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A pirolise tem se destacado como uma tecnologia promissora para a reciclagem
quimica de plasticos, complementando as rotas mecanicas. Ao converter plasticos
pos-consumo em gases e Oleo de pirodlise, essa tecnologia possibilita a reintegracao do
material & cadeia produtiva, gerando produtos de qualidade comparével ao plastico
virgem.

Para aprimorar a predicao e a otimizacao do processo, este trabalho propoe duas
abordagens cinéticas: um modelo simplificado (“lump”) e um modelo mecanistico. O
modelo simplificado descreve de forma eficiente os principais produtos e tempos de
reacao, enquanto o modelo mecanistico oferece uma representacao fenomenologica
detalhada da pirdlise sob diferentes condigoes.

Poliestireno e polietileno foram selecionados como estudos de caso, e simulacoes
de Monte Carlo cinético foram utilizadas para o modelamento mecanistico. A vali-
dagao experimental com dados obtidos em micropirolisadores minimizou limitacoes
associadas a transferéncia de calor e massa. Considerando que a pirélise ocorre na
fase liquida, com volatilizagao das espécies mais leves, o modelo cinético foi acoplado
a um modelo de volatilizacao baseado no equilibrio termodindmico entre as fases,
utilizando as equacoes de estado de Peng—Robinson e PC-SAFT. Essa abordagem
amplia a aplicacao das simulagoes de Monte Carlo cinético para reatores multifasi-
cos, e inova ao predizer a distribuigao de produtos da pirélise baseado nas condigoes
da reagao.

Por fim, uma revisdo critica de estudos de Avalia¢ao do Ciclo de Vida (ACV) so-

bre a pirdlise de plasticos revelou lacunas relacionadas ao desempenho e a escala dos



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

Este trabalho representa um avanco na modelagem preditiva da reciclagem
quimica por pirdlise. A integracao dos modelos validados com outros polimeros
pOs-consumo permitird representar composicoes de residuos mais diversas, com o
objetivo final de otimizar a pirélise como uma tecnologia sustentavel de implemen-

tagao 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

vil



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 term plastic is used according
to common usage, referring broadly to polymer-based materials, rather than any
specific type.

The history of plastics began in the early 20th century with the invention of
Bakelite, one of the first synthetic plastic-like materials. However, its widespread
adoption and rapid expansion did not take off until after World War II [29]. Since
then, plastics have become essential in many applications such as automotive, elec-
tronics, and technical textiles, offering 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 flexibility
[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 1955 Life magazine
Throwaway Living (Figure 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 landfill. 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 significant
environmental cost [31]. Figure [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]).



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].

LIFE IS SHORT

Average useful life of various plastic items, by industrial sector, in years

@ PLASTIC ATLAS 2019 / GEYER

Figure 1.2: Average useful life (in years) of plastic products across different
industrial sectors [I]. 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 figures 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 exemplifies 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
insufficient 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 significant 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 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 scientific 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 effects 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



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 financial 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 [I.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 offers potential for reducing environmental impact, critics argue
that, in practice, it may sustain existing consumption patterns, with efforts typically

advancing only when profitable or enforced through policy measures.

Virgin
feedstock”

Production Conversion Consumption
of plastic raw to plastic parts of products that
materials and products contain plastics

.
Reuse and repair
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recycling
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collection
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for new products
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* Virgin feedstock originates from fossil fuels, CO, or renewable feedstock
** Recycling includes mechanical recycling, chemical recycling and dissolution

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-



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 offer advantages in specific 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]:

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

terials into products of equivalent quality;

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

ucts with lower performance requirements;

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

monomers or additives;

e 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 effectively 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[]] [30, 8].

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 significant obstacles, including optimizing prod-
uct recovery efficiency, improving process economics, and minimizing environmental
impacts [22]. Ongoing innovations in this field 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 gasification, or
through solvolysis techniques [22].
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Figure 1.4: Number of scientific publications with the keywords "plastic waste"
and/or "plastic pollution".

Despite significant 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 difficulty,
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 effects 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, offering context and identifying gaps in the current literature. Chapter
introduces a lumped kinetic model applied to both thermal and catalytic pyrol-

ysis, demonstrating its utility for rapid process understanding and optimization.



