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MODELAGEM DA PIRÓLISE DE PLÁSTICOS: DE ABORDAGENS
AGRUPADAS A MODELOS MECANÍSTICOS DETALHADOS E DE

VOLATILIZAÇÃO

Laura Pires da Mata Costa

Outubro/2025

Orientadores: José Carlos Costa da Silva Pinto
Amanda Lemette Teixeira Brandão

Programa: Engenharia Química

A pirólise tem se destacado como uma tecnologia promissora para a reciclagem
química de plásticos, complementando as rotas mecânicas. Ao converter plásticos
pós-consumo em gases e óleo de pirólise, essa tecnologia possibilita a reintegração do
material à cadeia produtiva, gerando produtos de qualidade comparável ao plástico
virgem.

Para aprimorar a predição e a otimização do processo, este trabalho propõe duas
abordagens cinéticas: um modelo simplificado (“lump”) e um modelo mecanístico. O
modelo simplificado descreve de forma eficiente os principais produtos e tempos de
reação, enquanto o modelo mecanístico oferece uma representação fenomenológica
detalhada da pirólise sob diferentes condições.

Poliestireno e polietileno foram selecionados como estudos de caso, e simulações
de Monte Carlo cinético foram utilizadas para o modelamento mecanístico. A vali-
dação experimental com dados obtidos em micropirolisadores minimizou limitações
associadas à transferência de calor e massa. Considerando que a pirólise ocorre na
fase líquida, com volatilização das espécies mais leves, o modelo cinético foi acoplado
a um modelo de volatilização baseado no equilíbrio termodinâmico entre as fases,
utilizando as equações de estado de Peng–Robinson e PC-SAFT. Essa abordagem
amplia a aplicação das simulações de Monte Carlo cinético para reatores multifási-
cos, e inova ao predizer a distribuição de produtos da pirólise baseado nas condições
da reação.

Por fim, uma revisão crítica de estudos de Avaliação do Ciclo de Vida (ACV) so-
bre a pirólise de plásticos revelou lacunas relacionadas ao desempenho e à escala dos

v



processos, à variabilidade das matérias-primas e ao escopo geográfico, destacando a
necessidade de uma integração mais abrangente entre modelos de processo e ACV.

Este trabalho representa um avanço na modelagem preditiva da reciclagem
química por pirólise. A integração dos modelos validados com outros polímeros
pós-consumo permitirá representar composições de resíduos mais diversas, com o
objetivo final de otimizar a pirólise como uma tecnologia sustentável de implemen-
tação em escala global.
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Pyrolysis has emerged as a promising technology for the chemical recycling of
plastics, complementing mechanical routes. By converting post-consumer plastics
into gases and pyrolysis oil, it enables material reintegration into the production
chain, yielding products comparable to virgin plastic.

To improve process prediction and optimization, this work proposes two kinetic
approaches: a simplified “lumped” model and a mechanistic one. The lumped model
efficiently describes major products and reaction times, whereas the mechanistic
model offers a detailed, phenomenological representation of pyrolysis under various
conditions.

Polystyrene and polyethylene were selected as case studies, and kinetic Monte
Carlo simulations were used for mechanistic modeling. Experimental validation with
micro-pyrolyzer data minimized heat and mass transfer limitations. Considering
that pyrolysis occurs in the liquid phase with volatilization of lighter species, the
kinetic model was coupled with a thermodynamic equilibrium volatilization model
using Peng–Robinson and PC-SAFT equations of state. This approach broadens the
application of kinetic Monte Carlo simulations to multiphase reactors and innovates
by predicting the pyrolysis product distribution based on reaction conditions.

Finally, a critical review of life cycle assessment (LCA) studies on plastic pyrolysis
revealed gaps related to process performance and scale, feedstock variability, and
geographic scope, emphasizing the need for more comprehensive LCA integration
with process models.

This work represents a step further toward predictive modeling of chemical re-
cycling by pyrolysis. Integrating the validated models with other post-consumer
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polymers will allow the representation of more diverse waste compositions, with
the ultimate goal of optimizing pyrolysis as a sustainable technology that can be
implemented worldwide.
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Chapter 1

Introduction

Plastic consumption and its applications have become so widespread that imagining

a world without them is nearly impossible. Our modern lifestyles have been shaped

by their versatility, and many technologies owe their existence to the unique physical

and chemical properties of plastics. In this text, the termplastic is used according

to common usage, referring broadly to polymer-based materials, rather than any

speci�c type.

The history of plastics began in the early 20th century with the invention of

Bakelite, one of the �rst synthetic plastic-like materials. However, its widespread

adoption and rapid expansion did not take o� until after World War II [29]. Since

then, plastics have become essential in many applications such as automotive, elec-

tronics, and technical textiles, o�ering durability, low cost, lower product weight,

chemical resistance, ease of manufacturing and processing, safety and hygiene (e.g.,

food-safe applications), low permeability to gases and liquids, and design �exibility

[30].

However, at the same time, plastics have also been widely adopted for disposable

products like bags, packaging, and cups, bringing unprecedented convenience to

daily life. This culture of disposability was celebrated in the 1955Life magazine

Throwaway Living (Figure 1.1) with the line: 'Oh Joy, Oh Bliss! Disposable products

are an innovative way to make life easier'. Plastics are produced, used (often only

once), and then discarded, moving directly from consumption to land�ll. This model

has given rise to the prevalence of single-use plastics and reinforced a linear economic

approach. While disposability is essential for healthcare services, the convenience

and massive consumption of plastics in everyday activities have come at a signi�cant

environmental cost [31]. Figure 1.2 [29] presents the average useful life of various

plastic items. The ones with the shortest life cycles are the ones most consumed,

with the largest share of plastics demand (40 % of European plastics demand [32]).
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Figure 1.1: Artistic representation illustrating the concept of �throwaway living� as
promoted in mid-20th century consumer culture [31, 33, 34]. Photo by Peter

Stackpole - The LIFE Picture Collection [34].

Figure 1.2: Average useful life (in years) of plastic products across di�erent
industrial sectors [1]. PLASTIC ATLAS| Appenzeller/Hecher/SackCC-BY-4.0.

As a result, the share of plastics in the municipal solid waste (MSW) corresponds

to 16.8 wt % in Brazil (2020 data) [35], which corresponds to approximately 64 kg

of plastics per capita (considering 382 kg of MSW generated per capita) [36]. In

the European Union, this number is of 36.13 kg per capita (2022 data) [37]. In
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the United States, 221 kg of plastic waste is generated per capita (2019 data) [38],

or 12.20 % (35.7 million tons) of total MSW generated (2018 data) [39]. Among

the many types of plastics consumed and discarded, only 9 % have been recycled

[29, 40]. Per region, this number corresponds to 20.6 % in Brazil [41], 12.4% [40]

in Europe, and only 5-9 % [39, 40] in the US. These �gures highlight the global

challenge of plastic waste management, with low recycling rates persisting despite

high per capita consumption across all regions.

It is often said that the problem with plastic lies in its resistance to degradation.

However, this very durability, which results from the strong carbon�carbon bonds

in its hydrocarbon-based monomer units (such as ethylene, propylene, and styrene),

is also one of its greatest advantages. No one would want a television that degrades

during a movie, a keyboard that crumbles in use, or plastic bags that tear while

carrying food, whether conventional or reusable �ecobags� [42]. The core issue is

not the plastic itself, but the economic model in which it is embedded - a system

that encourages limitless extraction of natural resources while neglecting reuse and

recycling. Our current way of living exempli�es a metabolic rift - a disconnection

between human systems and ecological cycles [43, 44]. Plastics now pose a major

socio-environmental challenge, driven by a throwaway culture, planned obsolescence,

inadequate recycling infrastructure, lack of corporate accountability for waste, and

insu�cient municipal waste management.

In response to the escalating plastic waste crisis, the number of academic groups

and institutions studying its environmental and societal impacts has steadily grown.

But it is undeniable that a signi�cant surge in global awareness occurred in 2017,

when China implemented a ban on the import of non-industrial plastic waste, forcing

middle- and high-income countries to confront their own waste management chal-

lenges directly [45, 46]. This policy shift, combined with increasingly negative media

coverage of plastic pollution, catalyzed a wave of research focused on post-consumer

plastic. Figure 1.4 shows the number of documents indexed in the Scopus database

containing the keywords �plastic waste� and/or �plastic pollution� (accessed Jan-

uary 20, 2025). The data clearly indicate a sharp increase in scienti�c publications

following the 2017 ban, highlighting its impact on research trends.

Current research explores various aspects of the plastic issue, including environ-

mental and human health impacts, bioplastics, biodegradation, functionalization,

additives, microplastic release and implications, novel material design, reverse lo-

gistics, plastic separation technologies, life cycle assessments, the e�ects of plastic

reduction policies, taxation measures (e.g., the European Green Deal), and recycling

technologies [47�57].

At the same time, growing environmental concerns and global policy shifts have

led to stricter legislation aimed at increasing plastic recycling rates. Companies are
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being compelled to adopt recycling technologies not only to enhance their public

image, but also in response to Extended Producer Responsibility (EPR) policies.

These policies transfer the �nancial and operational burden of waste collection and

recycling from local governments to producers [30].

However, many of the solutions proposed by policymakers and industry fall short

of addressing the root cause: the excessive consumption of plastic. These approaches

often prioritize improved waste management and recycling, while giving limited

attention to strategies that promote material substitution or encourage behavioral

change to reduce consumption. As illustrated in Figure 1.3, the circular economy

framework has gained prominence as an alternative to linear production and disposal

models, aiming to minimize waste by keeping plastic materials in use for longer.

