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A B S T R A C T

In a circular economy perspective, plastic waste (PW) is a valuable source of chemicals and energy vectors.
Understanding the effect of poly(ethylene terephthalate) (PET) in thermochemical valorisation of complex and
contaminated PW mixtures requires definition of suitable kinetic models. This work proposes a condensed-phase
semi-detailed kinetic model for PET pyrolysis based on a consolidated functional group approach already vali-
dated for other polymers. The reaction network is built considering studies on thermal degradation of PET, model
compounds, and small gas-phase esters. Reaction pathways proposed in the scientific literature are critically
assessed through analogy with high accuracy gas-phase calculation and are complemented by new proposed
pathways. The resulting model couples molecular and radical mechanism and consists of 85 gas and liquid
species with 700 liquid-phase reactions, being suitable for CFD simulations of PW pyrolysis upon further
reduction. This work also presents new experimental data including TG analysis coupled with GC × GC speci-
ation measurements and elemental characterization of the solid residue. The model is validated by comparison
with the new experimental data and a comprehensive set of literature data in terms of characteristic degradation
times and detailed product yields. The present work expands the relevant data available for chemistry models
development and extends the CRECK kinetic framework for thermochemical recycling of PW mixtures. The
proposed kinetic model is attached as Supplementary material and freely available as an open GitHub repository.

NomenclatureAbbreviations

Acronym Description

BDE Bond Dissociation Energy
CFD Computational Fluid Dynamics
EC End-Chain
FG Functional Groups
FID Flame Ionization Detector
GC Gas Chromatography
HMW High Molecular Weight species
HR Heating Rate
LMW Low Molecular Weight species
MC Mid-chain
MS Mass spectrometer
MSW Municipal Solid Waste
PA Polyamides
PDD Pulsed discharge ionization detector
PE Polyethylene

(continued on next column)

Abbreviations (continued )

Acronym Description

PET Poly(ethylene terephthalate)
PMMA Polymethylmethacrylate
PP Polypropylene
PS Polystyrene
PU Polyurethanes
PVC Polyvinylchloride
PW Plastic Waste
RGA Residual Gas Analyser
SM Supplementary material
SPU Supporting Polymer Unit
TCD Thermal conductivity detectors
TG Thermogravimetry

Species nomenclature

(continued on next page)
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Species nomenclature (continued )

Acronym Description Representation

Acronym Description Representation

Condensable
Gas

Species in gaseous form at
reaction temperature but
condensable at room
temperature (tars)

​

Gas Species in gaseous form at
reaction temperature

​

Light Gas Species in gaseous form at
room temperature

​

(L) Liquid-phase species ​
BA Benzoic Acid

OH

C Secondary carbon (–CH2–) ​
CYEDGE Cyclic Dimer

O
O

O
O

D Terminal vinyl bond (–C2H3) ​
DVT Divinyl terephthalate

OO

EGDA Ethylene glycol dibenzoic
acid

HO
OH

EGDB Ethylene glycol dibenzoate

EGDV Ethylene glycol divinyl
terephthalate O

O

G-S Char pseudo-species S ​
M Methyl group (–CH3) ​
MVT Monovinyl terephthalate

HO

Ph Phenyl ring (− C6H4–) ​
P-S End-chain species S ​
P-S-P Mid-chain species S ​
T Tertiary carbon (–CH–) ​
TA Terephthalic Acid

HO OH

VB Vinyl Benzoate

O

Mathematical notation

Symbol Description Units

A Modified-Arrhenius frequency factor cm, mol, s
CM Concentration of monomer mol cm− 3

Eact Modified-Arrhenius activation energy cal mol− 1

hm mass transport coefficient m− 3 kg0-1 s− 1

k Modified-Arrhenius kinetic constant cm, mol, s
m Mass kg
ṁ Mass flowrate kg s− 1

MW Molecular Weight kg kmol− 1

MWav Number average molecular weight kg kmol− 1

nA Modified-Arrhenius temperature exponent −

r Molar reaction rate kmol m− 3 s− 1

R Molar formation rate kmol m− 3 s− 1

Rg Molar gas constant cal mol− 1 K− 1

t Time s
T Temperature K

(continued on next column)

Mathematical notation (continued )

Symbol Description Units

V Volume m3

γ CHEMKIN correction parameter cm3 mol− 1

ρ Density g cm− 3

Scripts

Acronym Description

0 Initial
av Average
B Bubble
b Bulk
ev Evaporation
g Gas-phase
I Interface
L Liquid
M Monomer

1. Introduction

Waste valorisation through chemical recycling is a key step towards
circular and sustainable chemical and energy industries [1–3]. Poly
(ethylene terephthalate) (PET) is among the main constituents of plastic
waste (PW) mixtures due to its widespread use in packaging, fibre
production, film applications and in the manufacturing and automotive
industry [4]. One of the advantages of PET is its higher recycling po-
tential with respect to other plastics through chemical and mechanical
processes [5]. Several recycling technologies have been developed in the
past decades, but they involve significant purification and separation
costs and degrade the material properties [4]. Such issues can be sub-
stantially reduced through thermochemical recycling specifically for
highly contaminated and complex PW [4,6].
According to the geographical position and seasonality, amounts of

PET between 3 to 7 wt% are found in real plastic waste samples [7,8].
Despite this relatively small quantity, the presence of oxygen decreases
the quality of pyrolysis oil and may require pretreatment steps [9].
Additionally, the aromatic rings in the backbone enhance the formation
of a carbonaceous solid residue (char) that requires further treatment.
Most importantly, as previously reported, PET alters the release of
chlorinated and nitrogenated compounds from polyvinylchloride (PVC)
[10–12] and polyamides (PA) [11,13,14]. As formation of HCl and
pollutant release are key issues in PW thermochemical recycling, pre-
dicting the degradation of PET and its interactions with other polymers
is of paramount importance. Chemical kinetics and fluid dynamics tools
can aid both design and optimization of reactors and processes by
tailoring the product distribution, release, and energy requirements
[7,15].
The thermal degradation of PET has been studied in the scientific

literature since the 1950s [16]. From an experimental point of view, the
main focus has been given to mass-loss profiles [17–26], while few
studies investigated volatile release [17,18,27,28] and char character-
ization [29–31]. Several research papers have investigated the reaction
mechanism appropriately modifying the reaction system or by com-
parison with similar compounds [16–18,26,29,32–47]. Conversely, the
chemical kinetics of these reactions have received low attention in the
literature compared to other polymers [48]. Several global kinetic
models have been proposed, ranging from simple one-step kinetics to
artificial neural networks, proving able to describe polymer mass-loss
profiles [14,19,21,23,49–51]. While these models prove flexible for
large scale calculations, they do not provide any detail of the reactivity
involved [52] and do not allow for extrapolation outside the investi-
gated conditions [7]. To the authors’ knowledge, no predictive model
able to quantitatively explain the physico-chemical phenomena
involved and the observed complex spectra of products has been
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developed. Such physics-based models, compared to global ones, pro-
vide information also on the modifications of the condensed-phase and
volatile release at different operating conditions. Furthermore, they lay
the basis for deriving global kinetics representative of the underlying
physico-chemical processes [53].
This work proposes a semi-detailed kinetic model for PET condensed-

phase pyrolysis. The model builds on previous literature studies
[16–18,26,29,32–47] and it is developed following the functional group
(FG) approach employed for PVC, polyolefins, and biomass pyrolysis
[48,53–56,90]. To aid in model development, a dedicated experimental
campaign is performed to assess mass-loss profiles, volatile release, and
char characterization. Specifically, new micro-pyrolysis speciation data
by comprehensive two-dimensional GC are presented together with
elemental characterization of the char residue produced by thermogra-
vimetric (TG) analysis. Model validation is performed also through
comparisons with both mass-loss and product distribution experimental
profiles from the scientific literature. The resulting condensed-phase
model can also be coupled with other subsets describing both solid
and gas phase gasification processes to describe secondary reactions and
constitutes a first step towards the investigation of mixture interactions
in future works.

2. Methods and materials

2.1. Experimental methodology

A virgin commercial PET sample was employed for all experimental
measurements. The elemental CHNS/O composition of the polymer was
analysed with a Thermo Scientific FLASH EA2000 analyser (Inter-
science, Belgium) operated in combustion mode (ASTM D5291 standard
method). Five replicates were performed burning 2–3 mg of sample in
pure oxygen at 950 ◦C. For calibration of the device, a well-defined 2,5-
Bis(5-tert-butyl-2-benzo- oxazol-2-yl)thiophene (BBOT) standard
(Elemental Microanalysis, United Kingdom) was used. An elemental
composition of 62.31± 0.47 wt% C and 4.36± 0.08 wt% H is measured,
where no sulphur is detected. Trace amounts of nitrogen (0.01 wt% ± 5
% rel.) are also measured, likely stemming from nitrogen-containing
additives present in low concentrations. Sample oxygen content was
determined by difference. The measured elemental composition is in
line with the theoretical composition of pure PET (62.5 wt% C, 4.2 wt%
H). The same procedure was performed also for char samples.
The pyrolysis experiments were performed by using a single-shot