Chapter |4 investigates the degradation mechanism of polystyrene through the de-
velopment and validation of a mechanistic kinetic Monte Carlo model. In Chapter
Bl 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 [f] 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.



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 difficult. Therefore, it is necessary to begin
with the plastic lifecycle before examining the recycling process in detail.

Plastics originate in refineries. Although the use of renewable feedstocks (e.g.,
sugarcane, corn) is increasing, most plastics are still derived from fossil resources
[30, 60, 61]. For polyolefins, the monomers ethene and propene polymerize into
polyethylene and polypropylene, respectively. The strong carbon-carbon covalent
bonds that hold these polyolefins together contribute to their durability - lasting for
decades, even centuries - but also make them difficult 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 final 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, fillers, flame retardants, plasticizers,
lubricants, and stabilizers are examples. However, they also contribute to significant
challenges to recycling processes, mainly due to the presence of heteroatoms [64].

While additives pose a significant 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 illustrates the available recycling options. However, this



method is applicable primarily to thermoplasticgl| 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 amplified 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, classification using near-infrared (NIR) spectrometers), grinding/milling,
washing, drying, and reprocessing. Despite these efforts, contamination from addi-
tives, poor sorting efficiency, and polymer degradation during the product lifespan
significantly reduce the quality of recycled plasticﬂ 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 purification 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, 8I]. Furthermore,
for the bottles to be sold as new bottles with the same properties and appearance,
a stream of fresh monomer must be pumped (configuring 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 certified food-grade procedure
[59, 82 83].

!Thermoplastics 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].

?During 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 [69H7S].
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Incineration, the least circular option, burns plastics to recover energy [81].
While it can process mixed and contaminated plastics effectively, 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, 130, 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 landfills
[29]. In Europe, the amount of plastic incinerated to post-consumer plastic waste is
over 30 % [G8].

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 microorganismsEl [3, 62]. While this method
requires significant energy input, it is an alternative to challenges faced by the other

recycling methodologies:

e [t can process a broader range of plastic types, including cross-linked polymers
[34].

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] [S5HIT]
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e It is more tolerant to impurities than mechanical recycling (see Figure

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

e 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 efficiency 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 polyolefins
and polystyrene. We will also discuss the factors influencing its performance, chal-
lenges, the mechanisms behind thermal degradation, and the life cycle assessments

comparing chemical recycling with other technologies.
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Figure 2.2: Comparison of feedstock tolerance between mechanical recycling and
pyrolysis (a chemical recycling technology) [[J47].© 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 define 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 NOg, significantly reducing yield. However, PET is best suited
for chemolysis, another chemical recycling technology discussed in Section PVC, on the other
hand, can be processed via pyrolysis if a pre-treatment step is applied beforehand, as detailed in

Section m
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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 specific chemical bonds in the polymer
backbone, and thermolysis, which uses thermal energy to break these bonds. The
choice of method depends on the specific polymer being recycled. The following
subsections discuss each technology and its subclassifications as summarized in Ta-
ble 2.2 However, since thermolysis remains the only viable method for processing
large quantities of polyolefins (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 - specifically 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, PAG6), polyurethanes, and ether-based polymers (e.g., epoxy resins)
[3, 22, B8].

Chemolysis processes are categorized based on the chemical linkages targeted and
the reagents used to cleave them. This classification includes hydrolysis, alcoholysis
(glycolysis and methanolysis), phosphorolysis, ammonolysis, and aminolysis [22], [60].
For example, Figure illustrates PET recycling through methanolysis, hydrolysis,
and glycolysis [60]. E] 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 Infinia, 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 flakes), to improve process efficiency
[69]. For PA, Aquafil has developed the proprietary ECONYL®) Regenerated Nylon
technology, which depolymerizes Nylon 6 into caprolactam, its monomeric building
block [99].