While this model o�ers potential for reducing environmental impact, critics argue

that, in practice, it may sustain existing consumption patterns, with e�orts typically

advancing only when pro�table or enforced through policy measures.

Figure 1.3: Schematic representation of the circular economy framework applied to
plastics. Plastics Europe [2].

Nevertheless, addressing the plastic waste crisis remains imperative. Among the

various strategies for managing post-consumer plastic waste, recycling occupies a

central role due to its potential to reintroduce materials into the production cycle,

reduce reliance on virgin feedstocks, and stop plastics from entering natural ecosys-
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tems. However, it is not a comprehensive solution. Achieving complete recyclability

is constrained by several technical and economic barriers, including limited infras-

tructure, particularly in low- and middle-income regions. Furthermore, much of

the current developed recycling technology is subject to patent restrictions, limiting

widespread implementation.

Despite these challenges, recycling remains the most widely promoted strategy

and will be the focus of the following discussion. An alternative approach involves

biodegradable plastics, which may o�er advantages in speci�c applications [52].

However, their broader adoption is limited by distinct mechanical and chemical

properties that often fail to meet the performance demands of conventional plastics,

as well as economic barriers and inadequate disposal infrastructure [52]. Further

research is needed to address these barriers.

According to the American Society for Testing and Materials (ASTM) D5033 ,

recycling can be categorized into four main types [3]:

ˆ Primary recycling: the mechanical reprocessing of uncontaminated scrap ma-

terials into products of equivalent quality;

ˆ Secondary recycling: the mechanical reprocessing of used materials into prod-

ucts with lower performance requirements;

ˆ Tertiary recycling: the chemical recovery of valuable constituents such as

monomers or additives;

ˆ Quaternary recycling: destruction of the material into energy through incin-

eration.

Among these, tertiary recycling, more commonly referred to as chemical recy-

cling, is gaining attention for its ability to handle contaminated or mixed plastic

waste streams more e�ectively than mechanical methods. It enables the recovery

of the original building blocks of plastic materials by breaking down polymers into

monomers or other useful chemicals.1 [30, 58].

As a result, this approach has become a rapidly growing area of research and de-

velopment [59]. Although some companies have begun operating commercial-scale

facilities, the technology still faces signi�cant obstacles, including optimizing prod-

uct recovery e�ciency, improving process economics, and minimizing environmental

impacts [22]. Ongoing innovations in this �eld span a wide range of areas, including

reactor design, catalyst development and delivery, processing atmospheres, solvent

systems, feedstock pre-treatment, and downstream separation techniques.
1Unlike mechanical recycling, which reprocesses plastics through physical means, chemical re-

cycling involves the depolymerization of plastic via molecular bond cleavage. This can be accom-
plished through thermochemical processes such as pyrolysis, hydropyrolysis, and gasi�cation, or
through solvolysis techniques [22].
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Figure 1.4: Number of scienti�c publications with the keywords "plastic waste"
and/or "plastic pollution".

Despite signi�cant research into chemical recycling, the fundamental mechanistic

understanding of plastic thermal degradation remains relatively limited. Experimen-

tal data on degradation pathways are often inconsistent and scarce, largely because

of the wide variability in reaction conditions. This lack of standardized data slows

down the development of reliable models, making reactor design and process opti-

mization challenging.

Moreover, modeling plastic waste mixtures introduces another layer of di�culty,

as each polymer exhibits distinct thermal degradation kinetics. Additionally, the

depolymerization of commonly used packaging polymers such as polyethylene (PE),

polypropylene (PP), and polystyrene (PS) results in broad product distributions,

generating not only monomers but also a wide spectrum of hydrocarbons with vary-

ing chain lengths, which also vary according to the reaction conditions. Therefore,

accurate modeling requires detailed studies of the degradation behavior of individ-

ual polymers before any synergistic e�ects can be meaningfully assessed in mixed-

material systems.

Nevertheless, the development and validation of mechanistic models under a

range of polymer types and operating conditions remain essential. Such models

provide valuable insights that directly inform experimental design, reactor engineer-

ing, process optimization, life cycle assessments, and safety analyses. Ultimately,

a deeper mechanistic understanding constitutes a key factor in evaluating the true

technical potential and limitations of chemical recycling technologies.

In this context, the present research aims to develop phenomenological models

capable of quantitatively representing the degradation of polymers and the forma-

tion of pyrolysis products, focusing primarily on polyethylene and polystyrene. In

order to do that, this document is organized as follows: Chapter 2 presents a bib-

liometric review of chemical recycling of plastics and existing models for polymer

degradation, o�ering context and identifying gaps in the current literature. Chapter

3 introduces a lumped kinetic model applied to both thermal and catalytic pyrol-

ysis, demonstrating its utility for rapid process understanding and optimization.
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Chapter 4 investigates the degradation mechanism of polystyrene through the de-

velopment and validation of a mechanistic kinetic Monte Carlo model. In Chapter

5, the focus shifts to polyethylene pyrolysis, where the importance of volatilization

is addressed through the integration of kinetic and thermodynamic models, includ-

ing vapor-liquid equilibrium calculations. Finally, Chapter 6 critically examines

life cycle assessment (LCA) studies related to plastic pyrolysis, identifying com-

mon limitations and proposing improvements based on the validated kinetic models

developed throughout this work.
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Chapter 2

Bibliographic Review

Understanding the plastic life cycle is crucial for determining recyclability and ad-

dressing the challenges of plastic recycling. While plastic synthesis is well under-

stood, the composition of additives is often undocumented, and tracking plastics

after they leave the chemical industry is di�cult. Therefore, it is necessary to begin

with the plastic lifecycle before examining the recycling process in detail.

Plastics originate in re�neries. Although the use of renewable feedstocks (e.g.,

sugarcane, corn) is increasing, most plastics are still derived from fossil resources

[30, 60, 61]. For polyole�ns, the monomers ethene and propene polymerize into

polyethylene and polypropylene, respectively. The strong carbon-carbon covalent

bonds that hold these polyole�ns together contribute to their durability - lasting for

decades, even centuries - but also make them di�cult to break down and recycle [62].

After polymerization, the plastics are extruded before shipping to the manufacturers.

At this stage, additives are introduced to improve the performance of the material

[63].

During subsequent conversion into �nal products, a larger quantity of additives

is introduced, not only to enhance the functional properties of the materials but also

to increase their consumer appeal. Colorants, �llers, �ame retardants, plasticizers,

lubricants, and stabilizers are examples. However, they also contribute to signi�cant

challenges to recycling processes, mainly due to the presence of heteroatoms [64].

While additives pose a signi�cant challenge to plastic recycling, certain applica-

tions also require plastics to be used in multilayered structures (e.g., snack pack-

aging) or multicomponent products (e.g., electronic motherboards), adding another

complexity layer. To address these challenges, initiatives such as Design for Recy-

cling promote strategies that minimize problematic additives and reduce the use of

multilayer packaging [65, 66].

At this stage, plastic converters often reuse production scraps through re-

extrusion, the simplest form of recycling, also referred to as primary recycling

[59, 67, 68]. Figure 2.1 illustrates the available recycling options. However, this
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method is applicable primarily to thermoplastics1 and typically requires exception-

ally clean plastic scraps [62]. Nonetheless, re-extrusion can still be performed even

when certain additives have already been incorporated.

The plastic recycling complexity is further ampli�ed once the materials leave

factories and are used by consumers. Over time, they will likely mix with other

plastic types and materials such as paper, metals, and biomass. To enable recycling,

these mixed waste streams must be collected, sorted, and separated at dedicated

facilities [59].

Mechanical recycling is always the preferred choice due to its lower carbon foot-

print. However, this process is generally limited to pure and uncontaminated mono-

material streams to preserve plastic properties. Thus, as the plastics are always

mixed, compared to primary recycling, additional steps are required, including poly-

mer waste separation and sorting (e.g., metal removal via magnets or eddy current

separators, classi�cation using near-infrared (NIR) spectrometers), grinding/milling,

washing, drying, and reprocessing. Despite these e�orts, contamination from addi-

tives, poor sorting e�ciency, and polymer degradation during the product lifespan

signi�cantly reduce the quality of recycled plastic2. As a result, the process gener-

ates a stream of mixed materials that cannot be separated, whereas, for the mate-

rials that could be isolated, these mechanically recycled plastics often fail to meet

the quality standards required for high-value applications, leading to downcycling

[22, 30, 64, 65, 67, 68, 79].

For example, PET bottles are commonly mechanically recycled, but to maintain

quality for food-grade applications, advanced puri�cation steps are required, such as

Superclean, Flake-to-Resin, and Bottle-to-Bottle technologies [80, 81]. The latter,

as an example, includes, at the end of the mechanical recycling process, a polycon-

densation reactor where the PET resin is submitted at 270� C for at least 15 hours

as a simultaneous decontamination and repolymerization step [80, 81]. Furthermore,

for the bottles to be sold as new bottles with the same properties and appearance,

a stream of fresh monomer must be pumped (con�guring an open-loop, or cascade,

recycling) or, otherwise, the PET bottle becomes darker and more brittle over time,

limiting their reuse in these high-value applications [60]. Only recently, mechanical

recycling rates for other packaging materials are increasing, such as high-density

polyethylene from milk bottles, which also requires a certi�ed food-grade procedure

[59, 82, 83].

1Thermoplastics can be repeatedly heated and reshaped, though their mechanical properties
degrade over time. In contrast, thermosets, such as cross-linked rubber (e.g., tires), undergo
irreversible curing reactions, preventing remolding [3].