tandem micro-pyrolysis facility (Rx-3050 TR, Frontier Lab., Japan)
coupled with a comprehensive two-dimensional Gas Chromatography
system (GC × GC, Thermo Scientific TRACE Ultra) and a separate
multicolumn GC dedicated for analysis of light gases (Thermo Scientific
TRACE 1310) equipped with two thermal conductivity detectors (TCD)
and a pulsed discharge ionization detector (PDD) described in previous
works [57–59]. Briefly, isothermal experiments were performed at 400,
500, and 600 ◦C dropping 500–800 µg of materials into the preheated
pyrolysis furnace with a deactivated stainless steel sample cup (Eco-cup
LF). The heating rate the sample was subjected to ranges from 100 to
200 ◦C s− 1 according to the chosen set temperature [60]. The reactor
was operated with a He sweep flowrate of 50 mL/min and a pressure of
~2.7 bara. The released volatiles were collected in a cryo-trap (MJT-
1035E) cooled with liquid nitrogen and then simultaneously fed to the
two analyses systems. The cryo-trap temperature was approximately 77
K, while the holding time was 25 min at 400 ◦C and 5 min at 500 and
600 ◦C. The GC columns, an MXT-1 (Restek) non-polar and a ZB-35HT
(Phenomenex) polar, were operated from 40 ◦C to 350 ◦C with a ramp
of 5 ◦C/min. Compound identification was performed with a BenchTOF-
Select™ (Markes, United Kingdom) scanning m/z = 50–500 at 70 eV
comparing the products spectra with the NIST library database. MS
spectra of species not reported in the database (e.g., monovinyl and
divinyl terephthalate) were identified by comparison with profiles of
expected products available in literature [61]. Compound quantification

was performed with a flame ionization detector (FID), calibrated inter-
nally with iso-butane, and externally using benzoic and terephthalic acid
(Sigma Aldrich). The response factors of other compounds were calcu-
lated via the molecular response factor (MRF) method as reported by De
Saint Laumer et al. [62]. Mass closure obtained from the setup increases
with temperature, ranging from 30 % at 400 ◦C to 70 % at 600 ◦C.
However, considering ~10–30 wt% of solid residue [17,27], and similar
results in literature [18,27], the results are deemed acceptable.
TG analysis was performed for both investigating the PET degrada-

tion profiles and char quantification, using the NETZSCH STA 449 F3
Jupiter simultaneous thermal analyzer. Grounded PET samples weigh-
ing 30–40 mg were loaded into Al2O3 NETZSCH Crucibles (0.3 ml). The
analysis was performed under a continuous flow of nitrogen (N2) at a
rate of 100 mL/min. The initial temperature was raised from 20 ◦C to
specific target temperatures (400 ◦C, 500 ◦C, or 600 ◦C) at a heating rate
of 10 ◦C/min, followed by a 30-minute isothermal period at the set
temperature. Further details on all the experimental equipment
employed are given in Section S2 of the Supplementary material (SM).

2.2. Physical and mathematical model

The initial polymer is assumed being a small viscous melt approxi-
mated as isotropic and homogeneous. Degradation occurs through
volumetric liquid-phase reactions that form light liquid-phase com-
pounds able to evaporate. Two sets of equations are introduced for the
liquid mass of liquid species j, mjL, and for the gas mass of gas species k,
mkg as:

dmj
L

dt
= − ṁj

ev +R
j
LVLMWj (1)

dmk
g

dt
= ṁk

ev+R
k
LVLMWk (2)

where ṁjev is the evaporation rate of species j, R
j
L its molar liquid-phase

formation rate, MWj the molecular weight of species j, VL the liquid
volume, and units are kg, kmol, m3, s. As mentioned, char species are
considered among the liquid-phase set. Thermal equilibrium is assumed
between liquid and gas phases and no energy balance equation is
introduced. Evaporation rates are evaluated considering mass-transfer
resistances of diffusive and convective phenomena [52] as:

ṁj
ev = hm(ρI,gj − ρb,gj ) (3)

where hm is the average species-independent transport coefficient, ρj are
the species densities evaluated at the gas-side interface (I,g) and gas-bulk
(b,g). Equilibrium is assumed at the liquid–vapour interface, and vapour
pressures are evaluated from the NIST webbook [63] or employing
Nannoolal’s group contribution method [64]. Considering average
diffusion values of aromatics in N2 at 400 ◦C and the typical size of
crucibles, the transport coefficient is estimated at hm= 0.1 m3/kg0/s. An
in-house C++ code based on OpenSMOKE++ [65] was developed to
evaluate the sample evolution.

3. Kinetic mechanism

The present semi-detailed kinetic model quantitatively describes the
condensed-phase chemical phenomena occurring during PET pyrolysis
to predict the evolution of the polymer mass and major product distri-
bution at low computational costs. As the degradation mainly occurs
above the polymer melting point [47], a molten state for the initial
polymer is assumed. The pyrolysis process results in the formation of
volatile compounds and a solid residue [66]. In the following, all com-
pounds that evaporate from the molten to the gas phase are defined as
“gas species”. Gas species may be light or condensable (tars) gases ac-
cording to their physical state at room temperature. Conversely, the
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solid residue is simply referred to as “char”.
The proposed kinetic mechanism stems from literature studies on

plausible molecular pathways [16–18,26,29,32–47] and analogous
degradation mechanisms developed for gas-phase compounds
[44,67–75]. Fig. 1 schematically shows the main molecular (blue) and
radical (red) reaction pathways introduced in the mechanism, which are
discussed in detail in Section 3.3 and 3.4 respectively. The reaction
network follows a first-principles approach, critically assessing potential
reaction pathways by means of analogies with gas phase [76]. Small
methyl and ethyl esters serve as reference compounds for model
development thanks to the high accuracy achieved through theoretical
computational methodologies in describing their thermochemistry and
reactivity. More accurate metadynamic methodologies [77] can be
employed to evaluate the effect of the solvent compared to gas-phase,
but they are currently severely hindered by the computational

expense. Table S1 of the SM reports the corresponding analogue for each
elementary reaction class in the model. Bond dissociation energies
(BDEs) evaluated through the ATcT [78] and NIST [63] databases are
employed to validate theoretical studies as well as to extrapolate the
information to heavier compounds. The reaction mechanism involves
only homogeneous liquid-phase reactions, while phase-change phe-
nomena (evaporation) are modelled separately with appropriate mass-
transfer exchange coefficients [15]. The mechanism developed in this
work is provided in CHEMKIN format and is attached as Supplementary
material. It is also freely available on the CRECK Modeling Lab GitHub
repository [79].

3.1. Species description

Plastic materials involve a distribution of chains of different lengths

Fig. 1. Schematic representation of the main pathways in PET degradation mechanism through molecular (blue) and radical (red) reactions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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carrying similar chemical functionalities. According to the functional
groups approach (FG), the reactivity of macromolecules can be
described through pseudo-species characteristic of their chemical moi-
eties. The liquid-phase compounds are distinguished in three different
subsets: all polymeric chains longer than the trimer are considered High
Molecular Weight (HMW) species and are described with functional
groups characteristic of the polymer moieties; compounds smaller than
the PET trimer are modelled as real species and are referred to as Low
Molecular Weight (LMW) species; solid-phase species are described
through the fully lumped functional groups approach developed for
biochar formation [80].
Each HMW chain is described through a few functional groups

representative of mid-chain (MC) and end-chain (EC) moieties as sche-
matically shown in Table 1. The representation of functional groups and
the corresponding labels are all shown in Fig. S1 of the SM. All HMW
pseudo-species are identified by the initial “P-”, while mid-chains also
have a terminal “-P” in their names. HMW species of different chain-
lengths are characterized by different amounts of the same functional
groups, so that the entire HMW chain-distribution is described through
MC and EC pseudo-species only. To identify the chemical moieties of
pseudo-species from their names, a specific nomenclature is introduced.
“Ph” represents the aromatic rings along the chain (− C6H4–), while
terminal double bonds are labelled “D” (–C2H3). Alkyl-like carbon atoms
are distinguished in methyl groups “M” (–CH3), secondary carbons “C”
(–CH2–) and tertiary carbons “T” (–CH–). Following this approach, the
MC representing the terephthalic moiety (–CO–C6H4–CO–) is “P-
COPhCO-P”, while the glycol moiety (− O–CH2–CH2–O–) is described by
“P-OCCO-P”. The corresponding ECs are “P-COPhCOOH” and “P-
OCCOH”. During the degradation process, other groups are formed such
as vinyl benzoates, phenyl groups, and aldehydes, and the correspond-
ing pseudo-species are also introduced coherently with the above
nomenclature.
The model incorporates alkyl-like, carboxylic, and phenyl radicals to

account for the radical degradation. Benzoyl radicals are excluded due
to their rapid decarbonylation (i.e., CO release) and the inherent insta-
bility of hydrogen atoms in aldehyde functionalities. The presence of a
radical is denoted by the dot (“.”) within the label. Certain compounds,
such as the ethyl ester end-chain (“P-OCM”), possess two distinct isomer
radicals, exhibiting different reactivities. The location of the dot in the
species label relates to the type of radical. For example, “P-OCṀ” rep-
resents a primary radical, while “P-OĊM” a secondary one.
The evolution of LMW compounds is described similarly to conven-

tional detailed models for pyrolysis of gaseous and liquid fuels [81],
employing lumping techniques to reduce the number of species and
reactions [82]. Species with boiling temperature (Tb) < 200 ◦C are
assumed to directly enter the gas phase upon stabilization (e.g.,