However, solvolysis becomes less efficient when applied to mixed plastic waste,

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

SPolyolefins (PE, PP) lack reactive groups, making them resistant to chemolysis [62]. However,
solvent-assisted recycling is being explored using supercritical fluids (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 benefits, 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 polyolefins, polystyrene,

poly(vinyl chloride), and high contamination levels.
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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 flexibility makes them particularly suitable for recycling complex waste
streams. This advantage stems from the simplicity of the process, which primar-
ily involves applying sufficient 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 gasification 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 influence the distribution of pyrolysis
products, which include oil (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 influence product yields, but temperature is the
most critical.

A major challenge in plastic recycling via pyrolysis is its significant carbon diox-
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ide equivalents (COs.) 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-
trification of pyrolysis reactors (Section can be a crucial step in mitigating
emissions [I0I]. Beyond conventional electrified reactors, this transition has also
stimulated interest in alternative pyrolysis technologies, such as plasma and mi-
crowave pyrolysis.

To enhance efficiency 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 efficiency, plasma pyrolysis faces major challenges, including high en-
ergy consumption, undesirable side reactions, and significant capital and operational
costs, limiting its large-scale viability [103] [104].

Microwave-assisted pyrolysis offers 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 2.2l However,
its efficiency depends on the dielectric properties of the plastic waste, which can
vary significantly, 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 influence of process
conditions on pyrolysis products, as well as the overall results, remain valid.

Another advanced thermolysis method is gasification [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 [8I]. The resulting syngas
can be used as a chemical platform for synthesizing valuable products, including
olefins via the Fischer—Tropsch process [92]. The Akzo and Laubag process or the
Chalmers DFB system are examples of large-scale plastic gasification projects.

However, gasification also poses important challenges. One significant 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 filters, and damage to gas turbines and engines [105], [106].
Therefore, additional physical and chemical treatments are required to remove these
impurities [94] 106].

Additionally, gasification generally results in higher CO,, emissions than py-
rolysis due to its higher heat and energy requirements [I07]. Economic consider-
ations also play a key role in choosing between the two technologies. As shown
in Table gasification typically requires higher capital expenditure (CAPEX)
compared to pyrolysis. This cost difference makes pyrolysis more suitable for de-
centralized deployment as, due to reduced cost and simpler technology, more units
can be constructed, offering both logistical and economic advantages over central-
ized gasification 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 profitable, 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-
fication breaks most carbon—carbon bonds, resulting primarily in syngas and light
molecules rather than liquids [I09]. Nevertheless, integrating pyrolysis and gasifica-
tion in a sequential process may optimize product yields, depending on the desired
end use [92].

Hydrocracking is another alternative to pyrolysis and gasification, particularly
for increasing paraffin yields [I18]. 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
(300450 °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:

e 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 [I118].

e 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] 1T8].
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Table 2.1: Capital investment estimates for gasification and pyrolysis technologies.
Values for the same technology may not be directly comparable due to differences
in reactor configurations and the use of catalysts (in the case of catalytic pyrolysis).

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

1.0 0.5 0.199 [110]

1.9 1.1 0.220 [110]

13.0 6.0 0.168 [111]

Pyrolysis 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]

3.1 3.8 0.455 [110]

I 25.0 35.7 0.521 109
Gasification 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 fluctuations 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 paraffin 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-
fication and hydrocracking, often benefit 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
provides a deeper discussion on pyrolysis, examining how feedstock characteris-
tics, process conditions, catalyst use, and reactor configurations influence 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, Commercial [22] [122]
mixtured with 11 - 12% (PET)
MHET)
Hydrolysis NaOH, KOH (alkaline); 70 - 300 10 - 40 PET (EG and TPA) Pilot Plant [22] 62] 122]
HQSO4, HNOg, H3PO4 (PET),
(acid); steam (neutral) Commercial
(Nylon 6)
Glycolysis Catalyzed (zinc acetate) 180 - 240 1-6 PET (BHET and oligomers) Commercial [22]
transesterification reactions (PET, PU) [83] 122]
with EG, DEG or PG
Thermolysis Pyrolysis Decomposition in an inert 400 - 700 Vacuum - Polyolefins; PS; PET; PVC, Pilot scale [81]
atmosphere 10 etc. (hydrocarbons)
Hydrocracking  Hydrogen-assisted catalytic 300 - 500 20 - 150 Polyolefins, PET, PVC, PS Bench [81] 104] [118]
cracking (hydrocarbons, T H/C)
Gasification Partial oxidation (air, vapor, 700 - 1500 1-2 PE, PS, PVC, biomass Commercial [81] [123]
or oxygen gas) (syngas, CHy, light [124]
hydrocarbons)
Thermal Degradation in supercritical 375 - 450 220 Polyolefins, PET Bench [IT9HI2T]
liquefaction water (hydrocarbons, T H/C)