2During thermo-mechanical processing, shear degradation can cause chain scission, generat-
ing free radicals that alter polymer properties. For instance, LDPE may undergo cross-linking,
while HDPE, polypropylene (which is particularly susceptible to oxidation), PET, and polystyrene
experience molecular weight reduction due to disproportionation reactions [69�78].
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Figure 2.1: Types of plastic waste recycling [3].© 2018 Society of Chemical
Industry.

Incineration, the least circular option, burns plastics to recover energy [81].

While it can process mixed and contaminated plastics e�ectively, it does not align

with circular economy principles as it is no longer reusable once the plastic is

incinerated. Additionally, air pollution, high energy costs, and the availability

of more sustainable recycling alternatives make incineration a last resort option

[3, 29, 30, 58, 59, 69, 81, 84]. Unfortunately, due to the circularity overlook, be-

tween 1950 and 2015, about 8300 million tonnes (Mt) of virgin plastics were pro-

duced across the globe, generating approximately 6300 Mt of plastic wastes, of which

around 9% have been recycled, 12% incinerated, and 79% accumulated in land�lls

[29]. In Europe, the amount of plastic incinerated to post-consumer plastic waste is

over 30 % [68].

If plastics are to be truly recycled back into materials of the same quality as the

original, chemical recycling is the best approach. Chemical recycling breaks down

polymers into their fundamental building blocks using an energy source (heat or

microwaves), chemical agents, or even microorganisms3 [3, 62]. While this method

requires signi�cant energy input, it is an alternative to challenges faced by the other

recycling methodologies:

ˆ It can process a broader range of plastic types, including cross-linked polymers

[84].

3The use of microorganisms to break polymer chains in the presence of air and water is also
considered as chemical recycling, but as the technology involves biological aspects beyond the
technical challenges of other chemical recycling technologies, they will not be further discussed.
Instead, good reviews are available elsewhere [62, 85�91]
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ˆ It is more tolerant to impurities than mechanical recycling (see Figure 2.2)

and does not require extensive pre-processing procedures [92].

ˆ It produces monomers that can be re-polymerized into high-quality virgin

plastics, recirculating the carbon in contrast to incineration [93].

Although chemical recycling holds great promise for closing the plastic cycle, it

still requires further technical advancements to enhance e�ciency and reduce envi-

ronmental impacts. The following sections will explore why pyrolysis, a chemical

recycling method that degrades plastics under high temperatures in an inert at-

mosphere, is emerging as one of the most viable solutions for recycling polyole�ns

and polystyrene. We will also discuss the factors in�uencing its performance, chal-

lenges, the mechanisms behind thermal degradation, and the life cycle assessments

comparing chemical recycling with other technologies.

Figure 2.2: Comparison of feedstock tolerance between mechanical recycling and
pyrolysis (a chemical recycling technology)4[47].© 2020 The Pew Charitable

Trusts

2.1 Plastics Chemical Recycling

The type of waste and respective degree of contamination constitute key factors in

determining the appropriate treatment method for plastic recycling [94]. A widely

recognized advantage of chemical recycling over other recycling technologies is its

ability to process 100% of plastic materials, even when contaminated. The resulting

4The Pew Charitable Trusts and SYSTEMIQ de�ne contamination as the presence of non-plastic
waste (e.g., organics) or impurities such as inks, additives, and mixed polymers. Additionally,
polymers containing oxygen or nitrogen are considered impurities in pyrolysis, as their presence
can lead to the formation of CO2 or NO2, signi�cantly reducing yield. However, PET is best suited
for chemolysis, another chemical recycling technology discussed in Section 2.1. PVC, on the other
hand, can be processed via pyrolysis if a pre-treatment step is applied beforehand, as detailed in
Section 2.2.9.
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chemical products can be repurposed to synthesize new polymers or used in other

applications.

Chemical recycling breaks down polymers through two primary methods:

chemolysis, which uses solvents to cleave speci�c chemical bonds in the polymer

backbone, and thermolysis, which uses thermal energy to break these bonds. The

choice of method depends on the speci�c polymer being recycled. The following

subsections discuss each technology and its subclassi�cations as summarized in Ta-

ble 2.2. However, since thermolysis remains the only viable method for processing

large quantities of polyole�ns (PE and PP) and polystyrene, the discussion will focus

exclusively on thermolysis in further sections.

Chemolysis

Chemolysis (or solvolysis) is a targeted depolymerization process that breaks down

certain plastics - speci�cally condensation polymers - into mixtures of monomers and

short-chain oligomers. Condensation polymers contain heteroatoms in their back-

bone due to ether, amide, carbamate (urethane), or ester linkages. Examples include

polyesters (e.g., PET, polycarbonates, poly(butylene terephthalate)), polyamides

(e.g., nylons, PA6), polyurethanes, and ether-based polymers (e.g., epoxy resins)

[3, 22, 58].

Chemolysis processes are categorized based on the chemical linkages targeted and

the reagents used to cleave them. This classi�cation includes hydrolysis, alcoholysis

(glycolysis and methanolysis), phosphorolysis, ammonolysis, and aminolysis [22, 60].

For example, Figure 2.3 illustrates PET recycling through methanolysis, hydrolysis,

and glycolysis [60]. 5 These processes, depending on the feedstock and solvent

combination, are already being used in large industrial-scale transformation sites.

For PET, companies including Eastman (glycolysis and methanolysis) [95], BP

(BP In�nia, hydrolysis) [96], Loop Industries (methanolysis) [97], and Indorama

(glycolysis) [98] are investing in solvolysis for plastic recycling. These processes often

have additional processing steps beyond solvent addition, such as a decolorization

step required when PET is dyed (e.g., green �akes), to improve process e�ciency

[69]. For PA, Aqua�l has developed the proprietary ECONYL® Regenerated Nylon

technology, which depolymerizes Nylon 6 into caprolactam, its monomeric building

block [99].

However, solvolysis becomes less e�cient when applied to mixed plastic waste,

as it requires more solvent and cannot tolerate high levels of organic, inorganic,

5Polyole�ns (PE, PP) lack reactive groups, making them resistant to chemolysis [62]. However,
solvent-assisted recycling is being explored using supercritical �uids (e.g., water, alcohols) or ionic
liquids, as solvents can lower reaction temperatures, reduce viscosity and contamination, and
improve product quality, though thermolysis remains the primary degradation mechanism. Despite
these bene�ts, these methods are still at low Technology Readiness Levels (TRL) [22].
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or biological contamination. While it enables the recycling of PET, PA, and other

degraded condensation polymers that are no longer suitable for mechanical recycling

- or reduces the need for fresh make-up material - it does not fully address plastic

pollution. The main challenges remain associated with polyole�ns, polystyrene,

poly(vinyl chloride), and high contamination levels.

Figure 2.3: PET recycling via chemolysis.

Thermochemical processes

Unlike solvent-based methods, thermochemical processes can handle mixed plastic

waste and tolerate contamination from organic, inorganic, and biological residues

[62]. This �exibility makes them particularly suitable for recycling complex waste

streams. This advantage stems from the simplicity of the process, which primar-

ily involves applying su�cient energy to break chemical bonds along the polymer

backbone, generating smaller molecules. Thus, the thermochemical processes are

collectively known as thermolysis (thermo = heat; -lysis = decomposition), includ-

ing pyrolysis and gasi�cation as the most technologically advanced methods.

Pyrolysis is a relatively simple yet highly versatile process conducted at high

temperatures (400�700°C) in an inert, oxygen-free environment [81]. The operating

conditions and feedstock composition directly in�uence the distribution of pyrolysis

products, which includeoil (distillates), gases, and char. The oil and gas fractions

are particularly valuable as feedstocks for new plastics [3, 100]. As discussed in

Section 2.2, several parameters in�uence product yields, but temperature is the

most critical.

A major challenge in plastic recycling via pyrolysis is its signi�cant carbon diox-
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ide equivalents (CO2e) emissions, primarily due to the high heat demand (higher

than 400 � C). This carbon footprint is a key factor in the economic and environ-

mental competitiveness of recycled plastics compared to virgin plastics, so that elec-

tri�cation of pyrolysis reactors (Section 2.2.8) can be a crucial step in mitigating

emissions [101]. Beyond conventional electri�ed reactors, this transition has also

stimulated interest in alternative pyrolysis technologies, such as plasma and mi-

crowave pyrolysis.

To enhance e�ciency and product selectivity, plasma pyrolysis operates at ex-

tremely high temperatures (higher than 1000°C) using plasma energy, leading to

high syngas and monomer yields. For example, polypropylene pyrolysis in an induc-

tively coupled plasma system achieved a 73 wt% propylene yield [102]. However,

despite its e�ciency, plasma pyrolysis faces major challenges, including high en-

ergy consumption, undesirable side reactions, and signi�cant capital and operational

costs, limiting its large-scale viability [103, 104].

Microwave-assisted pyrolysis o�ers an alternative by suggesting better heat trans-

fer through microwave-absorbent dielectric materials (e.g., carbon, silicon carbide)

as the main advantage [104], which is particularly interesting because of the usually

low thermal conductivity of plastics, as further discussed in Section 2.2. However,

its e�ciency depends on the dielectric properties of the plastic waste, which can

vary signi�cantly, leading to challenges such as hot spot formation [22]. Companies

like Pyrowave are actively developing this technology.

Despite their potential, plasma and microwave pyrolysis will not be explored

further in this thesis. These technologies primarily address heat transfer and tem-

perature control, aspects that can also be optimized through innovative reactor

designs. More importantly, they do not fundamentally alter the pyrolysis process.