CH3CHO, C6H6) [56]. The degradation products are primarily charac-
terized by phenyl, carboxylic, or vinyl benzoate terminal functionalities.
Minor compounds with methyl-ketone or methyl/ethyl ester ends [16]
are neglected due to their lower abundance. The same types of radicals
considered for HMW species are also introduced for LMW ones.
Considering the monomers, all combinations of terminal functional
groups are explicitly considered. For example, the model includes three
monomers with one carboxylic end, namely benzoic acid (BA) for
phenyl-carboxylic ends, monovinyl terephthalate (MVT) for vinyl-
carboxylic ends, and terephthalic acid (TA) for carboxylic-carboxylic
ends. As regards dimers, cyclic dimers (CYEGDE) and symmetric con-
figurations are considered. The latter include ethylene glycol dibenzoate
(EGDB), ethylene glycol divinyl terephthalate (EGDV), and ethylene
glycol dibenzoic acid (EGDA), while mixed configurations are repre-
sented as their combination. The structure of monomers and dimers
introduced in the model are represented in Fig. S2 of the SM, except for
the cyclic ones for clarity purposes.
As the degradation proceeds, formation of polycyclic aromatic hy-

drocarbons and subsequent dealkylations and decarbonylations result in
the formation of a carbonaceous solid residue (char). While coal- and
bio-char have been significantly studied in the past decades [55,83,84],
to the authors’ knowledge, few characterization data are available for
plastic char. Specifically, several studies focused on char yield from PET,
but few elemental characterizations have been performed in controlled
conditions [29,30,85–87] despite their relevance in evaluating char
reactivity and its secondary reactions [84]. The current mechanism
employs the fully lumped approach developed for biochar formation
[55] introducing the corresponding species and reactions. A single
species labelled CHAR describes the aromatic structure, together with
pseudo-species representative of ketone, ether, ester, aliphatic, and
other moieties. The names of these compounds start with the “G-” label
(e.g., G-CO, G-H2) and represent the evolution of char’s elemental
composition. Since the reference biomass model is fully lumped, the
radical reactivity is lumped in reactions representative of the global
behaviour of pseudo-components. For instance, phenyl hydrogens are
represented by the G-H2 species, and a single unimolecular reaction
represents its release to H2. Similarly, methyl bridges and toluene-like
structures are represented through the species G-CH4 which de-
composes in a single lumped step to gas-phase CH4. Overall, the char
pseudo-species share the same chemical composition as the stable gas-
phase molecules they decompose into [55,80,88,89].
The total number of liquid-phase pseudo-species (Table 1) intro-

duced to describe PET condensed-phase degradation is 51, 18 of which
are HMW species. Liquid-phase species are identified by “(L)” and the
same LMW species are present also in the gas phase, obtaining a total
number of 84 species.

3.2. Developing a CHEMKIN-format reaction mechanism with the
functional groups approach

The functional groups (FG) approach describes the reactivity of
fragments of the polymeric chains. Compared to real species, reactions
of these pseudo-species may affect the neighbouring fragments, either
modifying their chemical bonds or their location within the polymer
chain. The concept of supporting polymer unit (SPU) is introduced to
represent these phenomena [56,90]. The present Section presents a
generalization of the SPU formulation, while Section 3.3.1 shows a
practical example within the context of PET pyrolysis. In general,
consider three neighbouring chain fragments “A”, “B”, and “C” forming
a sequence “B-A-C” along the chain. In this sequence, “A” is the mid
chain species, while “B” and “C” can be either mid-chain or end-chain
species. The fragment “A” can undergo a generic unimolecular
elementary step “E” with an elementary rate constant “kE”. Following
the FG approach, the model introduces a reaction “R0” that forms two
products “P” and “Q” as:

Table 1
Schematic representation of the HMW, LMW, and char species introduced for
PET degradation.

Species Stable Radical Representation of main species

HMW MC 3 3
O

O
.

EC 6 6
OH

LMW 9 16 O

HO

Char 8 − O O

O

Number of liquid
species

51

Number of gas
species

33
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B + A + C => P + Q kR0 = kE
∏

i∈SPU
γi (R0)

where kR0 is the reaction rate constant of “R0”, “B” and “C” are the SPU
of the reaction, and γi correction factors discussed in Eq. (4). This re-
action appears as a termolecular reaction since the fragments are rep-
resented by three different pseudo-species. The type of products depends
both on the reaction and on the type of SPUs. For instance, if “B” and “C”
are mid-chain species and “E” is a chain-shortening reaction, “P” and
“Q” are two end-chain species. Conversely, if one of the SPUs is an end-
chain species, reaction “R0” forms LMW products. The transformation of
MCs into ECs and ECs into LMW species represents the decrease of the
polymer chain length. Overall, the difference between reactants and
products lies in the functionality of the chains, described by the type of
fragments, and in their different chain-lengths, characterized by the
ratio of MCs to ECs. The methodology also considers the opposite pro-
cess, i.e., bimolecular reactions such as radical addition or recombina-
tion forming mid-chain species from two end-chain reactants,
representing the increase of the average chain length.
The same elementary reaction “E” can also occur in the presence of

other SPUs. Following the CHEMKIN format, the model introduces a
separate reaction for all relevant SPUs that can be employed by the
reactive site. From a kinetic perspective, the SPUs do not affect the
elementary reaction rate (rE) as they are required only to preserve the
physical interpretation of the fragment degradation, hence their defi-
nition of “spectators”. However, the rates of the different reactions with
SPUs must account for the relative amount of SPU available to the
polymer. To avoid modifying the total reaction rate of “A”, this depen-
dence should follow the amounts of each SPU compared to all the
available SPUs. This dependence can be included within the numerical
solver, but it is not CHEMKIN-format compliant. To incorporate “a pri-
ori” a dependence of the reaction rate in the fraction of SPU, the kinetic
constant employed in the model (kR0) is obtained modifying the
elementary kinetic constant kE as shown in “R0”. Specifically, for each
SPU “i” introduced in the reaction, the constant is modified by a species-
dependent parameter γi. This modifier is based on the concentration of
species i (ρL/MWi) and the total amount of SPU available at the initial
time as:

γi =
MWi

ρL
1

∑
j∈SPUEω

0
j

(4)

where ρL = 1.4 g cm− 3 is the mixture density (assumed constant in the
liquid phase),MWi is the molecular weight of species i, and

∑
j∈SPUEω

0
j is

the sum of initial SPU mass fractions (ω0j ) that may be involved in re-
action “E” (SPUE). Because of these corrective terms, the frequency
factors of the reactions in the model differ from the values of the
elementary steps reported in the following sections. The proposed
correction is CHEMKIN-format compliant, and it allows to introduce a
dependence on the mass fraction of the support species i as:

rR0 =

(

kE
∏

i∈SPU
γi

)

CA
∏

i∈SPU
Ci = kECA

∏

i∈SPU

ωi
∑

j∈SPUEω
0
j

(5)

This correction introduces several approximations. Firstly, as
mentioned, the required dependence is on the molar fraction of the SPU

compared to the total molar fractions of all SPUs available (xi/
∑

j∈SPUxj).
Since the mixture molar composition changes with the reaction,
correctly accounting for both concentrations and SPU molar fractions
requires hard coding the reaction rate expression. The most sensitive
assumption is that the mass fractions in Eq. (5) are normalized on the
initial mass fractions of the SPU. The error is negligible for polyolefins,
whose liquid-phase composition is dominated by the polymeric species,
while errors are introduced due to the description of char formation in
PET degradation. Specifically, formation of CHAR(L) results in a dilution
effect on the reaction rate as it is considered a liquid species to avoid
considering a ternary system (gas–liquid-solid phases). As mentioned,
the value of

∑
j∈SPUEω0j in Eq. (5) is set a priori and it does not vary with

the composition of the condensed phase. Conversely, formation of spe-
cies not involved in SPU reactions (e.g., CHAR(L)) result in a decrease of
both CA and

∏
ωi, which corresponds to a reduction of the reaction rate

with respect to the elementary step (kECA). On the one hand, char de-
creases the available reactive volume [83], but Eq. (5) indirectly in-
troduces a dependence in its formation related to the number of SPU
introduced. To counteract the over-dilution effect caused by char for-
mation in the present formulation, the frequency factor of reactions that
employ end-chains as SPUs is increased by 2 per EC introduced. Indeed,
reactions employing ECs as SPU are favoured in the later stage of the
degradation, i.e., when char becomes among the main liquid-phase
species. The error resulting from the approximation of Eq. (5) varies
with polymer conversion, but it has a mild impact on the overall model
predictions. When compared to the ternary systemmodel, this translates
in smoother mass-loss profiles at mL < 30 % with a maximum discrep-
ancy of ~3 wt% occurring at mL ~ 22 %. Product yields are also
affected, resulting in a decrease of ~1 wt% for yields of products
characteristic of the molecular degradation mechanism (i.e., MVT, DVT,
TA, EGDV, EGDA). The rate constants reported in Tables 2 and 3
implicitly account for these phenomena. Developing an analogous
model for the ternary system requires slight corrections to the kinetic
constants, which are however well within the uncertainty involved in
their estimation.

3.3. Molecular degradation mechanism

The importance of concerted molecular reactions has been high-
lighted in the degradation of both PET [16,33,34,37,38] and of small
gas-phase esters [63,67,73,91]. Table 2 summarizes the considered
molecular reaction classes with their modified-Arrhenius parameters.
The proposed kinetic parameters represent, in a lumped fashion, com-
plex molecular scale phenomena, and interface cracking effect [92].
Each family of reactions and the corresponding kinetics are discussed in
the following paragraphs. Due to space limitations, some reactions are
schematically represented in Section S1 of the SM. The labels reported in
Table 2 refer to the elementary reaction class, while reactions derived
from the elementary ones are labelled adding letters to the class number
(e.g., R1a, R3c, etc). These molecular reactions are introduced also for

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

Reaction A nA Eact

(R1) Syn elimination 3.0 × 1012 0 48,000
(R2) Assisted molecular decarboxylation 8.0 × 1009 0 36,000
(R3) Carboxylic acid dimerization 5.0 × 1010 0 35,000
(R4) Vinyl ester isomerization 2.0 × 1013 0 50,000
(R5) Ester-interchange 1.0 × 1006 0 20,000
(R6) Pseudo Diels-Alder 1.0 × 1007 0 35,000

Table 3
Modified-Arrhenius parameters for the rate constants of radical elementary re-
actions (units cm, mol, s, cal). k = A TnA exp(− Eact/RgT).