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 efforts are increasingly
focusing on refining 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 [125].

The pursuit of more selective product yields, lower contaminant levels, reduced
environmental impact, and improved profitability 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 refine and optimize the process. This is largely due to the many variables
and reactor configurations that influence its efficiency and outcomes. This section
examines these factors in detail and discusses how they affect the distribution of
pyrolysis products.

For readers interested in a deeper exploration of this field, numerous high-
quality review articles have been published in recent years. These works under-
score the significance 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, 4], 103, 104}, 122, 126-147].

2.2.1 Feedstock

Pyrolysis offers greater flexibility in handling waste compared to chemolysis or me-
chanical recycling, but its efficiency and profitability 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., HCI, 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
E] [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 filters, membranes, and
hydrocracking, may further refine pyrolysis products [I51], [152]. In general, fur-
ther research is needed to understand the source and the impact of contaminants in
post-consumer plastics and develop efficient removal strategies [63], 149].

Beyond the contamination, co-pyrolysis of plastics (with or without biomass)
can create synergies affecting product distribution and reaction rates. Studies that
have explored these effects [I53HI56] 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 differences in radical
stabilities and hydrogen availability, which shift the balance between statistical and
non-statistical products (see Section . Therefore, to accurately capture these
effects, models for each individual feedstock must first 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 words pur = fire; luo = loosen E] From
this definition 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 specific 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 polyolefins require temperatures above 350 °C [100, 157]. This

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

7Although "fire" 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 technologies ﬁ 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 diffusion. Moreover,
temperature strongly influences 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 significantly 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 influenced 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 financial and environmental costs [I31], 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

2.2.3 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 significant
portion of the pyrolysis (residence) time to be spent on heating and melting the
sample. Table highlights the critical role of particle size in heating rates and its
influence on pyrolysis sub-classifications [24], 58|. However, these classifications may
be outdated, as fast or flash pyrolysis can also occur at lower temperatures. No-
tably, for polypropylene and similar plastics, pyrolysis becomes conduction-limited
even at film thicknesses (equivalent to particle size) above 15 pm. 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

80ne 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 efficiency, enhance material homogeniza-
tion during stirring, and mitigate particle size effects. Alternatively, using heat
carrier materials or different reactor configurations (e.g., tube reactors, as discussed
in Section can optimize heat transfer.

Beyond affecting residence time, the heating rate directly influences 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 effect. Above 500 °C, gas and light
oil yields increase, but with slow heating, some products may degrade and volatilize
before reaching this temperature. |PARKU et al. confirmed this at 600 °C, where
fast heating rates led to significantly higher yields of light oil fractions (15 wt%)
and permanent gases (5 wt%) compared to slow pyrolysis, at the expense of heavy
oil fractions [I8T]. Additionally, faster heating accelerates volatilization, reducing
gas residence time and minimizing byproduct formation, such as BTX [I31], 160].

However, this effect is also influenced by the carrier gas flow rate.

Conventional Fast Flash
Pyrolysis Pyrolysis 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 different 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 insufficient
to fully convert a PE/PP/PS mixture into light products, whereas at 400 °C, full
conversion was achieved under 100 seconds [182].