Therefore, the same degradation mechanisms apply, and the in�uence of process

conditions on pyrolysis products, as well as the overall results, remain valid.

Another advanced thermolysis method is gasi�cation [92], which, unlike pyrol-

ysis, does not require an inert atmosphere, instead using gasifying agents such as

steam, air, oxygen, carbon dioxide, or their mixtures. Operating at higher temper-

atures (700�1000°C), it primarily produces syngas (a mixture of hydrogen, carbon

monoxide, and carbon dioxide) through key reactions like the water-gas shift reac-

tion, the Boudouard reaction, and oxidation reactions [81]. The resulting syngas

can be used as a chemical platform for synthesizing valuable products, including

ole�ns via the Fischer�Tropsch process [92]. The Akzo and Laubag process or the

Chalmers DFB system are examples of large-scale plastic gasi�cation projects.

However, gasi�cation also poses important challenges. One signi�cant issue is

the formation of dioxins and tars (high molecular weight condensable hydrocar-

bons, primarily aromatic compounds, including benzene up to multiple ring aro-
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matic compounds and other oxygen-containing hydrocarbons). Tar concentrations

in the product gas can range from 0.1% to 10%, causing severe operational problems

such as the deactivation of sulfur removal systems, erosion of compressors, clogging

of heat exchangers and �lters, and damage to gas turbines and engines [105, 106].

Therefore, additional physical and chemical treatments are required to remove these

impurities [94, 106].

Additionally, gasi�cation generally results in higher CO2e emissions than py-

rolysis due to its higher heat and energy requirements [107]. Economic consider-

ations also play a key role in choosing between the two technologies. As shown

in Table 2.1, gasi�cation typically requires higher capital expenditure (CAPEX)

compared to pyrolysis. This cost di�erence makes pyrolysis more suitable for de-

centralized deployment as, due to reduced cost and simpler technology, more units

can be constructed, o�ering both logistical and economic advantages over central-

ized gasi�cation facilities. Transporting plastic waste is costly because of its low

bulk density, contamination, and high moisture content. Therefore, decentralized

pyrolysis facilities are increasingly being viewed as a viable solution, as they reduce

transportation costs, support local economies, and reduce environmental impacts,

as noted by CHAUDHARI et al. (2024) [108].

Furthermore, pyrolysis tends to be more pro�table, particularly when the goal

is to produce new plastics, because it generates liquid products similar to naphtha

or diesel, which are valuable feedstocks for polymer production. In contrast, gasi-

�cation breaks most carbon�carbon bonds, resulting primarily in syngas and light

molecules rather than liquids [109]. Nevertheless, integrating pyrolysis and gasi�ca-

tion in a sequential process may optimize product yields, depending on the desired

end use [92].

Hydrocracking is another alternative to pyrolysis and gasi�cation, particularly

for increasing para�n yields [118]. This process produces a product with a com-

position similar to naphtha, making it suitable as feedstock for traditional steam

crackers. Unlike pyrolysis, hydrocracking operates at slightly lower temperatures

(300�450 °C) but under high pressures (20�150 bar). It employs an in-situ bifunc-

tional catalyst, consisting of an acidic support impregnated with metal, to facilitate

two key reactions:

ˆ Cracking and isomerization, driven by an acidic support such as amorphous

oxides (e.g., silica-alumina), crystalline zeolites (e.g., HZSM-5), strong solid

acids (e.g., sulfated zirconia), or a combination of these materials [118].

ˆ Hydrogenation and dehydrogenation, catalyzed by metals such as noble metals

(e.g., palladium or platinum) or non-noble metals (e.g., molybdenum, tung-

sten, cobalt, or nickel) [104, 118].
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Table 2.1: Capital investment estimates for gasi�cation and pyrolysis technologies.
Values for the same technology may not be directly comparable due to di�erences
in reactor con�gurations and the use of catalysts (in the case of catalytic pyrolysis).

Technology Cap. (kt/yr) CapEx (M$) M$/t/d Reference

Pyrolysis

1.0 0.5 0.199 [110]
1.9 1.1 0.220 [110]
13.0 6.0 0.168 [111]
16.0 6.0 0.137 [112]
25.0 39.3 0.574 [109]
40.0 28.0 0.256 [113]
65.0 70.0 0.393 [114]
80.0 16.0 0.073 [115]

Gasi�cation

3.1 3.8 0.455 [110]
25.0 35.7 0.521 [109]
79.0 111.0 0.513 [116]
655.0 980.0 0.546 [117]

Despite its advantages, hydrocracking faces challenges, primarily the high cost of

hydrogen and the risk of catalyst poisoning due to �uctuations in feedstock compo-

sition. To mitigate these issues, hydrocracking is often employed as the second stage

in a two-step process, following pyrolysis. This sequential approach reduces catalyst

deactivation while increasing para�n yields. Additionally, the presence of hydro-

gen facilitates the removal of heteroatoms of gas/liquid pyrolysis products such as

chlorine, which is commonly found in waste plastics and is associated with corrosion

concerns [118].

To reduce hydrogen costs while still maximizing contaminant removal, thermal

liquefaction has emerged as a promising alternative [59, 119, 120]. This process

utilizes supercritical water, serving as a solvent and a reactant. Although still in

the early stages of technological development, the oil composition from the HDPE

hydrothermal process at 425°C was similar to that observed in pyrolysis. However,

an increase to 450°C led to higher amounts of aromatics [121].

These considerations highlight that pyrolysis remains one of the most robust

technologies for recycling thermoplastics. Moreover, other processes, such as gasi-

�cation and hydrocracking, often bene�t from incorporating pyrolysis as an initial

stage. Also, thermal liquefaction optimization requires a solid knowledge of pyroly-

sis, reinforcing its central role in advanced plastic recycling strategies. Thus, Section

2.2 provides a deeper discussion on pyrolysis, examining how feedstock characteris-

tics, process conditions, catalyst use, and reactor con�gurations in�uence product

distribution. The chemical mechanisms governing plastic pyrolysis will be addressed

in Section 2.3, followed by an assessment of pyrolysis LCAs in Section 2.4.
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Table 2.2: Plastic chemical recycling technologies.

Technology Process Description T (� C) P (atm) Polymer (Products) TRL References

Solvolysis Methanolysis Methanol 180 - 280 20 - 40 PET (DMT and EG,

mixtured with 11 - 12%

MHET)

Commercial

(PET)

[22, 62, 122]

Hydrolysis NaOH, KOH (alkaline);

H2SO4, HNO3, H3PO4

(acid); steam (neutral)

70 - 300 10 - 40 PET (EG and TPA) Pilot Plant

(PET);

Commercial

(Nylon 6)

[22, 62, 122]

Glycolysis Catalyzed (zinc acetate)

transesteri�cation reactions

with EG, DEG or PG

180 - 240 1 - 6 PET (BHET and oligomers) Commercial

(PET, PU)

[22, 60, 62, 69,

83, 122]

Thermolysis Pyrolysis Decomposition in an inert

atmosphere

400 - 700 Vacuum -

10

Polyole�ns; PS; PET; PVC,

etc. (hydrocarbons)

Pilot scale [81]

Hydrocracking Hydrogen-assisted catalytic

cracking

300 - 500 20 - 150 Polyole�ns, PET, PVC, PS

(hydrocarbons, " H/C)

Bench [81, 104, 118]

Gasi�cation Partial oxidation (air, vapor,

or oxygen gas)

700 - 1500 1 - 2 PE, PS, PVC, biomass

(syngas, CH4, light

hydrocarbons)

Commercial [81, 92, 94, 123,

124]

Thermal

liquefaction

Degradation in supercritical

water

375 - 450 220 Polyole�ns, PET

(hydrocarbons, " H/C)

Bench [119�121]
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2.2 Pyrolysis

Pyrolysis, as previously introduced, is a thermal process that operates in an inert

atmosphere (typically nitrogen) to break down large molecules. It is considered

one of the most promising plastic recycling technologies due to its ability to handle

mixed and contaminated plastic waste streams, obtaining valuable chemicals.

Some argue, however, that recycling plastic through pyrolysis contradicts the

principles of a circular economy since the resulting product is a mixture of chem-

icals typically linked to fuel production rather than material recovery [59]. While

some studies focused on pyrolysis oil as an alternative fuel, this represents the least

sustainable pathway and is not the only option. Research e�orts are increasingly

focusing on re�ning pyrolysis processes to produce naphtha or monomers, which

can be directly reintegrated into new plastic production. Furthermore, life cycle as-

sessments (LCAs) indicate that pyrolysis-based recycling has a lower environmental

impact compared to virgin petrochemicals when considering that the use of �virgin�

naphtha is avoided (see Section 2.4) [125].

The pursuit of more selective product yields, lower contaminant levels, reduced

environmental impact, and improved pro�tability has driven rapid advancements in

pyrolysis technology in recent years. While plastic pyrolysis has already achieved a

high degree of implementation due to its inherent advantages, ongoing research con-

tinues to re�ne and optimize the process. This is largely due to the many variables

and reactor con�gurations that in�uence its e�ciency and outcomes. This section

examines these factors in detail and discusses how they a�ect the distribution of

pyrolysis products.

For readers interested in a deeper exploration of this �eld, numerous high-

quality review articles have been published in recent years. These works under-

score the signi�cance and potential of pyrolysis as a method for recycling post-

consumer plastic waste, especially when compared to other end-of-life technologies

[22, 25, 60, 67, 69, 94, 103, 104, 122, 126�147].