Reaction A nA Eact

(R7) Random scission OC-CO 6.0 × 1014 0 74,000
(R8) H-abstraction of ROĊCO on HOCCO 3.0 × 1011 0 13,500
(R9) β-scission COO-C 5.0 × 1012 0 32,000
(R10) β-scission CO-OC 2.0 × 1013 0 36,000
(R11) Radical decarboxylation 5.0 × 1013 0 16,000
(R12) Glycol 1–5 isomerisation 5.0 × 1010 0 26,000
(R13) Alkyl-like carbonyl addition 5.0 × 1009 0 11,000
(R14) Alkyl-like aromatic addition 2.0 × 1010 0 18,000
(R15) Phenyl carbonyl addition 5.0 × 1009 0 2,000
(R16) Phenyl aromatic addition 2.0 × 1010 0 6,000
(R17) Radical recombination 1.0 × 1008 1 11,000
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LMW species with Tb > 200 ◦C. For instance, dimers can decompose to
monomers through syn elimination reactions, and monomers can
further decompose through decarboxylation or vinyl isomerization.

3.3.1. Syn elimination
Molecular cleavage and rearrangements of PET units can occur

through a concerted 6-center syn elimination with hydrogen transfer
(R1). The reaction is schematically shown in Fig. 2, where mid-chain
species are represented in blue, end-chains in red, and SPUs are iden-
tified by the dashed lines. Fig. 2.a shows the syn elimination reaction
occurring employing the MC units as SPU, while Fig. 2.b shows the same
reaction employing one MC and one EC units as SPU. Considering re-
action R1a, the initial glycol and terephthalic mid-chain species get
converted to a carboxylic (P-COPhCOOH) and a vinyl benzoate (P-
COPhCOOD) end-chain. As discussed in Section 3.2, the glycol unit (P-
OCCO-P) is the reactive site, while the two neighbouring terephthalic
MC units (P-COPhCO-P) are employed as SPU [56,90]. The reaction is
first order in the concentration of the glycol mid-chain, and the
elementary kinetic constant is modified introducing a γi correction (Eq.
(4)) per each SPU. The correction term γi for the terephthalic mid-chain
unit (P-COPhCO-P) is estimated as γP− COPhCO− P = 132/1.4/0.7 cm3

mol− 1 = 134 cm3 mol− 1, where MWi = 132 g mol− 1, ρL = 1.4 g cm− 3,
and

∑
j∈SPUR1ω

0
j = ω0P− COPhCO− P = 0.7. The latter term accounts for all

units that can be employed as SPU by the glycol units in the syn

elimination reaction, which at the initial time are only the terephthalate
MC. Considering PET pyrolysis, reactions employing the terephthalic
unit as SPU do not employ the glycol one and vice versa, and therefore
∑

j∈SPUEω0j < 0. The frequency factor of reaction R1a (AR1a) is evaluated
from the value reported in Table 2. As two SPU are introduced in the
reaction, the resulting value is AR1a= AR1× γP− COPhCO− P × γP− COPhCO− P =
3.0× 1012× 1342 cm6 mol− 2 s− 1= 5.4× 1016 cm6 mol− 2 s− 1. Due to the
presence of two SPUs, the reaction constant employed in the mechanism
has the units of a termolecular reaction.
As the mid-chain units are consumed, the probability of having short

chains with neighbouring EC functionalities increases. For instance,
Fig. 2.b shows the reaction involving one MC and one EC unit as SPU
(R1b). R1a and R1b derive from the same elementary reaction class R1,
but only R1b results in formation of LMW products. The formation of
both monomers and dimers is lumped in a single step, utilizing the sum
of the stoichiometric coefficients of the elementary steps [81]. The equal
probability to form either a carboxylic or vinyl end on the polymer is
reflected by the corresponding end-chains in the product distribution.
Similarly, the LMW species can have either two acid ends or a combi-
nation of one benzoic and one vinyl end. Dimers with different termi-
nations are represented as 0.5EGDA and 0.5EGDV. The reaction is
developed analogously to R1a, where the frequency factor of R1 is
modified introducing γP− COPhCO− P = 134 cm3 mol− 1 and γP− COPhCOOH =

149/1.4/0.7 cm3 mol− 1 = 152 cm3 mol− 1. The denominator is the same

Fig. 2. Representation of the syn elimination reaction employing as SPU (dashed lines): a) two mid-chain units to form end-chains; b) a mid-chain and a carboxylic
end-chain units releasing volatiles and end-chains. Species nomenclature employs Ph for –C6H4–, C for –CH2–, and D for –C2H3.
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for both γi as
∑

j∈SPUR1ω
0
j = 0.7 for both situations. The frequency factor

of reaction R1b is then evaluated as AR1b = 2 × AR1 × γP− COPhCO− P ×

γP− COPhCOOH = 2× 3.0× 1012× 134× 152 cm6mol− 2 s− 1= 2× 1017 cm6

mol− 2 s− 1, where the factor of 2 is introduced to counterbalance the
over-dilution caused by char formation (Section 3.2). The model in-
troduces also reactions employing two end-chains as SPU which release
only LMW. As these reactions employ 2 ECs as SPU, the frequency factor
is further increased by a factor of 2 compared to reaction R1b. The same
syn elimination reaction can also occur on glycol end-chains releasing
CH3CHO and a carboxylic end-chain.
The kinetic parameters of the syn elimination R1 are defined by

analogy to gas-phase ethyl esters [63,73,91,93]. Since the C-H bond in α
to the ester is more labile than a primary hydrogen, an activation energy
of 48 kcal/mol is introduced. Huang et al. [34] calculated a gas-phase
energy barrier of 43 kcal/mol for the PET dimer, which is 7 kcal/mol
lower than the barrier of ethyl metanoate [63,73,91,93], possibly due to
the weaker C-H bond or also to the low-accuracy DFTmethod employed.
Ma et al. [42] studied free energy surfaces of PET dimers at 435 ◦C,
suggesting that this concerted pathway has comparable rates to the
homolytic C-C bond fission (discussed in detail in Section 3.4.1). How-
ever, at T < 700 ◦C initiation reactions affect polymer degradation only
in terms of total radical concentration [81,94], while propagation re-
actions control the product selectivity. Therefore, the results of Ma et al.
[42] imply that molecular pathways do not significantly affect PET
pyrolysis, in contrast with the rest of the scientific literature. In the
present work, compared to R1, syn elimination on glycol ECs employs a
3 kcal/mol decrease in activation energy due to the lower BDE of the
C–H bond α to an OH group [78,95].
The thermal degradation forms ethylidene structures as discussed in

Section 3.4. This ethylidene diester (P-OTMO-P) also undergoes
decomposition through two kinds of 6-centered molecular pathways.
The first one is analogous to the syn elimination shown in Fig. 2. This
path forms the same benzoic and vinyl ECs, and also involves all com-
binations of ECs and MCs as SPU. Compared to reaction R1a, a 2 kcal/
mol increase in Eact is considered because of the higher BDE of primary
hydrogens [63]. The frequency factor is assumed 3 times higher because
of the lower steric hindrance and the higher number of hydrogens. The
alternative degradation pathway for the ethylidene diester involves
interaction between the oxygen and carbon atoms of the two carbonyl
groups (R1c). This reaction occurs through a 6-membered ring and
forms CH3CHO and an anhydride moiety as shown in Fig. 3. Carson et al.
[96] estimate a BDE of ~75 kcal/mol, but this value is 20 kcal/mol
lower than smaller analogous anhydrides [63,78] and estimates from
other studies [97,98]. The phenyl anhydride lacks available hydrogens
compared to small analogues and it reacts more slowly, only by chain
initiations, radical additions, or hydro/alcoholysis. Hence, the

anhydride of R1c is represented through char pseudo-species, and the
two outer phenyl ketone moieties are represented as half terephthalate
MCs. To avoid introducing additional char species with respect to the
biomass model [99], CO2 is directly released. The remaining oxygen
atoms are represented as G-CO and G-COH2 to account for the partial
release of CO and the remaining oxygen being trapped within the char
matrix. The aromatic carbon and hydrogen are represented by G-H2 and
CHAR species. The Arrhenius parameters for this reaction are also
similar to the glycol syn elimination. However, compared to R1 a 6 kcal/
mol decrease in Eact is introduced to account for the polarization of the
carbonyl groups. Conversely, the frequency factor is 25 times lower
because of the higher steric hindrance of the bulky aromatic groups. A
single MC is employed as SPU as the second one is also present as a
product and therefore cancels out.

3.3.2. Molecular decarboxylation and dimerization
The main products of syn eliminations are carboxylic and vinyl ends.

Molecular pathways are considered for both functionalities. Several
studies on gas-phase molecular decarboxylation are reported in the
scientific literature [63,73,100,101]. These reactions have similar fre-
quency factor as syn elimination, but 10–15 kcal/mol higher Eact, and
are therefore not relevant at the conditions typical of PET degradation.
Conversely, the carboxylic acids catalysed decarboxylation reaction
(R2) [35,98,102,103] is considered, introducing an additional P-
COPhCOOH(L) unit as a catalyst not consumed across the reaction
(Fig. S3 of the SM). Similar reactions are introduced to account for end-
chains catalysing dimers and monomer decomposition and vice-versa.
Because of the low liquid-phase concentrations, interactions between
LMW compounds are neglected to simplify the mechanism. An activa-
tion energy of 35 kcal/mol is considered for reaction R2 in line with the
one reported by Liu et al. [98]. The frequency factor is instead adopted
by analogy to the gas-phase addition of a carboxylic acid to a vinyl bond
[73] and to Diels-Alder kinetics in PVC pyrolysis [54]. The model con-
siders also acid dimerization/dehydration to form the corresponding
anhydride (R3). This reaction is similar to the catalysed decarboxyl-
ation, but it consumes both moieties to form water. The anhydride
product is represented as in reaction R1c. This work employs the energy
barriers proposed by Liu et al. [98], with a 1 kcal/mol decrease
compared to bimolecular decarboxylation. The frequency factor is
assumed 100.8 times larger than that of bimolecular decarboxylation.
This difference is introduced because of the smaller (6-member) tran-
sition state of dimerization compared to the 7-member state of assisted
decarboxylation [104].