However, inefficient 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 effect 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 influenced by reactor engineering,
temperature, and carrier gas flow 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 classified as a secondary reaction, many of which enhance light product yield
[94, 100}, 1311, 158|. Based on this principle, the use of reflux has been proposed to
reduce waxy product formation [184] [185]. The results have shown that, for virgin
polyolefins, dimer formation remains minimal at short residence times, and a sig-
nificant 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 flow rate plays a
crucial role in controlling gas residence time, directly influencing product distribu-
tion [I88]. 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 effect 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 misclassified as pyrolysis. However, similar to hydrogenation [190], adding
steam as a post-pyrolysis step can enhance olefin 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 paraffins and olefins are the most valuable products for
plastic production, hydrogenation after pyrolysis may justify the use of carrier gas

to optimize paraffin and olefin yields.

2.2.7 Pressure

Pressure is an important parameter in pyrolysis due to its influence 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, 192H195]. However, in semi-batch and continuous
systems, pressure is strongly tied to phase transitions: lower pressures promote the
removal of heavier products [T96HI98|, whereas higher pressures hinder the release of
high molecular weight compounds, leading to increased cracking and a greater yield
of lighter products [I199]. 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 effect 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 olefin

content was reduced in favor of an increased yield of isoparaffins, 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 effect of
temperature and pressure factors on the pyrolysis process [4]. Reprinted from

Chemical Engineering Journal, Vol 385, [CHENG et 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 type determines

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 efficient feeding, mass and heat transfer, and solids re-
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moval [92] 100]. For instance, reactors operating in fluidized regimes can pose sig-
nificant operational challenges, such as bed material agglomeration, since plastics
become viscous and sticky when heated [92]. Conversely, reactors with more uniform
temperature profiles enable faster heating rates and better reaction control, as they
promote consistent reaction rates throughout the reactor [22].

Historically, several reactor configurations 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:

e Fixed-bed reactor: Simple in design and easy to construct but suffers from
poor temperature control, coke deposition, and batch operation constraints,
making scale-up difficult [127, [13T].

e Fluidized-bed reactor: Operates continuously, allows precise control over gas
residence time and temperature, and ensures efficient heat and mass transfer.
Therefore, a narrower and more predictable product distribution can be ob-
tained. However, fluidized-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
defluidization and material attrition 25| 126] 127, 1311 [132].

e (Conical) Spouted bed reactor: Similar to fluidized-bed reactors, this design
reproduces some conditions found in fluid catalytic cracking (FCC) units but
is subject to the same challenges as fluidized systems, including bed material
attrition and defluidization [100, 131].

e Stirred tank reactor: Easy to construct and allows flexible residence times
but may suffer from inefficient heat transfer, even when assisted by a stirrer,
leading to thermal gradients and, possibly, secondary char formation. Addi-
tionally, these reactors require significant 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.

e Rotary kiln: A continuous tubular reactor, offering flexibility 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 efficiency and lead to the formation of undesirable products [25] [127].
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e Screw (or auger) reactor: A continuous tubular reactor equipped with a screw
conveyor (see an example in Figure in which, unlike other reactor types,
are not limited by polymer viscosity and are well mixed as the screw physically
displaces the plastic [I00]. 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, T3], [132].
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Figure 2.5: Screw pyrolysis reactor [5].

As highlighted in Section temperature is the most critical parameter in
plastic pyrolysis. Since different reactors exhibit varying heat and mass transfer
performance, it follows that different reactor designs lead to different product dis-
tributions, a relationship confirmed by LOPEZ et al.| (2017) [I31], who reviewed
product yields (gas, oil, waxes, and residue) from the thermal pyrolysis of poly-
olefins across different 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 Capacity

. Reactor type Location Status
provider (TPD)
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 efficient to heat the material than in
an agitated tank, ultimately reducing operational expenditures (OPEX) and COa,
emissions, and ensuring better homogeneity in the reactor [67, 132].