2.2.1 Feedstock

Pyrolysis o�ers greater �exibility in handling waste compared to chemolysis or me-

chanical recycling, but its e�ciency and pro�tability depend on feedstock compo-

sition and quality [104, 148]. Studies have shown that heteroatoms and functional

groups in the feedstock will likely be transferred to the lighter fractions of the prod-

ucts. Thus, a well-characterized feed can help predict and optimize the product

distribution, but in commercial settings, variability and contamination make this

challenging [92].

Feedstock impurities include both additives and organic residues, which can
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volatilize and/or lead to byproducts that cause fouling, corrosion, and catalyst de-

activation (e.g., HCl, nitrogenates, benzoic acid) [92]. To improve pyrolysis product

quality for applications like steam cracking [58, 149], research focuses on sorting

and pre-treatment methods, that albeit can be costly or increase the environmental

impact, can be one of the key solutions to the production of more pure pyrolysis

products.

Optical sorting (e.g., near-infrared spectroscopy, NIR) can remove heteroatom-

containing plastics like PET, PA, and PVC, as well as unreactive polymers like PS
6 [150], while pre-treatment (e.g., hot washing, degassing) helps minimize contam-

inants. A more detailed discussion is present in the subsequent section (Section

2.2.9). Additionally, post-treatment strategies, such as hot �lters, membranes, and

hydrocracking, may further re�ne pyrolysis products [151, 152]. In general, fur-

ther research is needed to understand the source and the impact of contaminants in

post-consumer plastics and develop e�cient removal strategies [63, 149].

Beyond the contamination, co-pyrolysis of plastics (with or without biomass)

can create synergies a�ecting product distribution and reaction rates. Studies that

have explored these e�ects [153�156] have shown that the products from binary

plastic mixtures cannot be predicted by a simple linear combination of the results

obtained for the individual plastics. These synergies arise from di�erences in radical

stabilities and hydrogen availability, which shift the balance between statistical and

non-statistical products (see Section 2.3). Therefore, to accurately capture these

e�ects, models for each individual feedstock must �rst be developed and validated

before being integrated.

2.2.2 Temperature

Cleaving (or cracking) carbon�carbon bonds requires an energy input: heat! The

term pyrolysis originates from the Greek wordspur = �re; luo = loosen 7. From

this de�nition alone, it is evident that temperature is the most critical parameter

in pyrolysis: it governs both the rate of thermal decomposition and the reaction

pathways [100].

The temperature required for pyrolysis depends on the thermodynamics of the

material. Each post-consumer plastic requires a speci�c amount of heat to initi-

ate bond cleavage (activation energy) (see Section 2.3), which can be determined

through thermogravimetric analysis. In general, polystyrene begins to degrade at

around 300� C, while polyole�ns require temperatures above 350� C [100, 157]. This

6These plastics can be recycled separately (e.g., PET via solvolysis), or their presence may
require post-processing like hydrogenation or distillation.

7Although "�re" implies the presence of oxygen, pyrolysis occurs in an inert atmosphere. Thus,
the term thermolysis is often considered more precise [100].
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explains the relatively high energy demand associated with thermochemical recy-

cling technologies8. However, commercial applications rarely operate at these onset

temperatures due to slow reaction kinetics

Since pyrolysis is a multi-phase process, temperature also dictates the volatiliza-

tion of pyrolysis products via thermodynamic equilibrium and di�usion. Moreover,

temperature strongly in�uences the pyrolysis product distribution across all plastic

types. Polymer degradation involves multiple simultaneous reactions, some random,

others leading to selective formation of low-molecular-weight products. Variations

in temperature can signi�cantly shift reaction pathways, altering the ratio of ran-

dom to selective reactions. Several research groups have extensively investigated the

impact of temperature on pyrolysis yields and product distribution [157�179].

At high temperatures (above 600� C), pyrolysis favors the formation of aromatics

and smaller molecules, increasing gas and naphtha yields. However, these results are

also in�uenced by residence time as the high reaction rates at elevated temperatures

make some secondary reactions nearly unavoidable even with short residence times.

Nevertheless, besides leading to the production of more desirable products, high

temperatures also impose higher �nancial and environmental costs [131, 157, 158],

and technical challenges related to heating the plastic as will be discussed in the

next section. Section 2.2.5 continues the discussion on residence time, and more

thermodynamic and kinetic aspects will be explored in detail in Section 2.3.

2.2.3 Heating rate

In plastic pyrolysis, as the temperature is the key parameter, the heating rate is

also highly important in industrial process design due to the inherent low thermal

conductivity of plastics [180]. As plastic mass and particle size increase, heat conduc-

tion, rather than reaction kinetics, becomes the limiting factor, causing a signi�cant

portion of the pyrolysis (residence) time to be spent on heating and melting the

sample. Table 2.3 highlights the critical role of particle size in heating rates and its

in�uence on pyrolysis sub-classi�cations [24, 58]. However, these classi�cations may

be outdated, as fast or �ash pyrolysis can also occur at lower temperatures. No-

tably, for polypropylene and similar plastics, pyrolysis becomes conduction-limited

even at �lm thicknesses (equivalent to particle size) above 15µm. These heating lim-

itations become even more pronounced in industrial settings, where reactor design

and heating methods impose additional constraints.

At an industrial scale, the heating rate is inherently constrained by reactor engi-

neering and thermal transfer mechanisms (e.g., electrical, microwave, LPG). In tank

8One approach to lowering this energy barrier is the use of catalysts mixed into the plastic
feedstock (i.e., in situ catalysis). However, this method has several drawbacks, which will be
discussed in Section 2.2.10.
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pyrolysis, where heating occurs primarily via the reactor walls, long heating times

are inevitable. Preheating plastics close to the pyrolysis temperature before feeding

them into the reactor can improve process e�ciency, enhance material homogeniza-

tion during stirring, and mitigate particle size e�ects. Alternatively, using heat

carrier materials or di�erent reactor con�gurations (e.g., tube reactors, as discussed

in Section 2.2.8) can optimize heat transfer.

Beyond a�ecting residence time, the heating rate directly in�uences product

yields, particularly at high temperatures (greater than 500°C). In lower temperature

range (300�500°C), more medium-to-heavy products are formed, the overall reaction

rate is slower, and the heating rate has a minimal e�ect. Above 500°C, gas and light

oil yields increase, but with slow heating, some products may degrade and volatilize

before reaching this temperature. PARKUet al. con�rmed this at 600 °C, where

fast heating rates led to signi�cantly higher yields of light oil fractions (15 wt%)

and permanent gases (5 wt%) compared to slow pyrolysis, at the expense of heavy

oil fractions [181]. Additionally, faster heating accelerates volatilization, reducing

gas residence time and minimizing byproduct formation, such as BTX [131, 160].

However, this e�ect is also in�uenced by the carrier gas �ow rate.

Conventional

Pyrolysis

Fast

Pyrolysis

Flash

Pyrolysis

Operating temperature, � C 300 - 700 600 - 1000 500 - 800

Heating rate, � C/s 0.1 - 1 10 - 200 1000

Solid residence time, s 600 - 6000 0.5 - 5 < 1

Particle size, mm 5- 50 < 1 Dust

Table 2.3: Range of operating parameters for di�erent pyrolysis processes [24].

2.2.4 Residence (reaction) time

The reactor residence time (or reaction/pyrolysis time) is intrinsically linked to

the extent of conversion of the reactant and, therefore, is primarily governed by

the heating rate and target pyrolysis temperature. Higher temperatures accelerate

reaction kinetics, promoting volatile formation and reducing the required residence

time. Conversely, at lower temperatures, longer reaction times are needed to achieve

complete plastic conversion. For example, at 380°C, 200 seconds proved insu�cient

to fully convert a PE/PP/PS mixture into light products, whereas at 400 °C, full

conversion was achieved under 100 seconds [182].

However, ine�cient heating can lead to temperature gradients and hot spots,

causing excessive localized cracking and increasing the yield of naphthenes and
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aromatics, as discussed in Section 2.2.3. This e�ect is particularly pronounced in

bottom-heated reactors, where the pyrolysis temperature is reached at the bottom

while the plastic remains unmelted in upper sections. As a result, the removal of

light products is hindered, prolonging the residence time of both the plastic and

pyrolysis products.

2.2.5 Gas residence time

The residence time of gaseous products is strongly in�uenced by reactor engineering,

temperature, and carrier gas �ow rate (types of carrier gas as discussed in the next

section). It should not be confused with the plastic reaction time, as�reaction times

control the extent of conversion of the reactant, and the vapor residence time dictates

the extent of secondary reactions�[183].

These secondary reactions are often considered undesirable because they con-

tribute to the formation of thermally stable compounds, such as naphthenes and

aromatics. However, any further chemical transformation occurring in the gas phase

is classi�ed as a secondary reaction, many of which enhance light product yield

[94, 100, 131, 158]. Based on this principle, the use of re�ux has been proposed to

reduce waxy product formation [184, 185]. The results have shown that, for virgin

polyole�ns, dimer formation remains minimal at short residence times, and a sig-

ni�cant increase in naphthenes is only observed after prolonged gas residence times

[184, 185]. In contrast, if the feedstock contains materials such as PS, PVC, PET,

or biomass, naphthenes and aromatics appear even at low residence times due to

the melt-phase pyrolysis degradation mechanism [186].

Gas residence time is also critical for ex-situ catalytic reactions, as it determines

the contact time between the pyrolysis product stream and the catalyst. A discussion

on catalysts and contact modes is available in Section 2.2.10. Therefore, optimizing

residence time is critical in industrial process design to maximize the yield of high-

value product fractions [180, 187].