3.3.3. Vinyl ester isomerization and molecular decomposition
Vinyl benzoate ends can undergo various reaction pathways similar

Fig. 3. Schematic representation of the ethylidene syn elimination to form phenyl anhydride and acetaldehyde. Species nomenclature employs Ph for –C6H4–, C for
–CH2–, T for –CH–, M for –CH3, and D for –C2H3.
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to those observed for vinyl acetate [16,75,91]. The analogous syn
elimination (R1) is excluded due to the higher BDE involved compared
to primary hydrogens (~10 kcal/mol [78]). The model considers only
their primary unimolecular decomposition pathway (R4), which in-
volves a rearrangement to form a β-keto-aldehyde (benzoylacetalde-
hyde) that decomposes forming CO and an acetophenone moiety [16]
(Fig. S4 of the SM). Since the rate-determining step for the vinyl ester
molecular degradation is the intramolecular rearrangement, the reac-
tion products are represented through the main compounds derived
from acetophenone pyrolysis (i.e., ketene and phenyl rings by radical
degradation), with the additional benefit of avoiding an increase in the
model size. The rate parameters for the rate-determining step are based
on the analogous gas-phase keto-enol tautomerization [105]. The acti-
vation energy is lowered by 2 kcal/mol due to the polarization of the
carbon atom in the carbonyl group. These parameters involve higher
temperatures compared to those proposed byMorsch et al. [91] for vinyl
acetate, which were adjusted to match the selectivity data reported by
Allan et al. [44].

3.3.4. Ester-interchange reactions
Glycol end-chains can participate in alcoholysis reactions (R5) with

both mid-chain and end-chain moieties. These reactions affect the initial
stages of degradation and under conditions of low initial molecular
weight. Reactions occurring near the end-chain itself result in formation
of cyclic dimers (CYEDGE) as:

where the glycol end-chain is not consumed across the reaction. The
reaction is bimolecular in the concentration of P-OCCOH(L) and
P-COPhCO-P(L) and employs the glycol unit as SPU. Although ester
alcoholysis is a well-studied reaction, the existing kinetic analyses
primarily focus on acid and base catalysis within specific solvents. For
the present purposes, the kinetic parameters proposed by Reimschuessel
et al. [103] are considered. The same reaction can take place on the vinyl
end to release acetaldehyde and regenerate the initial polymer moiety.
Bimolecular alcoholysis can take place also on the carbonyl group near
the end-chains releasing LMW products.

3.3.5. Pseudo-Diels-Alder reactions
Diels-Alder reactions result in condensation and growth of polycyclic

aromatic carbons and are the only considered pathways that involve
interaction of HMW and LMW species with the char functional groups.
For instance, phenyl end-chains get embedded in the char structure
according to the following reaction:

As regards kinetic parameters for R6, the activation energy is the
same as proposed by Marongiu et al. [54] for Diels-Alder reactions
occurring in PVC pyrolysis. However, the pre-exponential factors are
significantly different due to the unique reaction context. In this case,
the reaction involves the molecular addition to an aromatic network
within the char, where CHAR is represented by a single carbon atom.
This description through the CHAR species leads to high carbon

concentrations, but it also neglects the fact that only the surface layer of
the aromatic network is actually accessible [84,106]. Overall, to
represent these phenomena, an adjusted pre-exponential factor of 107

cm3mol− 1 s− 1 is employed. The frequency factor of R6a is 2 times higher
than the elementary step to account for the higher available surface for
the charification reaction.

3.4. Radical degradation mechanism

The radical degradation is responsible for formation of CO, CH3CHO,
and polycyclic aromatic structures. These pathways are dominant at
higher temperatures, but also affect product distributions at lower T (e.
g., char and CO2 formation). The mechanism is schematically repre-
sented in Fig. 1 and described in greater detail in the following para-
graphs. Table 3 reports the considered elementary reactions and the
corresponding modified-Arrhenius parameters. Initiation occurs by
random scission, and the produced radicals then undergo propagation
reactions such as H-abstractions, β-scissions, and radical additions. Only
termination by radical–radical recombination is considered. As with
PVC [54] and lignin [107], condensation and radical additions to the
aromatic rings result in formation of considerable amounts of char
(10–20 wt%). The onset temperatures are mainly affected by β-scissions,
which are the rate determining step, and random scission and recom-
bination reactions, which control the radical pool. H-abstractions and
additions control the product distribution together with β-scissions

reactions.
The propagation reactions introduced for HMW pseudo-species are

also defined for LMWmolecules. For instance, terephthalic acid radicals
(TȦ) can decarboxylate to phenyl radicals of benzoic acid (ḂA), which
then stabilize. Small radicals such as Ċ2H3 and ĊH2CHO are explicitly
considered together with their decomposition reactions, but once sta-
bilized the molecules are assumed to not undergo further reactions
because of their fast evaporation. On the other hand, for molecules with
higher boiling points, secondary reactions of the stable molecules are
considered due to their lower evaporation rates. For instance, the pre-
sent mechanism includes H-abstractions from monovinyl terephthalate
(MVT) to form the carboxyl radicals (MVṪ) and their decomposition to
vinyl benzoate radicals (VḂ). Similarly, radical additions to vinyl ben-
zoate forming light products and end-chains and char species are
included as well.

3.4.1. Radical initiation reactions
Initiation occurs via random scission of the C-C bonds within the

glycol moiety (R7) [34,42], which produces two methyl ester radicals
(Fig. S5 of the SM). The rate parameters are estimated through several
analogies with gas-phase compounds and the transposition from gas to
liquid. Considering a gas-phase PET dimer, Huang et al. [34] compute a
BDE of 81 kcal/mol, which is 6 kcal/mol lower than typical values for
normal alkanes and gas-phase ethyl esters [63,67,78,93,95]. In the
present work, the introduced gas-phase energy barrier of PET is 2 kcal/
mol lower compared to n-alkanes, due to the electron-withdrawing ef-
fect of the neighbouring oxygen atoms [95]. The proposed difference in

2P-COPhCO-P(L) + 2P-OCCO-P(L) + P-OCCOH(L) => P-OCCOH(L) + CYEGDE(L) 4 × 107exp(− 20000/RgT) (R5)

P-COPhH(L) + CHAR(L) => G-COH2(L) + 0.5G-H2(L) + H2 + 7CHAR(L) 2 × 107exp(− 35000/RgT) (R6a)
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gas-phase Eact between initiation and syn elimination is 31 kcal/mol,
aligning with the differences in energy barriers proposed by Huang et al.
[34]. To account for the transition of gas-phase reactions to the liquid
phase, the solvation correction proposed by Ranzi et al. [94] is
employed. This correction applies to reactions with an reverse step
characterized by low activation energies [76]. A decrease of 5 kcal/mol
is estimated from viscosity values reported by Van Krevelen [108]. As
with the molecular reactions, different SPUs are considered introducing
appropriate corrections (Section 3.2). To simplify the mechanism, the
radical pool is assumed controlled only by HMW species, as the liquid-
phase reactivity of LMW species is characterized mainly by propaga-
tion reactions and their phase-change rate.
Vinyl esters significantly contribute to the radical pool in PET

degradation. As highlighted by Morsch et al. [91] and in-line with the
BDEs computed from the ATcT and NIST databases [63,78], the CO-O
bond in vinyl esters is 24 kcal/mol weaker than that in esters without
vinyl groups. This difference arises from the formation of the resonantly
stabilized ethenol radical (ĊH2CH2O), while the aromatic ring has
negligible increase in its resonance stabilization due to the non-planarity
of the unpaired electron of benzoyl. Initiation reactions on the CO-O
bond are introduced assuming that the benzoyl radical readily decar-
bonylates and the acetaldehyde radical stabilizes and evaporates
immediately (Fig. S6 of the SM). The BDE for this scission is similar to
allylic initiation, and the same selectivity of gas-phase hexene is
employed [109]. The proposed values are quite in good agreement with
the difference in energy barriers estimated by Huang et al. [34]. Vinyl
ester moieties are also the primary products of the molecular degrada-
tion mechanism, resulting in the radical mechanism being enhanced by
the molecular one. LMW vinyl esters are the only species considered to
affect the total radical pool because of their high initiation rate.

3.4.2. H-abstraction reactions
The radicals formed by initiation undergo different propagation

reactions according to their reactivity. As mentioned, the present
mechanism considers primary and secondary alkyl-like radicals, ben-
zoyloxyl radicals, and phenyl radicals. All radicals participate in H-
abstraction reactions (R8), with the selectivity proposed by Ranzi et al.
[110]. H-abstractions to form vinyl radicals are not included [76], while
those on phenyl hydrogens are considered due to their large amounts
and the importance of radical addition pathways. Phenyl radicals sta-
bilize rapidly, but at T < 500 ◦C aromatic and carbonyl additions have
rates similar to the H-abstraction reactions.