Moreover, as discussed in Section [2.2.1] additional sorting steps can significantly
improve feedstock quality and, consequently, enhance the quality of pyrolysis prod-
ucts. However, these steps alone are insufficient for removing all impurities, partic-
ularly those with low water solubility or high boiling points. An additional strategy,
as illustrated in Figures and 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 effectively 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 efficiency 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 efficiency by feeding plastic into a stirred tank pyrolysis reactor at 300
°C for over 30 minutes through a vented screw conveyor. Additionally, WANG et al.
[205] (2021) achieved a 99.9% dechlorination efficiency using hydrothermal pretreat-
ment (240 °C, 0.3 M NaOH). These findings indicate that incorporating a dechlorina-
tion step at temperatures exceeding 300 °C can effectively mitigate chlorine-related
issues in the pyrolysis process. Furthermore, oxides such as calcium oxide can assist
in halogen removal by binding with chlorine [206-H208|. Thermal pre-treatment may
also help in the removal of other heteroatoms present in additives, although further
studies are necessary to confirm its effectiveness [63]. Additionally, depending on
the extruder design, vent flooding (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 first 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, 0, 1983; permission conveyed
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2.2.10 Catalysts

Catalysts are frequently employed to optimize product distribution and selectivity
by influencing 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 fluidized 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]. XUE et al| (2017)) [209] investigated catalyst contact modes
for PS, PVC, PP, and PE pyrolysis, suggesting the differences in in-situ and ex-situ
catalytic pyrolysis mechanisms.

For both contact modes, various catalysts have been tested, differing 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, HB, 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 olefins,
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]. OCHOA et 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 identification 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 effects become entangled with mass and heat transfer phenomena,
further complicated by secondary reactions.

Nevertheless, various kinetic mechanisms have been proposed, each differing 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 field for future development
of methodologies, theories and processes."

This holds true for all the most common plastics: polyolefins, 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 effects of pressure,
carrier gas flow rate, synergy between different 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 polyolefins. The earliest works on the “Depolymerization of Long Chain
Molecules” date back to the 1940s [212H214]. 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 [212H217].

Later, Jellinek proposed that degradation begins specifically 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 influence of branches and inhibitors on degradation and calculated
the activation energy for polystyrene and polyethylene in a vacuum [221H223]. 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 final molecular weight distribution [226-228]. Figure shows
the set of reactions considered by SIMHA et al.|(1950).

Following Simha’s contributions, many studies began utilizing gas chromatogra-
phy and/or flame 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]
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Figure 2.8: Set of reactions considered by Simha, using polyethylene as an

example. Adapted from [7].

Building on these early investigations, the field 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 (classified as ‘mechanistic models’), whereas more recent research has
largely concentrated on estimating overall kinetic constants (classified as ‘empirical
model’).

The data in Figure [2.9| comes from a bibliographic review comprising 297 studies
on polymer degradation. ﬂ 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.

204 Mechanistic Model
—— Empirical Model

1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

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

Empirical 75.09%

Based on observational data and
experiments m

~__ ~

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 polyolefin or polystyrene degradation. Broader reviews
may yield different 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 defined 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 fixed
duration [242]. In both cases, a purge gas (usually nitrogen or argon) is continu-
ously supplied at a constant flow rate to remove gaseous pyrolysis products from
the reaction zone [242].

The conversion, x, representing the reacted fraction at time ¢, is defined as:

o= Po— W (2.1)

Wy — Weo
where wq is the initial sample weight, w; is the weight at time ¢, and wy is the

weight after complete pyrolysis.

The reaction rate is given by:

dx
o = J@)k(T) (22)

where f(z) is a function of z, and k(T') is the kinetic constant, typically expressed

using the Arrhenius equation:
k = kyexp(—Ea/RT) (2.3)

where kq (sometimes denoted as A) is the pre-exponential factor, F 4 is the activation

energy (J/mol), T is the temperature, and R 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-fitting methods, such as the Coats-Redfern
and Criado approaches, apply algebraic expressions corresponding to common reac-
tion mechanisms to determine the kinetic equation [243H247]. Most polymer degra-
dation studies identified the mechanism as first-order, meaning the reaction rate
follows f(x) = (1 — z) [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
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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 fitting the weight loss curve [253H261]. Lump models classify hydrocarbons into
carbon-number /boiling point ranges (e.g., C¢—Cy; and C19—Cayy) or chemical families
(e.g., olefins, paraffins) [262], and define 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 DENTE et 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 different
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 specific dataset from which it was derived. Consequently,
these models are better described as data-fitting 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-specific 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 justified 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 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 simplifications that hin-
der an accurate representation of pyrolysis under varying conditions. The next
section (Section discusses mechanistic models for different plastics, offering
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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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 first 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 quantification 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 influence 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 f-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 summarizes the predominant overall degradation pathways and their

effects on monomer recovery. The reaction types can be described as follows:

e End-chain f-scission: the polymer degrades from the chain ends, successively

yielding monomers;