2.2.6 Carrier gas

Pyrolysis occurs under an inert atmosphere, where the carrier gas �ow rate plays a

crucial role in controlling gas residence time, directly in�uencing product distribu-

tion [188]. Nitrogen is commonly used, but using a lighter carrier gas (e.g., helium

< nitrogen < argon) reduces the gas residence time [189, 190].

Without a carrier gas, cracking within the reactor increases the yield of light

fractions (e.g., gas yield) but may also promote undesirable side reactions. The

same e�ect is observed when pyrolysis gas is recycled [132].
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In some cases, reactive gases such as steam are introduced, though this process

is often misclassi�ed as pyrolysis. However, similar to hydrogenation [190], adding

steam as a post-pyrolysis step can enhance ole�n yields due to additional hydrogen

availability [191].

In general, the choice of carrier gas depends on cost, process conditions, and

desired products. In "stand-alone" pyrolysis units, the produced gas is typically

burned to sustain the process, making it preferable to optimize gas yield without

dilution. However, since para�ns and ole�ns are the most valuable products for

plastic production, hydrogenation after pyrolysis may justify the use of carrier gas

to optimize para�n and ole�n yields.

2.2.7 Pressure

Pressure is an important parameter in pyrolysis due to its in�uence on product

volatilization, yet it remains relatively underexplored in the literature [94]. This is

due to the usually high costs of pressurization and the low value of the feedstock

and product streams, which should be regarded as commodities. Therefore, the

use of pressurized vessels can compromise the economic feasibility of plastic waste

pyrolysis processes.

In closed-batch reactors, increased pressure is linked to higher conversion rates at

pyrolysis temperatures [164, 187, 192�195]. However, in semi-batch and continuous

systems, pressure is strongly tied to phase transitions: lower pressures promote the

removal of heavier products [196�198], whereas higher pressures hinder the release of

high molecular weight compounds, leading to increased cracking and a greater yield

of lighter products [199]. Consequently, at very high pressures, these additional

reactions may also favor the formation of cyclic and aromatic compounds [200].

CHENG et al. (2020) demonstrated this e�ect by completely converting polyethylene

into liquid and gas products at atmospheric and high pressure (greater than 28 bar)

and between 385 - 485� C in an autoclave reactor. At higher pressures, the ole�n

content was reduced in favor of an increased yield of isopara�ns, cyclic compounds,

and aromatic products (Figure 2.4).
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Figure 2.4: The proposed LDPE pyrolytic mechanism: (a) atmospheric-pressure
pyrolysis pathways, (b) high-pressure pyrolysis pathways, and (c) the e�ect of
temperature and pressure factors on the pyrolysis process [4]. Reprinted from

Chemical Engineering Journal, Vol 385, CHENGet al., Polyethylene high-pressure
pyrolysis: Better product distribution and process mechanism analysis, 123866,

Copyright (2020), with permission from Elsevier.

2.2.8 Reactors

As discussed in previous sections, process parameters (temperature and pressure),

heating rate, and gas residence times are strongly correlated with pyrolysis yields

and, most importantly, product distribution. As all of these aspects are tied to

the reactor, as SCHEIRS e KAMINSKY (2006) states, the reactor typedetermines

mainly the quality of heat transfer, mixing, gas and liquid phase residence times,

and the escape of primary products.

Due to the usually high viscosity and low thermal conductivity of polymer melts,

reactor design must ensure e�cient feeding, mass and heat transfer, and solids re-
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moval [92, 100]. For instance, reactors operating in �uidized regimes can pose sig-

ni�cant operational challenges, such as bed material agglomeration, since plastics

become viscous and sticky when heated [92]. Conversely, reactors with more uniform

temperature pro�les enable faster heating rates and better reaction control, as they

promote consistent reaction rates throughout the reactor [22].

Historically, several reactor con�gurations have been explored for pyrolysis, each

with characteristic competitive advantages and limitations. Below, the most fre-

quent reactors used for plastic pyrolysis are listed, which are all either semi-batch

(open removal of volatiles) or continuous:

ˆ Fixed-bed reactor: Simple in design and easy to construct but su�ers from

poor temperature control, coke deposition, and batch operation constraints,

making scale-up di�cult [127, 131].

ˆ Fluidized-bed reactor: Operates continuously, allows precise control over gas

residence time and temperature, and ensures e�cient heat and mass transfer.

Therefore, a narrower and more predictable product distribution can be ob-

tained. However, �uidized-bed reactors require high investment costs, complex

design and operation, and careful control over the feedstock and particle size

to prevent feeding issues. Poorly selected operating conditions can lead to bed

de�uidization and material attrition [25, 126, 127, 131, 132].

ˆ (Conical) Spouted bed reactor: Similar to �uidized-bed reactors, this design

reproduces some conditions found in �uid catalytic cracking (FCC) units but

is subject to the same challenges as �uidized systems, including bed material

attrition and de�uidization [100, 131].

ˆ Stirred tank reactor: Easy to construct and allows �exible residence times

but may su�er from ine�cient heat transfer, even when assisted by a stirrer,

leading to thermal gradients and, possibly, secondary char formation. Addi-

tionally, these reactors require signi�cant infrastructure and frequent mainte-

nance, mainly to remove solid products [25, 126, 132]. To mitigate downtime,

companies using this reactor type often operate multiple units in parallel, en-

suring continuous operation while individual reactors undergo maintenance.

A discussion on pre-heating and continuous feeding is included in the next

section.

ˆ Rotary kiln: A continuous tubular reactor, o�ering �exibility in terms of par-

ticle size, ease of construction, and scalability. However, its primary drawback

is poor temperature control and long vapor residence times, which may reduce

pyrolysis e�ciency and lead to the formation of undesirable products [25, 127].
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ˆ Screw (or auger) reactor: A continuous tubular reactor equipped with a screw

conveyor (see an example in Figure 2.5) in which, unlike other reactor types,

are not limited by polymer viscosity and are well mixed as the screw physically

displaces the plastic [100]. Optimization of the reactor length and control of

the residence time via screw speed is needed to ensure complete conversion.

This reactor is relatively easy to construct and scale up [25, 126, 127, 131, 132].

Figure 2.5: Screw pyrolysis reactor [5].

As highlighted in Section 2.2.2, temperature is the most critical parameter in

plastic pyrolysis. Since di�erent reactors exhibit varying heat and mass transfer

performance, it follows that di�erent reactor designs lead to di�erent product dis-

tributions, a relationship con�rmed by LOPEZ et al. (2017) [131], who reviewed

product yields (gas, oil, waxes, and residue) from the thermal pyrolysis of poly-

ole�ns across di�erent reactor types.

A summary of companies and their respective reactor technologies is presented by

QURESHI et al. (2020) [25] (see Table 2.4). Further details on commercial facilities

and a review of relevant patents are provided by DE MIRANDA (2024) [201].

Technology

provider

Capacity

(TPD)
Reactor type Location Status

VadXX 60 Rotary kiln USA Online

Nexus 50 Melting Vessel USA Online

Agilyx 10-50 Dual screw reactor USA Online

Recycling Technologies 20 Fluidized Bed UK Online

Plastic Energy 20 STR Spain Online

Susteen Technologies 12 Screw with recirculation Germany Online

PHJK 12-14 Rotary kiln Finland Online

Renewlogy 0.24 - 10 Rotary kiln USA Online

Pyrovac 1.2 - 12 STR Canada Online

Re-oil (OMV) 2.4 Melting vessel Austria Online

BP process 1 Fluidized bed Germany Dismantled

Pyrowave 0.1-0.2 Microwave catalytic (only PS) Canada Online

Table 2.4: Overview of pyrolysis technology providers and key process details.
Adapted from [25]. Abbreviations: TPD = tons per day; STR = stirred-tank

reactor; TCR = thermo-catalytic reforming.
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2.2.9 Feeding system and pre-treatment

As discussed earlier, industrial-scale operations should ideally be continuous to ac-

celerate processing. In the case of the stirred tank reactor, due to solid, and, when

melted, viscous nature of plastic materials, an extruder is not only the ideal equip-

ment to perform this task, but it is more e�cient to heat the material than in

an agitated tank, ultimately reducing operational expenditures (OPEX) and CO2e

emissions, and ensuring better homogeneity in the reactor [67, 132].

Moreover, as discussed in Section 2.2.1, additional sorting steps can signi�cantly

improve feedstock quality and, consequently, enhance the quality of pyrolysis prod-

ucts. However, these steps alone are insu�cient for removing all impurities, partic-

ularly those with low water solubility or high boiling points. An additional strategy,

as illustrated in Figures 2.6 and 2.7, is to remove non-plastic materials via degassing

ports, while simultaneously heating the feed stream [202]. This approach helps to

eliminate moisture, oxygenated, and chlorinated compounds [202]. This strategy is

not limited to feeding extruders; it can also be e�ectively applied in rotary kilns and

screw reactors.

Regarding chlorine removal, which is primarily linked to the presence of PVC

and chlorinated additives, FUKUSHIMA et al. [203] (2010) achieved a 99.1% dechlo-

rination e�ciency by utilizing a feed screw operating at 350� C to process a 15 kg/h

PVP:PP mixture (50:50 wt%). Similarly, LEI et al. [204] (2018) obtained over 90%

dechlorination e�ciency by feeding plastic into a stirred tank pyrolysis reactor at 300
� C for over 30 minutes through a vented screw conveyor. Additionally, WANGet al.

