence. Random scission is the only reaction class to significantly 
impact the temperature at which complete volatilization occurs. As a 
sensitivity parameter, hydrogen abstraction follows in importance, with 
its impact more pronounced at lower heating rates.

3.2.2. Product speciation
Model validation was performed by simulating results under the 

same microstructure and heating rate conditions as those reported in 
previously published experimental datasets, focusing on speciation 
during bulk mass loss [30,69] and early-stage (15 wt% conversion) [40]. 
Additionally, flash pyrolysis datasets from the literature [30,69], rele
vant to propulsion applications, were used for benchmarking. A com
parison of the simulation result to literature experimental data for 
overall product speciation is reported in Fig. 15 (slow pyrolysis, Choi 

[69]) and in the Supplemental Materials Table S2 (rapid pyrolysis, 
Abbas-Abadi et al. [30]) for PB samples containing 3 %, 24 %, 26 % or 
69 %, and ≤ 2 % vinyl microstructures respectively. The model has been 
validated on condensed phase reactions and is the only detailed mech
anism for PB thermal decomposition. Therefore, samples with very 
different microstructures or additives may require possible adjustments 
to the major reaction rates to incorporate those effects.

The literature-reported speciation from the entire decomposition 
process is uneven in degree of uncertainty, as the identified and quan
tified gaseous compounds account for only 53–70 wt% [69] of the total 
products formed. The balance fraction of unreported gases in the liter
ature may be due to deposition of condensed species at high heating 
rates [30], or due to the presence of up to 70 low abundance volatile 
species detected in the study [43] which are not all identified and 
quantified. The butadiene monomer constitutes a significant fraction of 
the products from the literature studies, with values ranging from 39 to 
46 wt%. Abundance of C5-C9 species, including 4-vinylcyclohexene, 
varies significantly from 15 to 24 wt%, with large contributions from 
C8H12 particularly at higher values (17 and 19 wt%). Lower fractions of 
C8H12 (8 wt%) correspond to the lowest total reported mass fraction (53 
wt%). This leaves a large portion of species unreported in the literature, 
creating uncertainty about the speciation, including large molecules 
with 10 or more carbon atoms.

The model is in close agreement, within 7.06 wt% absolute on 
average, with the experimental speciation data from the literature. It 
satisfactorily predicts the 4-vinylcyclohexene, the oligomer, and the 
combined cyclopentene and cyclopentane species production, with 
reasonable accuracy within 15 wt% for both the low vinyl (3 %) and 
moderate vinyl (25 %) content PB. Yet, at higher vinyl (69 %) content, 
the model over predicts the combined five-carbon to nine-carbon species 
by a factor of 7.72 in the worst case. Butadiene predictions are very close 
to the literature data, within 4.04 wt% absolute at maximum deviation, 
with an average difference of 2.13 wt%.

In addition to speciation during bulk mass loss, speciation data at low 
conversion provides valuable insights into the early stages of decom
position. Accordingly, Fig. 16 reports the model simulated product 

Fig. 15. Comparison of product species (by weight) from slow pyrolysis of polybutadiene at 8 ◦C min− 1 at 590 ◦C for feedstocks of varying microstructural 
composition.
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distribution at early-stage decomposition stages for PB samples each 
containing 1 % vinyl microstructures. Literature data [40] of eight for
mulations with nominally zero vinyl content but varying cis:trans ratios 
were used for validation. All samples were pyrolyzed at a heating rate of 
20 ◦C min− 1.

The experimental data in Fig. 16 indicate that butadiene and 4-vinyl
cyclohexene are among the most abundant species at 15 % mass loss. 
This is consistent with simulation results, which show that the P- 
C8H12_t species undergoes rapid unzipping leading to the formation of 
butadiene and regeneration of the same end-chain species.