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

fragments of varying lengths;

e 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;
e 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 B-scission 91-98
Polystyrene End-chain g-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

Polyvinyl fluoride Chain-stripping + aromatization 0

Compared to polyolefins 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 depicts the various
typical reaction families for the pyrolysis of these polymers. Initiation and termina-
tion reactions are the initial three (chain fission, recombination, disproportionation,
and end-chain fission). 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 7-bond)
competes effectively with the H-abstraction and end-chain S-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]

37



Recombination

Wc .\l/\(\rw,M Disproportionation Wmm/\m W
X X X X X X X X X X X X X X

W End-chain fission W\Nm/\m. Y
X X X X X X X X X X

L
Mwm Mwm .
X X X Wm H-abstraction X X X wwm/\amw
or or

W X X X X X H-abstraction W X X X X X
X X X
Mid-chain o
B-scission Mwm
X X X X X X X
L]
R e Y Y Y Y T
X X X X X X X

Radical addition

Nww(\m. End-chain wwm. \‘
B-scission
X X X X
[d
W End-chain W ’/
B-scission
X X X

Intramolecular isomerization
®  1,n-H-shifts wwwm/\(\(\(\m

X X X X X X X X X X X X X X

% L
WN(\m/\mWNM Xx,x+n-H-shifts w»mm/\*(\mWwww

X X X X X X X X X X X X

W(\(\WNMM Chain fission ° .\l/\(\rNWM
X X X X X X X X X X X X X X

Figure 2.12: Various elementary reactions involved in the pyrolysis of vinyl
polymers. X represents the substituent group; X = CgHjy for polystyrene, CHs for
polypropylene, and H for polyethylene. The different 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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Beyond radical stability and molecular structure, reaction thermodynamics pro-
vides additional insight into monomer recovery potential. Polymerization is an
exothermic process (AH < 0) that must overcome the entropy loss (AS < 0) asso-
ciated with reduced monomer mobility [21], 264]. At the ceiling temperature (7.),
where AG =0 ( AG = AH — TAS), polymerization and depolymerization reach
equilibrium (Figure [2.13)). Depolymerization in contrast is endothermic (AH > 0)
and entropically favorable (AS > 0), requiring temperatures above T, [21, 264].

Polymerization highly Neither reaction favoured (T)  Depolymerization highly
favoured («T) favoured (>T)

I e R

G G G
X
K=1 K<«1
K>1 >X X
xJ >x
Reaction coordinate Reaction coordinate Reaction coordinate

B

Reaction temperature

Figure 2.13: Conceptual model of polymerization energetics [21]. Plots of the
Gibbs free energy (G) versus the reaction coordinate for polymerization (where M
is the monomer) at three different reaction temperatures relative to the ceiling
temperature (7). At temperatures T, the reaction equilibrium constant, K, lies
far to the right, favoring polymerization. At T,, neither reaction is favored. At
temperatures T,, K lies far to the left and depolymerization is favored. As the
reaction temperature increases, so does the Gibbs free energy of the monomer,
rising from x at low temperatures to z at high temperatures. Reproduced with
permission from Springer Nature.

For highly exergonic polymerizations, such as PE and PP, depolymerization re-
quires substantial energy input [21) 83]. Monomer recovery yields are low because
chain-end unzipping (the direct reverse of chain-growth polymerization) demands a
high energy input [83]. As a result, competing side reactions (e.g., H-abstraction),
which require less energy, become dominant, further limiting monomer recovery
[21], 265].

Figure [2.14] illustrates a conceptual reaction profile for a highly exergonic poly-

merization and its corresponding depolymerization pathways. While monomer re-
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covery remains low for PE and PP due to their high polymerization enthalpies,
increasing the reaction temperature can improve yields [265]. Additionally, com-
pared to polyolefins, PS and PMMA exhibit less negative polymerization enthalpies,

making their depolymerization more favorable [265].