[205] (2021) achieved a 99.9% dechlorination e�ciency using hydrothermal pretreat-

ment (240� C, 0.3 M NaOH). These �ndings indicate that incorporating a dechlorina-

tion step at temperatures exceeding 300°C can e�ectively mitigate chlorine-related

issues in the pyrolysis process. Furthermore, oxides such as calcium oxide can assist

in halogen removal by binding with chlorine [206�208]. Thermal pre-treatment may

also help in the removal of other heteroatoms present in additives, although further

studies are necessary to con�rm its e�ectiveness [63]. Additionally, depending on

the extruder design, vent �ooding (polymer escaping through the vent) may also

occur; therefore, other modern equipment may be of interest.
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Figure 2.6: Step-wise biomass pyrolysis [6]. The �rst step typically occurs below
350 � C, and the second above 400� C. Used with permission of Walter De Gruyter
GmbH, Fractionation of biomass and plastic wastes to value-added products via

stepwise pyrolysis: a state-of-art review, SHEN, 0, 1983; permission conveyed
through Copyright Clearance Center, Inc.

Figure 2.7: Thermal decomposition of materials as a function of temperature, and
their products [6]. Used with permission of Walter De Gruyter GmbH,

Fractionation of biomass and plastic wastes to value-added products via stepwise
pyrolysis: a state-of-art review, SHEN, 0, 1983; permission conveyed through

Copyright Clearance Center, Inc.

2.2.10 Catalysts

Catalysts are frequently employed to optimize product distribution and selectivity

by in�uencing the degradation mechanism [59, 69, 83, 104]. The contact mode can
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be in situ or ex-situ. In the case of the former, it requires either physical mixing

with the polymer or a �uidized pyrolysis process, where the molten polymer interacts

with catalyst particles [3, 26]. The main advantage is that the catalyst addition can

also lower the reaction temperature. However, this approach promotes substantial

coke formation, requiring frequent catalyst regeneration.

Thus, due to impurities in plastic waste, ex-situ catalytic pyrolysis is more com-

mon as some contaminants do not volatilize, although the contact time between

pyrolysis products and the catalyst is crucial, as discussed in Section 2.2.5. In

this case, the majority of gas-phase reactions are catalyzed by passing the reactant

through, frequently, a packed bed of catalyst particles. Pyrolysis vapors can also

undergo in-line reforming by introducing hydrogen or steam downstream of the py-

rolysis reactor [104]. XUEet al. (2017) [209] investigated catalyst contact modes

for PS, PVC, PP, and PE pyrolysis, suggesting the di�erences in in-situ and ex-situ

catalytic pyrolysis mechanisms.

For both contact modes, various catalysts have been tested, di�ering in type,

pore size, and acidity [59, 69]. Some were originally developed for polymerization

but can also facilitate depolymerization by lowering the kinetic barrier for both

processes to the same extent, as seen with Ziegler-Natta catalysts [83]. However,

zeolites (HZSM-5, HY, H� , MCM-41, SBA-15, etc.) and clay remain the most

extensively studied materials [26, 68, 83, 131, 210].

In general, catalysts enhance the yield of light compounds, particularly ole�ns,

but they also promote the formation of naphthenes and aromatics, which can be

undesirable in high concentrations (e.g., higher than 10 wt%). Thus, despite the

improved selectivity [83], coke formation remains a major challenge, requiring strict

feedstock control, which is not always feasible, especially when working with waste

with high variability in plastic and contaminants composition [210]. OCHOAet al.

(2020) [211] provides a comprehensive review of coke formation mechanisms and cat-

alyst deactivation. Moreover, with an improved understanding of pyrolysis mecha-

nisms and process parameters, maximizing the yield of desirable products is possible

even without catalysts. These aspects will be further explored through the develop-

ment and validation of kinetic mechanisms presented in this thesis.

2.3 Modeling plastic pyrolysis

Although plastic pyrolysis holds great promise for increasing recycling rates, most

studies remain empirical. No robust, validated kinetic models exist for individual

plastics, plastic mixtures, or waste across various operational conditions. Ther-

modynamic and transport models are also scarce. This lack of a comprehensive

understanding hinders accurate product prediction, process optimization, reactor
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design improvements, and the identi�cation of process limitations.

The slow progress in model development is understandable, given the complex,

multi-phase nature of pyrolysis. Obtaining accurate kinetic data is particularly chal-

lenging as studying kinetically controlled processes requires milligram-scale plastic

samples, high heating rates, and rapid gas sweeping velocities. Without these con-

ditions, kinetic e�ects become entangled with mass and heat transfer phenomena,

further complicated by secondary reactions.

Nevertheless, various kinetic mechanisms have been proposed, each di�ering in

its ability to predict product formation and its correlation with reactor and process

parameters. This section examines these mechanisms, highlighting their predictive

capabilities and limitations. There is no better way to introduce this discussion than

with a statement from the 8th Chemical Sciences and Society Summit (CS3) (2020)

[59]:

"Over many decades, chemists have devoted a great deal of ef-
fort to developing the `forward' reactions that turn monomers
into polymers, but comparatively little research has gone into the
`back' reactions that break down these long chains into shorter
molecules. This is an important new �eld for future development
of methodologies, theories and processes."

This holds true for all the most common plastics: polyole�ns, polystyrene, PET,

and PVC. To the best of our knowledge, no mechanistic model has been validated

across a wide range of temperatures and conditions, including the e�ects of pressure,

carrier gas �ow rate, synergy between di�erent reactants, and gas-phase reactions.

Some studies have varied the heating rate, but their analysis remains limited to

global rate modeling rather than true mechanistic modeling.

To support the arguments presented, a literature review was conducted to iden-

tify studies on polymer degradation mechanisms, focusing primarily on polystyrene

and polyole�ns. The earliest works on the �Depolymerization of Long Chain

Molecules� date back to the 1940s [212�214]. These initial statistical models were

developed based on the assumption that all bonds have an equal probability of

breaking, regardless of their position within the polymer chain or the polymer's

molecular weight [212�217].

Later, Jellinek proposed that degradation begins speci�cally at weak links ran-

domly distributed along the polymer chains, a concept later known as the weak link

theory (e.g., in polystyrene, these weak links could be peroxide groups) [218, 219],

also referred to as the �weak bond model� [220]. To validate this hypothesis, Jellinek

investigated the in�uence of branches and inhibitors on degradation and calculated

the activation energy for polystyrene and polyethylene in a vacuum [221�223]. Later,

Madorsky recalculated the activation energy under vacuum conditions and corrected

Jellinek's original values [224].
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However, in the early 1950s, Simha, who had previously studied the statistical

model [212, 216], and his co-workers expanded the idea of random scission inspired

by the ethane cracking chain reaction mechanism proposed by RICE (1935) [225].

They stated that � cracking is a chain process, characterized by at least an initiation,

propagation, and termination and, very likely, also chain transfer� [7]. This theory

led to further investigation into the relevance of chain length and transfer reactions

in determining the �nal molecular weight distribution [226�228]. Figure 2.8 shows

the set of reactions considered by SIMHAet al. (1950).

Following Simha's contributions, many studies began utilizing gas chromatogra-

phy and/or �ame ionization detection to analyze pyrolysis products and formulate

hypotheses regarding degradation mechanisms [229�241]. Despite these advance-

ments, it was not until the 1990s and 2000s that more complex mechanistic models

began to emerge, primarily developed by a few research groups. These models will

be discussed in Section 2.3.1.

Figure 2.8: Set of reactions considered by Simha, using polyethylene as an
example. Adapted from [7].

Building on these early investigations, the �eld has seen a growing number of ki-

netic studies over the past decades. However, as shown in Figure 2.9, their focus has

gradually shifted. Earlier studies primarily aimed to elucidate chemical degradation
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mechanisms (classi�ed as `mechanistic models'), whereas more recent research has

largely concentrated on estimating overall kinetic constants (classi�ed as `empirical

model').

The data in Figure 2.9 comes from a bibliographic review comprising 297 studies

on polymer degradation.9 In total, only 19% of these studies proposed and validated

a detailed chemical mechanism, while the majority (75%) focused on estimating a

global kinetic rate or a small set of rates. Additionally, as shown in Figure 2.10,

4% used molecular dynamics simulations, and 2% utilized empirical correlations to

model pyrolysis in Aspen Plus and/or Aspen Hysys.

Figure 2.9: Temporal trend in the number of publications developingmechanistic
and empirical polymer degradation models.

Figure 2.10: Bibliographic review of pyrolysis models.

Studies categorized as `empirical' are equivalent to `global models', which de-

scribe the degradation process using one or a small set of parameters. (These pa-

rameters are often referred to as kinetic constants, but they are not true kinetic

constants, as they are applied to arbitrary reactions.). These models do not ex-

plicitly represent product formation, or when they do, the product distribution is
9This bibliographic review was conducted by the author. While it may not be exhaustive, it

includes the majority of studies focusing on polyole�n or polystyrene degradation. Broader reviews
may yield di�erent statistics. Additionally, the review covers studies up to 2020, as recent trends
remain consistent.
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typically limited to a few lumped components. Most of these studies rely on dy-

namic or isothermal thermogravimetric analysis (TGA) to model sample weight loss

or volatilization.

Dynamic TGA experiments involve heating the sample across a de�ned temper-

ature range (typically 25�600°C) at a predetermined rate (e.g., 5, 10, 12, 20, 25, or

50 °C/min). In contrast, isothermal experiments maintain the sample (typically up

to 1 gram) at a constant temperature (usually between 400 and 500°C) for a �xed

duration [242]. In both cases, a purge gas (usually nitrogen or argon) is continu-

ously supplied at a constant �ow rate to remove gaseous pyrolysis products from

the reaction zone [242].