3.4.3. β-decomposition reactions
The most abundant radical within the system is the mid-chain glycol

radical (P-OĊCO-P). This species decomposes following two β-scission
routes (R9-R10) as shown in Fig. 4. The first pathway (R9a) breaks the
COO-C bond and forms a vinyl ester and a benzoyloxyl radical (Fig. 4.a).
The energy barrier of this reaction is evaluated based on the analogous
one in PE pyrolysis [53]. Overall, an increase of 4 kcal/mol is considered
due to two factors. Firstly, the stabilizing effect of the ester group in the
reactant increases the BDE by 2 kcal/mol, as computed by small gas-
phase analogues [78]. Secondly, the COO-C bond within the ester
group of the product is 2 kcal/mol stronger than that in typical alkyl
radicals [78]. The second class of β-scission reactions involves breaking
the CO-OC bond to form a benzoyl radical and an aldehyde that decar-
bonylates releasing CO (R10a in Fig. 4.b). The β-ester-aldehyde product
is represented through its main decarbonylation products, i.e., CO and a
methyl ester. The competition between the two β-scission reactions af-
fects the high temperature CO/CO2 ratio. A selectivity similar to the one
proposed for unsaturated ethyl esters by Bennadji et al. [93] is
employed, resulting in the second pathway being most relevant at high
temperatures.
Fig. 5 shows additional β-scission reactions considered in the present

mechanism. The first one is decarboxylation of benzoyloxyl radicals
(R11), which is the main responsible for CO2 release. The considered

Fig. 4. Representation of the β-scission of the glycol MC radical to form: a) an EC vinyl ester and an EC benzoic radical; b) an EC methyl ester an EC phenyl radical
and 2 CO. Species nomenclature employs Ph for –C6H4–, C for –CH2–, T for –CH–, M for –CH3, and D for –C2H3.
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Arrhenius parameters are similar to other gas-phase acids [100,101] and
align closely with the values proposed by Mielczarek et al. [111] and
experimentally by Barson and Bevington [112]. The other β-scission
reactions involve mainly alkyl-like radicals such as methyl and ethyl
esters. The former (R10b) decomposes by breaking the CO-O bond
releasing CH2O and CO, while the latter has two different isomers which
decompose according to two different pathways (R9b, R10c). The rate
coefficients of these reactions are computed from the elementary classes
related to breaking the COO-C (R9) or CO-OC (R10) bonds. The
elementary steps are modified to account for the different stabilities of
the starting radical. For instance, R10b and R9b employ a decrease of 1
kcal/mol in Eact due to the lower stability of primary radicals [90,94].
The radical decomposition of glycol end-chains is also considered. The
only radical considered is the α-position to the OH group (P-OCĊOH)
due to its lower BDE, which decomposes to CH3CHO and a benzoic
radical (R9c). Compared to β-scission of the mid-chain glycol radical
(R9a), an increase by 1 kcal/mol in the activation energy is considered
due to the higher stability of P-OCĊOH.

3.4.4. Glycol 1–5 isomerization
The proposed β-scission parameters lead to an accumulation of glycol

radicals. A key pathway proposed herein for glycol radical consumption
is the isomerisation by interaction with the ester moiety through a 5-
membered ring to form a primary ethylidene diester radical (R12a), as

shown in Fig. 6. The rate parameters for this reaction are computed from
the backward reaction (R12b), i.e., an isomerisation from primary to
secondary radical. The considered Eact is similar to 1–4 backbiting (BB
1–4) in PE [53], but a higher frequency factor is considered due to the
more rigid C––O bond. The rate parameters of the forward reaction
(R12a) are computed from equilibrium considerations. An increase of 4
kcal/mol in Eact is introduced to account for the BDE differences for
primary and secondary hydrogens adjacent to the ester group, as re-
ported by El-Nahas et al. [95]. Additionally, the entropy difference be-
tween isobutyl and 2-butyl is considered, resulting in R12b having a
frequency factor that is 2 times higher compared to R12a. The model
includes β-scission and H-abstraction reactions for both the primary and
tertiary ethylidene radicals. The latter is more stable, but it is hindered
by the bulky surroundings and involves higher Eact to decompose. As
discussed in Section 3.3, the main decomposition pathway of the eth-
ylidene are concerted ones (Fig. 3), which are major contributors to
acetaldehyde formation.

3.4.5. Radical addition reactions
A peculiar aspect of PET degradation reactivity compared to other

polymers lies in the presence of benzene rings along the backbone. These
functionalities slow polymer decomposition because of their high BDEs
[63], but also facilitate the formation of networks of aromatics. At PET
degradation temperatures, glycol radicals decompose slowly, while

Fig. 5. Schematic representation of the additional beta-scission reactions included in the model.

Fig. 6. Schematic representation of isomerisation of the glycol secondary radical to the primary ethylidene position. The backward reaction is considered separately.
Species nomenclature employs C for –CH2–, T for –CH–, M for –CH3.
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phenyl radicals are unable to decompose at all, and both can interact
with the surrounding electrons by H-abstraction or addition reactions.
These reaction classes have been studied for gas-phase species [70,113]
and are among the main responsible for soot growth [114]. With respect
to PET degradation, the high concentration of both radicals and poten-
tial addition sites within the polymeric melt increases the relevance of
the addition reactions. Several reaction pathways are considered to ac-
count for the various addition positions, leading to the formation of
stable polycyclic aromatic structures that gradually evolve into char.
Because of the lack of quantitative data, the complex unsaturated and
branched products of these reactions are lumped in the CHAR species
and its pseudo-species analogously to the anhydrides shown in Fig. 3.
Only addition of phenyl and glycol radicals to aromatic rings and
carbonyl groups of vinyl esters are considered in the present work. These
reactions heavily affect char yield and composition.
Fig. 7 schematically represents additions of mid-chain glycol radicals

to vinyl esters and aromatic rings respectively. The former are seldom
considered in gas-phase mechanisms due to the dominance of unim-
olecular degradation pathways at high T. Gas-phase studies suggest that
addition occurs on the carbon atom side forming short-lived alkoxy
radicals [70]. In the context of PET, these addition reactions are steri-
cally hindered by the aromatic rings, but the decomposition of the
resulting alkoxy radical is favoured by formation of stable products [70]
such as the ethenol radical. For this reason, only additions to the
carbonyl groups of vinyl ester are considered because of the significantly
low BDE of the CO-OC2H3 bond.
Fig. 7a schematically represents carbonyl addition of glycol radicals

to vinyl esters, where the addition and decomposition reactions are
lumped in a single step. This reaction forms an acetaldehyde radical and
an acetophenone-like structure. The latter is represented by incorpo-
rating a half-terephthalic moiety alongside a mid-chain alkyl group. The

remaining aromatic part is represented through CHAR, ethylene moi-
eties and gas-phase CO. The kinetic parameters are obtained from
analogies to gas-phase studies. The frequency factor is the one of the
entrance channel, i.e., the addition step, while the energy barrier is
related to the decomposition of the alkoxy radical [113], which is the
rate determining step. As described by Curran [70], the frequency factor
of the carbonyl addition is determined from an equivalent vinyl addition
reaction. Considering vinyl esters, the addition of H to styrene [63] is
considered as equivalent to the addition of H to the benzaldehyde, which
is the smallest gas-phase analogue studied in literature. To account for
the higher steric hindrance of glycol radicals, this frequency factor is
then adjusted based on the ratio between the addition of isopropyl
radicals with respect to that of H on alkyl ketones [70]. Regarding the
energy barrier, the model introduces a decrease by 2 kcal/mol compared
to formation of CH3 from tert-butoxy radicals [70]. This reduction is
introduced to represent the higher stability of the ethanol product.
Similar reactions are considered also for all other alkyl-like radicals on
all vinyl ester moieties, dimers included.
Because of the large amounts of mid-chain aromatic rings, aromatic

additions of glycol radicals are introduced as shown in Fig. 7b. These
reactions form alkyl aromatic moieties and a formyloxyl-like alkyl
radical (ĊOOCH2–) which is assumed to instantaneously decarboxylate
forming an ethyl ester primary radical. The reaction does not introduce
the glycol MC as SPU since it balances out as a product. The alkyl aro-
matic is represented by the ethylene moiety pseudo-species (G-C2H4)
and CHAR. The Arrhenius parameters of these reactions are obtained
from the analogous gas-phase additions of alkyl radicals to aromatic
rings [63,113]. Compared to carbonyl additions, the frequency factor is
4 times higher to represent the lower steric hindrance.
The addition pathway for phenyl radicals mirrors the behaviour of

glycol radicals (Fig. 8). Considering additions to the carbonyl group of

Fig. 7. Schematic representation of glycol radical: a) additions on carbonyl positions of the vinyl ester end-chain; b) aromatic additions on the mid-chain aromatic
rings. Species nomenclature employs Ph for –C6H4–, C for –CH2–, T for –CH–, M for –CH3, and D for –C2H3, and r to identify the radical position.
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vinyl esters (Fig. 8a), the LMW product remains the same as glycol ad-
ditions (ĊH2CHO). Conversely, the aromatic structure of the product
involves two terephthalic moieties, employing appropriate functional
groups to represent the benzophenone-like structure. Three kinds of
oxygen and hydrogen pseudo-species describe the variation of carbon
content in char with temperature. G-CO and G-COH2, respectively, are
functional groups bound to the solid residue which release oxygen at
intermediate and high T. The latter allows also to account for the
hydrogen release at mid-temperature as opposed to the high-
temperature release by G-H2. The Arrhenius parameters of reaction
R15 are obtained by analogy. The same frequency factor that is used for
glycol carbonyl addition (R13) is employed here, while the proposed
energy barrier is 2 kcal/mol. This value preserves the difference in
activation energy between carbonyl addition and H-abstraction of the
same radical type. Indeed, Eact of R15 is 3 kcal/mol lower than the en-
ergy barrier of H-abstraction by phenyl radicals (P-COṖh) from glycol
mid-chains (P-OCCO-P), i.e., 5 kcal/mol [63]. This is the same difference
in energy barriers employed for glycol mid-chain radicals comparing H-
abstraction and carbonyl addition reactions. Fig. 8b represents addition
of the vinyl benzoate phenyl radical to a mid-chain terephthalic moiety
(R16). The biphenyl structure involves terephthalic moieties on both
sides. These are represented by a vinyl ester end-chain to maintain the
radical function of the LMW radical. The remaining structure is
described by the CHAR and G-H2 pseudo-species. Release of H2 is also
included to account for subsequent dehydrogenation of the structure.
The reaction is bimolecular but employs a glycol mid-chain as SPU,
where the formyloxyl-like radical (ĊOO–) decarboxylates yielding an
ethyl ester radical. With respect to the Arrhenius parameters, the fre-
quency factor is assumed similar to aromatic additions of glycol radicals
(R14). On the other hand, the energy barrier proposed is 2 kcal/mol
lower than Eact of C6H5 ipso-substitutions of H in soot growth [115–117],

to reflect the 6 kcal/mol lower BDE of Ph-COO groups compared to
phenyl hydrogens.