The model correctly predicts the production of the two major species, 
namely butadiene and 4-vinylcyclohexene at 15 % mass loss. The 
omission of 1,3 cyclohexadiene from the model is justified by its low 
abundance (≤ 5 wt%) at 15 % mass loss and its absence as a significant 
product at later conversions, as indicated by the experimental data 
[30,69]. However, the model underestimates the combined formation of 
cyclopentene and cyclopentane formation by up to 5.7 wt% absolute for 
formulations with less than 80 % trans content, and by up to 12.3 wt% 
absolute for high-trans formulations. This is due to the exclusion of re
action pathways in the model that are known to form cyclic species such 
as via a three-member ring to five-member ring route [89] and during 
crosslinking [90]. For other species, agreement between the model and 
the experimental data is closest for the formulations with trans content 
lower than 86 %. Despite predicting 4-vinylcyclohexene within the 24.1 
wt% of the literature experimental range, the model overestimates 
butadiene in all cases, but with the largest discrepancy (by 32.0 wt% 
absolute) as compared to a case with high trans content (86 % trans). 
When only considering the agreement between the model and the 
experimental data pertaining to PB samples with trans content lower 
than 86 %, production of 4-vinylcyclohexene and butadiene are esti
mated well, within a factor of 1.6, and only the cyclopentene production 
is more significantly underestimated, by a factor of 7.9, on average.

To test the applicability of the model, comparisons were conducted 
for a flash pyrolysis experiment from the literature [30]. The experi
mental speciation data only accounted for the condensed liquid fraction, 
omitting C4 species that remained in the gas phase. Therefore, the 
butadiene formation is underestimated, thus explaining the model’s 
higher predicted yield. These results can be found in Table S2 of the 
Supplemental Materials.

Finally, the model was validated against the product speciation ob
tained in this study by py-GC/MS analysis of the evolved gases. Table 3
reports the species measured in excess of 2 wt% across four temperatures 
during the pyrolysis of PB at a heating rate of 2 ◦C min− 1. By this 

method, a temperature resolved speciation was captured across the 
decomposition profile, from low conversion to high conversion, 
including a period of high rate of mass loss, at 4.2, 7.3, 30.8, and 84.8 wt 
% conversion respectively. The results indicate the production of 
gaseous species at the discrete measurement temperature, rather than a 
cumulative result up until the measurement temperature. Butadiene 
monomer was found to be the species with highest mass rate of pro
duction at both 350 and 375 ◦C, at 32.2 and 58.1 wt% respectively. At 
the first of two stages of mass loss, 4-vinylcyclohexene was detected, 
comprising 5.5 wt% at 350 ◦C, supporting the formation mechanism 
proposed in the model. At higher temperatures, butadiene production 
decreases in favor of formation of larger compounds, including those 
with greater than 10 carbon atoms. As compared to the model, both 
butadiene and 4-vinylcyclohexene rates of production at 420 and 450 ◦C 
are lower than expected. It is possible that those compounds are 
participating in secondary reactions at those elevated temperatures and 
at those elevated concentrations in the effluent gas stream due to a 
higher rate of mass loss than at the lower temperatures. The experi
mental measurement of product species confirmed the production of 
predominant gaseous species included in the model, and revealed the 
presence of several species not previously measured in the literature as 
products of pure PB pyrolysis. The measurement of toluene in the 
evolved pyrolysis gases is supported by the model prediction of 
C7H10CYC, a toluene precursor. Toluene has not been directly 
measured as a product of pure polybutadiene pyrolysis in other studies 
[17,30,40,67,69,91]. In this work, 34 gaseous species were identified 
and quantified. A comprehensive comparison of all identified species in 
this work and in the literature can be found in Supplemental Materials 
Table S3.

3.2.3. Effect of vinyl content on mass loss profile
Modeling the early-stage (i.e., temperatures from 325 to 425 ◦C) 

pyrolysis of PB presents significant challenges due to simultaneous re
actions that precede the onset of volatilization [67] such as isomeriza
tion and crosslinking. While the model does not explicitly include the 
isomerization reactions, it does capture crosslinking and cyclization 

Fig. 16. Relative abundance of product species (by weight) from pyrolysis of 
polybutadiene at 20 ◦C min− 1 at 15 % mass loss with simulated results 
compared to experimental results from the literature.

Table 3 
Measured products of pure PB pyrolysis at various temperatures heated at 2 ◦C 
min− 1.