The conversion,x, representing the reacted fraction at timet, is de�ned as:

x =
w0 � wt

w0 � w1
(2.1)

where w0 is the initial sample weight, wt is the weight at time t, and w1 is the

weight after complete pyrolysis.

The reaction rate is given by:

dx
dt

= f (x)k(T) (2.2)

where f (x) is a function of x, and k(T) is the kinetic constant, typically expressed

using the Arrhenius equation:

k = k0 exp(� EA =RT) (2.3)

wherek0 (sometimes denoted asA) is the pre-exponential factor,EA is the activation

energy (J/mol), T is the temperature, andR is the gas constant [242].
Model-free methods such as the Flynn�Wall�Ozawa (FWO), Kissinger-Akahira-

Sunose (KAS), and Friedman (FR) methods are commonly used for determining pa-
rameters [243�247]. Additionally, model-�tting methods, such as the Coats-Redfern
and Criado approaches, apply algebraic expressions corresponding to common reac-
tion mechanisms to determine the kinetic equation [243�247]. Most polymer degra-
dation studies identi�ed the mechanism as �rst-order, meaning the reaction rate
follows f (x) = (1 � x) [243, 244, 248�251]. However, this estimated rate is not the
intrinsic as WESTERHOUT et al. (1997) noted:

By using an apparatus such as a TGA in kinetic studies, the
evaporation rate of products is determined and not the intrinsic
chemical reaction rate, since not every broken bond leads to the
evaporation of a product, only product fragments that are small
enough to evaporate will actually evaporate and thus lead to a
decrease of the polymer mass [252].

Another key limitation of using solely TGA data is that product yield is often not

33



measured [242]. Thus, lumping techniques are also often applied, especially when

product yield is known, although it has also been applied to TGA data to assist

in �tting the weight loss curve [253�261]. Lump models classify hydrocarbons into

carbon-number/boiling point ranges (e.g., C6�C 11 and C12�C 24) or chemical families

(e.g., ole�ns, para�ns) [262], and de�ne a set of reaction families and mass balances,

instead of using an overall reaction rate (Equation 2.2).
While lumped models provide a better representation of pyrolysis (especially at

small scales), they lack mechanistic detail, particularly with regard to fundamental
reaction pathways [224]. As DENTEet al. emphasized:

The reduction of intermediate products as well as the grouping of
the reactions involved depends on the hypothesis assumed about
the interactions between the propagation paths of the di�erent
initial radicals [262].

But, as the assumptions underlying kinetic modeling vary widely, as illustrated in

Figure 2.11, the absence of a clear consensus among researchers highlights the chal-

lenge of achieving a universally applicable model. In practice, each lumped model

is inherently tied to the speci�c dataset from which it was derived. Consequently,

these models are better described as data-�tting tools rather than true kinetic rep-

resentations, limiting their predictive capability outside the context in which they

were developed.

Therefore, while lump models can provide insights into system-speci�c pyrolysis

behavior, their applicability is limited beyond the studied reactor system. In Chap-

ter 3, a lumped model is developed for catalytic ex-situ pyrolysis. The choice for a

lumped model is justi�ed because of the high system complexity (e.g., interplay of

thermal and catalytic reactions) and variability (e.g., heterogeneous feedstock, cata-

lyst screening). Despite its limitations, it is shown how the model parameters can be

adapted with only a few experiments. Additionally, this model aids in determining

the optimal catalyst-to-plastic mass ratio and the ideal vapor-catalyst contact time.

Therefore, the model is useful when there are time constraints, such as in industrial

environments when the process needs to be frequently adapted, catalyst screening

is needed, and optimization is desirable.

Anyhow, comparing Simha's initial model (Figure 2.8) with lumped models, it

becomes evident that, due to the high complexity of plastic degradation, researchers

have opted for non-mechanistic models and have relied on simpli�cations that hin-

der an accurate representation of pyrolysis under varying conditions. The next

section (Section 2.3.1) discusses mechanistic models for di�erent plastics, o�ering

insights into product distribution variations. However, even these models lack a

comprehensive representation of critical factors such as heating, mixing, melt-phase

kinetics, volatilization, mass transport, and gas-phase kinetics. Addressing these

gaps remains a key research opportunity and a central motivation for this thesis.
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Figure 2.11: Examples of lumped kinetic models identi�ed during the bibliographic review [8�19].
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2.3.1 Mechanistic Models

In Section 2.2.1, it was discussed that predicting the composition of pyrolysis prod-

ucts is very challenging if the feedstock composition is not known. This occurs

because the product distribution for each polymer is inherently linked to its degra-

dation mechanism, which depends on factors such as radical stability, chain defects,

degree of aromaticity, and the presence of halogens or other heteroatoms in the

polymer structure. These aspects are crucial since thermal degradation is a radical-

driven process.

Similar to polymerization, depolymerization consists of initiation, propagation,

and termination steps. Initiation occurs primarily at random, breaking carbon-

carbon bonds along the polymeric chain. In the previous section, the concept of

weak-link theory was introduced [218�220], which suggests that the �rst bonds to

break are not necessarily from the main polymer backbone but rather from branches,

vinylene groups, catalysts, or inhibitor residues. However, these �weak links� are

present in much lower concentrations than the total number of carbon bonds that

must be cleaved, and their precise quanti�cation is challenging due to variations in

polymerization methodologies used by manufacturers [263]. Another type of initia-

tion, known as end-chain scission, involves the degradation of polymer chain ends,

forming allyl radicals. Termination occurs either by combination or disproportion-

ation.

While both initiation and termination reactions in�uence the overall reaction

rate, product distribution is primarily governed by reaction thermodynamics, radical

stability, molecular structure, and steric hindrance. For instance, if the resulting

radical is relatively stable, as in PS, degradation occurs predominantly via unzipping

(also called end-chain� -scission), leading to high monomer yields. In contrast, PE

degradation primarily produces unstable primary radicals, which rapidly undergo

intra- or intermolecular hydrogen transfer to form more stable secondary or tertiary

radicals rather than yield monomers. As a result, polyethylene pyrolysis generates

a broad mixture of hydrocarbons with varying chain lengths.

Table 2.5 summarizes the predominant overall degradation pathways and their

e�ects on monomer recovery. The reaction types can be described as follows:

ˆ End-chain � -scission: the polymer degrades from the chain ends, successively

yielding monomers;

ˆ Random-chain scission: the polymer backbone breaks randomly, producing

fragments of varying lengths;

ˆ Chain-stripping: reactive side groups are eliminated from the polymer chain,
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leading to the evolution of volatile degradation products and a polyene struc-

ture;

ˆ Cross-linking: polymer chains form a network structure, which often occurs in

thermosetting polymers when heated.

Table 2.5: Decomposition mechanisms and monomeric yields of main polymers.
Adapted from BUEKENS e HUANG (1998) [26].

Polymer Decomposition Mechanism Monomer Yield (wt%)
Polymethylmethacrylate End-chain� -scission 91�98
Polystyrene End-chain� -scission 82�94
Polyethylene Random-chain scission 2 - 10
Polypropylene Random-chain scission 0 - 17
Polybutadiene Random-chain scission 1
Polyethylene terephthalate Random-chain scission + aromatization 2
Polyvinyl �uoride Chain-stripping + aromatization 0

Compared to polyole�ns and polystyrene, the degradation mechanisms of rub-

bers, polyethylene terephthalate (PET), and polyvinyl chloride (PVC) remain less

well understood. In the case of PVC, degradation occurs in two steps: (i) dehy-

drochlorination via chain-stripping at approximately 300°C (see Section 2.2.9), and

(ii) further conversion of the resulting polyene backbone, which primarily undergoes

aromatization. However, these mechanisms have not been fully validated.

On the other hand, detailed mechanistic models for the pyrolysis of vinyl poly-

mers, such as PS, PP, and PE, are well established. Figure 2.12 depicts the various

typical reaction families for the pyrolysis of these polymers. Initiation and termina-

tion reactions are the initial three (chain �ssion, recombination, disproportionation,

and end-chain �ssion). The remaining are the propagation reactions.

H-abstraction involves the cleavage of a C�H bond by hydrogen transfer to an

abstracting radical. The abstracting radical and the product radical can be end-

chain or mid-chain radicals. Mid-chain� -scission results in the bond cleavage in

the � -position to the radical center, with the concomitant formation of a radical

species and an unsaturated end. Radical addition (addition of a radical to a� -bond)

competes e�ectively with the H-abstraction and end-chain� -scission reactions. End-

chain � -scission (depropagation) is the main route to the formation of monomers.

Intramolecular isomerizations (such as 1,x-shift, and x,x+n-shift) are essential for

yielding oligomers, such as dimers and trimers. These reactions are primarily driven

by how high the ring-strain energy of the cyclic transition state is. These reactions

are further explored in chapters discussing the PS and PE degradation mechanisms.

They are the main reactions considered by the studies from Politecnico di Milano,

Broadbelt, and Poutsma, as later detailed in Section 2.3.1.
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Figure 2.12: Various elementary reactions involved in the pyrolysis of vinyl
polymers. X represents the substituent group; X = C6H5 for polystyrene, CH3 for

polypropylene, and H for polyethylene. The di�erent possible radical sites are
denoted by asterisks. [20]. Used with permission of Annual Reviews, Inc., from

Unraveling reaction pathways and specifying reaction kinetics for complex systems,
VINU e BROADBELT, 3, 1, 2010; permission conveyed through Copyright

Clearance Center, Inc.
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