3.4.6. Termination reactions
Only termination by radical–radical recombination (R17) is included

in the present mechanism. All combinations of MCs, ECs, and LMW
radicals are considered. These reactions lead to an increase in average
chain-length, such that the formation of HMW species is represented as a
mixture of MC and EC units. These reactions might form highly unsat-
urated or branched structures, which can lead to char formation. In
these cases, to simplify the mechanism, these functionalities are repre-
sented as mid-chain and char species. For instance, the recombination of
two phenyl end-chain radicals (Fig. S7 of the SM) forms a biphenyl
structure as in Fig. 8.b. Recombination reactions are assumed diffusion-
controlled [56,76,81,90,94,118,119], and their kinetic parameters are
evaluated according to free volume theory [76,81] employing values on
viscosity-temperature relations [108] and symmetry considerations in
line with polystyrene [120]. As mentioned, the radical pool is assumed
being controlled only by HMW species. Since initiation on LMW species
is neglected, their termination reactions are not considered to preserve
the total radical balance.

4. Results

The proposed kinetic model is validated with data from this work
and from the previous scientific literature. The comparison involves
mass-loss profiles data, volatile distribution, and char characterization.
To the best of our knowledge, no other kinetic model is available in the
literature for comparison. Setups with negligible transport phenomena
and secondary gas-phase reactions (e.g., TG, pyroprobes, micro-
pyrolyzers) are considered. Table S10 in the SM reports the data

Fig. 8. Schematic representation of: a) phenyl additions to carbonyl groups; b) LMW phenyl radical aromatic additions to mid-chain aromatic rings. Species
nomenclature employs Ph for –C6H4–, C for –CH2–, T for –CH–, M for –CH3, and D for –C2H3.
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employed in the present work, the operating conditions, and the source.
The observed variability in literature data is attributed to polymer-to-
polymer differences and to different experimental setups [7]. For
example, Dhahak et al. [17,18] report a ~10 ◦C discrepancy in degra-
dation temperature (Td) between their 2019 and 2020 studies, which
differ only by the experimental device employed. More complex models
can be employed to account for presence of impurities or transport
limitations, but detailed characterization of the material, geometries
and flow rates are required. Model performances are evaluated through
the Curve Matching (CM) score [121,122]. This approach quantitatively
assesses the differences between two curves in terms of point-wise
approach and shape dissimilarities, preserving the meaning of the
physical trends. In dynamic conditions, a CM score close to unity rep-
resents a perfect match, while a score lower than 0.9 corresponds to
significant deviations. Conversely, in isothermal conditions a CM of
~0.9 represents good agreement. A sensitivity analysis to the reaction
mechanism is reported in Section S5 of the SM. The main results of these
analyses are discussed in the next Sections.

4.1. Characteristic degradation times

The PET kinetic model is validated with 45 mass-loss profiles from
the scientific literature [17–26]. This Section reports only key compar-
isons, while parity plots and an in-depth analysis of the CM multi-index

approach is reported in Section S4 of the SM. According to the model,
the degradation starts from mid-chain syn elimination leading to vinyl
and carboxylic end groups (R1a). As degradation proceeds, syn elimi-
nation near the end-chains leads to the formation of monomers and di-
mers with carboxylic and vinyl functionalities (R1b), where the end-
chain type dictates the products terminations. Consequently, the mo-
lecular mechanism alone results in products with equimolar amounts of
carboxylic and vinyl ends, i.e., molar ratios of TA-MVT-DVT of ~1-2-1.
This is analogous to the paraffin-olefin-diolefin ratio of PE and PP
[76,90,94,123,124]. Among the end-chains molecular pathways, vinyl
ester isomerisation is the most significant (R4). This reaction explains
the experimentally observed lower abundance of vinyl esters [16] and
results in formation of ketene (CH2CO) and phenyl ends. Syn elimination
(R1) near phenyl end-chains produces vinyl benzoate (VB) and benzoic
acid (BA). Formation of vinyl esters initiates the radical mechanism due
to the considerably lower BDE which increase the total radical pool
(Section 3.4). The radical degradation forms mostly light products and
compounds with phenyl ends (e.g., BA). While β-scission of glycol rad-
icals (R9-R10) only proceeds at high T, addition and isomerisation re-
actions contribute to the low T degradation of carboxylic and vinyl ends.
Specifically, radical decarboxylation (R11) and carbonyl additions (R13,
R15) result in low quantities of TA and DVT, respectively. Addition re-
actions are the primary drivers of char formation (R13-R16), also
influencing the elemental composition. Char description remains a key

Fig. 9. Comparison of predicted (lines) and measured (symbols) mass-loss at: a) HR = 2–40 ◦C/min [17–24,26], b) T = 325–400 ◦C [21], c) HR = 5 ◦C/min and T =

405–480 ◦C [17], d) HR = 10 ◦C/min and T = 400–600 ◦C. The colour identifies the operating conditions, while the marker style the author, e.g., green crosses in a)
are data of Moltò et al. (2007) [22] at 20 ◦C/min. The CM score [122] is reported with the same colour legend as the plot. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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source of uncertainty in the current model. As discussed in Section 3.1,
plastic char employs the same species of biochar because of the limited
characterization data available for polymer chars. While this framework
offers robustness, it is tailored for phenolic and ether moieties that
release mainly water and CO. Conversely, PET degradation involves
phenone and ester linkages, which are neglected in the species of the
biomass mechanism. Nevertheless, since PET is present in low quantities
in PW, improvement to this secondary release has a minor impact on the
overall product distribution from PW pyrolysis.
As shown in Fig. 9, the model correctly captures the degradation

profiles in the entire temperature range. The plots herein reported
employ a combination of colour and marker legend to identify the
operating conditions (colour) and author (marker). For instance,
considering Fig. 9a, which shows the comparison of mass-loss profiles in
dynamic conditions, experimental data by Dhahak et al. (2019) [17] are
identified by squares. Therefore, the data of Dhahak et al. (2019) at
2 ◦C/min are identified by blue squares, 5 ◦C/min by orange squares,
10 ◦C/min by red squares, and 20 ◦C/min by green squares. Deviations
are usually within a 5 ◦C range, with some discrepancies reaching up to
50 ◦C. For instance, at a HR of 5 ◦C/min, the data from Brebu et al. [20]
(orange diamonds) exhibit a Td ~ 40 ◦C higher than other studies at
5 ◦C/min but similar to the Td at HR of 20 ◦C/min. Similarly, at HR of
10 ◦C/min Czegeny et al. [24] (red crosses) measure a Td ~ 20 ◦C lower
than others. Significant variations in char yields are also observed
(11–20 wt%, see Fig. S12). Generally, higher temperatures lead to lower
char amounts and a higher carbon content [55,80,83], but the polymer
variability appears more pronounced than the temperature one. For
example, Czegeny et al. [24] report a char yield of 11.5 wt% at HR =

10 ◦C/min and 500 ◦C, while other authors measure values of ~16 wt%.
Inorganic impurities might be responsible for these variations [80], but,
to the authors’ knowledge, no dedicated studies are reported for char
formation from PET.
Fig. 9b shows the mass-profiles in isothermal conditions compared to

data of Das and Tiwari [21]. At T = 325 ◦C the model slightly un-
derestimates the polymer reactivity as represented by the low CM score.
At T= 400 ◦C the model overestimates the char yield, predicting 19 wt%
at 9000 s compared to the experimental 11 wt%. However, model pre-
dictions are consistent with the 15 % value by Das and Tiwari [21] at
HR= 5 ◦C/min (orange left-oriented triangle in Fig. 9a). As the dynamic
degradation occurs at T > 430 ◦C, the model consistently estimates at T
= 400 ◦C a yield higher than HR = 5 ◦C/min (>15 %). Fig. 9c shows the
comparison in quasi-isothermal conditions, heating the sample at HR =

5 ◦C/min until a constant set temperature. Compared to the data by
Dhahak et al. [17], the model underestimates polymer reactivity and
overestimates char yields. The non-monotonic decrease in char yield
observed by Dhahak et al. [17] might result from experimental uncer-
tainty. Fig. 9d shows the comparison with the experimental investiga-
tion performed in this work. The model overestimates the low T
reactivity while underestimating the high T char yield, which is the
opposite behaviour when compared with the data by Dhahak et al. [17].
This difference is possibly attributed to the experimental variability of
the polymer. As shown in Fig. 9a, with HR of 10 ◦C/min polymer
degradation occurs at T ~ 460 ◦C. For this reason, PET pyrolysis ends
before reaching the isothermal plateau of 500 and 600 ◦C, and both
model and experimental curves overlap, except for the char yields.
Nevertheless, the model underestimates char formation at 500 ◦C,
although the predicted elemental composition has good agreement with
experimental data (see Section 4.3). Developing functional groups spe-
cific for PET char is expected to improve model predictions but would
require additional data.