Mass fraction of species over 
2.0 wt% [wt%]
Temperature [◦C]

Carbon 
number

Species 350 375 420 450

C4 Butadiene C4H6 32.2 58.1 8.7 7.6
C5 ​ 2.7 6.2 5.0 2.8
​ 1,3-Cyclopentadiene C5H6 ​ 6.2 0.8 ​
​ Cyclopentene C5H8 2.7 ​ 1.2 1.2
​ 1-Pentene C5H10 ​ ​ 2.9 1.6
C6 ​ 17.8 18.0 21.3 2.1
​ Benzene C6H6 4.2 14.5 1.4 ​
​ Cyclohexadiene C6H8 2.5 3.5 2.6 1.1
​ Cyclohexene C6H10 11.1 ​ 0.4 ​
​ 1,4-Pentadiene, 2-methyl- C6H10 ​ ​ 14.0 ​
C7 ​ 16.5 17.7 48.0 2.1
​ Toluene C7H8 16.5 17.7 5.6 ​
​ 1,4-Cyclohexadiene, 1-methyl- 

C7H10
​ ​ 2.8 ​

​ C7H10 ​ ​ 13.1 2.1
​ C7H12 ​ ​ 22.9 ​
C8 ​ 30.7 ​ 4.8 3.2
​ C8H10 2.4 ​ ​ 3.2
​ 4-vinylcyclohexene C8H12 5.5 ​ ​ ​
​ Cyclopentadiene, 2,5,5-trimethyl- 

C8H12
5.6 ​ ​ ​

​ Cyclopentene, 1,2,3-trimethyl- 
C8H14

​ ​ 3.3 ​

​ C8H16 17.2 ​ ​ ​
C10+ ​ ​ ​ ​ 77.4
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reactions associated with low-temperature degradation, particularly 
those originating from the 1,2 moiety reaction pathway. One key reac
tion incorporated in this study is the intermolecular Diels-Alder-like 
reaction of isolated 1,2 units, introduced here for the first time as a 
major contributor to low-temperature degradation.

To assess the accuracy of the model in capturing early-stage vinyl- 
dependent mass loss behavior, simulations were performed using two 
distinct PB feedstocks: one with 88 % initial vinyl content and another 
with 8 %, matching available literature data. Fig. 17 compares experi
mental DTG data from Sanglar et al. [31] with corresponding model 
predictions. The experimental data at 10 ◦C min− 1 reveal a distinct mass 
loss peak between 350 and 400 ◦C in the low-vinyl sample (8 wt%), 
which is notably absent in the high-vinyl sample (88 wt%). The pro
posed model successfully replicates this trend, demonstrating that it 
appropriately accounts for vinyl-dependent degradation pathways. 
Furthermore, both the temperature at which the maximum rate of mass 
loss occurs and the magnitude of the peak decomposition rate are well 
captured for both compositions. These results validate the model’s 
ability to describe the influence of vinyl content on PB decomposition 
and reinforce the importance of including vinyl-specific reaction path
ways in predictive kinetic frameworks.

4. Conclusions

This study investigates the thermal degradation of polybutadiene, 
introducing the first semi-detailed chemical kinetic model capable of 
describing decomposition pathways of the polymer that are relevant to 
the subsequent combustion of product gases. This work provides addi
tional experimental targets to drive kinetic model development. The 
objectives are to elucidate the behavior of polybutadiene in pyrolytic 
environments and to develop predictive kinetic models describing the 
polymer mass loss and the release of volatiles. Experimental in
vestigations utilized thermogravimetric analysis for quantitative 
analysis.

The findings highlight the model’s ability to capture key pyrolysis 
mechanisms. Such modeling is crucial for interpreting experimental 
results characterized by proposed reaction classes and predicting com
bustion characteristics of produced gases that are then ignited in the gas- 
phase in targeted applications. This integrative approach leverages 
experimental and modeling techniques to provide a mechanistic un
derstanding of polybutadiene pyrolysis under various heating rates, 
thereby enhancing the predictive capabilities in practical applications.

Summarizing 

• This study introduces the first chemical kinetic model that predicts 
species formation during the condensed-phase pyrolysis of poly
butadiene, providing a foundational understanding of its decompo
sition behavior.

• New thermogravimetric analysis data offer highly relevant bench
marks for refining pyrolysis models, ensuring accurate representa
tion of decomposition mechanisms especially at high heating rates 
where thermal effects can dominate kinetic effects.

• This model highlights the importance of incorporating additional 
reaction pathways, such as the novel intramolecular Diels-Alder-like 
reactions involving isolated vinyl moieties, to enhance predictive 
accuracy in early-stage decomposition and lower heating rates.

• This work measures and predicts evolved gaseous chemical species 
from pyrolysis of PB that can be used to inform how those gaseous 
species would perform when combusted for relevant applications 
such as propulsion and energetic materials.
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