4.2. Volatile yields

The degradation products of PET have been investigated in the
literature since the 1950s [16,43]. However, quantitative data under
kinetically controlled conditions remain scarce [17,27,28]. Product

identification is relevant as it provides insights into the active decom-
position reaction pathways, but it does not allow quantitative assess-
ment of the selectivity for model validation purposes. The main volatiles
observed in literature are benzoic acid (BA), acetaldehyde, CO, and CO2.
A key discrepancy exists between predicted and observed amounts of
vinyl esters, requiring further investigation.
The model accurately predicts CO2 yield at both low and high T but

underestimates it at intermediate temperatures (500–600 ◦C). In the
present model, the main pathways are decarboxylation of benzoic rad-
icals and additions to mid-chain terephthalic moieties (R12, R14). CO
formation is reasonably captured at low and medium temperatures but
deviates significantly at T = 1000 ◦C, likely related to secondary gas-
phase reactions. These reactions can result in further decomposition to
lighter products (CO, CO2) but also formation of heavier aromatic
compounds [125]. Defining the complementary gas-phase kinetics is
expected to improve model predictions but is outside the scope of the
present work. The main responsible for CO formation are addition re-
actions (R13) and high-temperature β-scissions (R10). With respect to
the acetaldehyde yield, the model underestimates its formation at low
and medium temperatures but captures its variations. Improving the
description of the char yield is expected to also increase the accuracy of
CH3CHO predictions. Ethylene yield is underestimated by the model,
particularly at higher temperatures. The primary pathway involves
degradation of end-chain P-OCM species (Fig. 5), which is formed from
aromatic additions reactions on terephthalic moieties (R14, R16).
However, an increased contribution from this pathway would also lead
to overestimation of CO2 and char.
Fig. 10 shows the volatiles released from PET pyrolysis at different

operating conditions. In particular, the comparisons show model pre-
dictions and literature experimental results at T = 400–480 ◦C [17]
(Fig. 10a), this work’s experiments at T = 400–600 ◦C (Fig. 10b), and
literature data at nominal T = 700–1000 ◦C [27] (Fig. 10c). As with
Fig. 9, data at the same operating conditions share the same colour,
while data from the same author share the same bar pattern. The present
experimental study finds CO2, CH3CHO, and benzoic acid being the most
abundant products, with low amounts of benzene (2–5 wt%), vinyl
benzoate (1–4 wt%), and ethylene (0–4 wt%). Tables S6–S9 in the SM
report the detailed experimental results and the lumping of all com-
pounds for comparison with the species tracked in the model. The pre-
sent observations generally align with literature values [17,27].
However, in this work no CO was detected at 400 ◦C possibly because of
elution through the cryo-trap at long reaction times (25 min), while
terephthalic acid (TA) was identified only at 400 ◦C. The reduction in TA
yield at higher temperatures (Fig. 10c) is consequent to radical decar-
boxylation to BA and C6H6. The measured VB yields are significantly
lower compared to Day et al. [27] (~10 wt%), while Dhahak et al. [17]
did not detect it. Compounds such as monovinyl terephthalate (MVT),
divinyl terephthalate (DVT), dimers and trimers were not identified. As
mentioned, the mass closure is poor at 400 ◦C, although in line with
Dhahak et al. [17]. This is possibly due to due to high boiling products
not detected by the equipment employed [58] (e.g., dimers and trimers)
and incomplete polymer conversion. Indeed, TG data show a 29 wt%
solid residue 25 min after the set temperature (Fig. 9d). While Day et al.
[27] measured significant formation of acetylene, this product might
actually correspond to ethylene as measured by Dhahak et al. [17] and
in our study. The two compounds have closely overlapping peaks, and
the C2H2 found in the present study is not reported as it is in only trace
amounts.
The model captures the overall trends in the yields of the main

compounds but exhibits some discrepancy. Specifically, the reaction
families approach employed intrinsically relates the formation trends of
some species opposite to experimental observations. For instance, BA,
VB, and CO2 formation are mechanistically linked through decarboxyl-
ation reactions (R11, in Fig. 5) of benzoyloxyl radicals, i.e., BA from TȦ
and VB fromMVṪ. BA and VB are also formed from syn elimination (R1)
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near phenyl end-chains (P-COPhH), which forms ethylene glycol
dibenzoate (EGDB) as well. The latter also accounts for dimers with 1
phenyl termination by horizontal lumping [125]. Since BA, VB, and
EGDB are inherently related, the model predicts similar molar yields.
Preferential dimer degradation pathways are responsible for the low
yields of EGDB at high temperature, but the low experimental yields of
VB are possibly related to the polymerization of vinyl bonds similarly to
diolefins in PE, PP, and PS [76]. Similarly, CH3CHO and char yields are
intertwined. The model predicts acetaldehyde formation from reactions
leading to aromatic precursors such as carbonyl additions (R13, R15)

and ethylidene degradation (R1c).
With respect to higher molecular weight compounds, more discrep-

ancies are observed even among different experimental data sets. As
mentioned, the model predicts comparable amounts of vinyl and car-
boxylic end groups, while significant vinyl ester formation is only
observed by Day et al. [27] at high T. The model underestimates the DVT
yield of Day et al. [27], but the combination of MVT and DVT is
consistent with the experimental measurements. As previously
mentioned, both acids and vinyl esters derive from mid-chain degra-
dations, either from glycol radical β-scissions (R9) or syn elimination

Fig. 10. Comparison of measured (patched bars) and predicted (solid bars) volatile yields for: a) low-T pyrolysis in tubular reactors [17], b) medium T in the
micropyrolyzer employed in this work, c) high T in a pyroprobe [27]. The species names are the same employed in the model, except for MAH which stands for
monocyclic aromatic hydrocarbons (e.g., benzene, toluene).
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pathways (R1). Overall, the model predicts lower amounts of carboxylic
ends than vinyl esters, consistently with the high-temperature data by
Day et al. [27]. Conversely, it overestimates MVT yield compared to data
of Dhahak et al. [17] (1–4 wt%), who detected neither DVT nor vinyl
benzoate. Similarly, in the present experimental campaign only low
amounts of VB and DVT were found (1–3 wt%) and no MVT was iden-
tified. As mentioned, the model predicts amounts of VB, MVT, and DVT
of 3–15, 15, and 3–7 wt%, respectively. Degradation of vinyl esters (R4)
decreases their yields increasing benzene formation, which is already
overestimated by the model because of these pathways. Further exper-
imental and modelling work is required to better assess the reactivity of
vinyl esters.

4.3. Char characterization

Fig. 11 shows the comparison between experimental measurements
and model prediction with respect to char elemental composition. As
with Fig. 9, data at the same operating conditions share the same colour,
while data from the same author share the same bar pattern. In general,
increasing the temperature is expected to produce solid residues with
high carbon content, while low temperature pyrolysis results in higher
oxygen content. Experimental data show that plastic char has a higher H
content than the initial polymer, while most of the oxygen is lost upon
pyrolysis [29–31]. The model correctly reproduces these trends and
shows good agreement with the present char characterization data and
values by Li et al. (2021) [31]. Conversely, deviations are observed with
the data by Li et al. (2022) [29] and Williams and Williams [30]. The
predicted higher C% results from the severe operating conditions. While
low and medium heating rates are employed for the pyrolysis, the au-
thors report heating the samples to 600 and 700 ◦C respectively, which
according to the model results in high C% and low O%. The model
predictions are in line with the other data shown in Fig. 11 which have
lower final temperatures.

5. Conclusions

The present work proposes a condensed-phase semi-detailed kinetic
model for thermal degradation of PET coupled with new experimental
investigations. To the best of the authors’ knowledge, this is the first
quantitative kinetic mechanism for PET pyrolysis.
Following the functional groups methodology, the model describes

polymeric chains through pseudo-species representative of the chemical
moieties, while short compounds of interest are represented in greater
detail. Because of the lack of experimental data, the PET char is
modelled through the same framework of biochar formation during
biomass pyrolysis. The kinetic mechanism incorporates both molecular

and radical pathways and is developed through a first-principle
approach. Reactions proposed in the scientific literature are critically
assessed, employing kinetic parameters obtained from analogous gas-
phase compounds through a reaction class-based approach. Further
work will address estimation through theoretical methodologies of the
condensed-phase rate constants [77].
The model is validated considering new data as well as literature

data in terms of mass profiles, volatile yields, and char characterization.
The model accurately predicts mass loss profiles, although there is sig-
nificant variability in experimental char yield data that the model
obviously cannot fully capture. Regarding volatile products, the model
captures the trends observed for the major components. However, it
overestimates the vinyl ester to acid ratio compared to some experi-
mental observations, likely due to similar reaction pathways described
in the model for both products. Further experimental work is required to
investigate and quantify the heavy pyrolysis products (e.g., dimers) to
reach reasonable mass closures also at 400 ◦C. The model proves capable
to describe also char elemental composition, but a broader experimental
validation range is required.
The proposed mechanism is provided in CHEMKIN format as SM and

it is freely accessible on GitHub [79]. The model specifically addresses
condensed-phase reactivity, and future work will extend its application
to assess gasification reactivity. The present investigation constitutes a
key step towards modelling the chemical recycle of plastic waste mix-
tures. Future experimental and modelling work will address interactions
of PET, PVC, and PA.
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