G Increase T to G
shift equilibrium
_—
o
n Side reactions
Reaction coordinate Reaction coordinate

Figure 2.14: Conceptual reaction profiles for a highly exergonic polymerization
reaction and its corresponding depolymerization reactions. M stands for monomer.
In these cases, the standard change in the Gibbs free energy (AGS) is too high for
chemical recycling to monomer. Adapted from COATES e GETZLER] (2020) [21].

Reproduced with permission from Springer Nature.

The development and validation of new mechanistic models

As briefly mentioned earlier in Section [2.3] the period from 1993 to the early 2000s
saw the development of more complex mechanistic models by few key research

groups:
e Benjamin J. McCoy and coworkers (University of California)

e Eliseo Ranzi, Giulia Bozzano, Mario Dente and Tiziano Faravelli (Politecnico
di Milano)

e Linda J. Broadbelt (Northwestern University)
e Marvin L. Poutsma (Oak Ridge National Laboratory)

McCoy and Madras employed a relatively simple mechanistic model, primarily
considering random scission, chain-end scission, and addition (“repolymerization”).
They used continuous distribution kinetics based on population balance equations
(PBEs). This allowed them to monitor the molecular weight distribution over time.
However, their approach relied on lumped reactions, using global rate coefficients
rather than predicting specific product yields. Table summarizes McCoy’s key

publications on polymer degradation.
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Table 2.6: McCoy’s main works on plastic degradation.

Year Authors Title Reference
Continuous-Mixture Kinetics and
1993 McCoy, B. J. Equilibrium for Reversible [266]
Oligomerization Reactions
Wang, M., : o
) Continuous Kinetics for Thermal
1995 Smith, J. M., ) , . [267]
Degradation of Polymer in Solution
McCoy, B. J.
Madras, G., , .
) Effect of Tetralin on the Degradation of
1995 | Smith, J. M., _ _ [268]
Polymer in Solution
McCoy, B. J.
Continuous kinetics of cracking reactions
1996 McCoy, B. J. i . [269]
- Thermolysis and pyrolysis*
Madras, G., )
' Degradation of Poly(methyl
1996 Smith, J. M., . . [270]
methacrylate) in Solution
McCoy, B. J.
Distribution kinetics of radical
Kodera, Y., } )
1997 mechanisms - Reversible polymer [271]
McCoy, B. J. .
decomposition
Madras, G.,
Chung, G. Y., Molecular Weight Effect on the
1997 . . . [272]
Smith, J. M., Dynamics of Polystyrene Degradation
McCoy, B. J.
Degradation kinetics of polymers in
Madras, G., , ) )
1997 solution - dynamics of molecular weight [273]
McCoy, B. J. o
distributions™*
Madras, G., Effect of hydrogen donors on polymer
1998 yarosen €ol POty [74]
McCoy, B. J. degradation
Madras, G., Time evolution to similarity solutions for
1998 . [275]
McCoy, B. J. polymer degradation
Madras, G., Evolution to Similarity Solutions for
1998 . . [276]
McCoy, B. J. Fragmentation and Aggregation
Sezgi, N. A., )
Polyethylene Pyrolysis: Theory and
Cha, W. S., .
1998 _ Experiments for [277)
Smith, J. M., ] o o
Molecular-Weight-Distribution Kinetics
McCoy, B. J.
Madras, G., Distribution Kinetics for Polymer
1999 . . [278]
McCoy, B. J. Mixture Degradation
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Table 2.6 — McCoy’s main works on plastic degradation (continued).
Year Authors Title Reference

Distribution Kinetics for
1999 McCoy, B. J. _ [279]
Temperature-Programmed Pyrolysis*

Polymer thermogravimetric analysis -
2001 McCoy, B. J. effects of chain-end and reversible [280]

random scission

Discrete and continuous models for
2001 McCoy, B. J. o o [281]
polymerization and depolymerization

9001 Sterling, W. J., Distribution kinetics of thermolytic P87
McCoy, B. J. macromolecular reactions**
Cha, W. S., Study of polystyrene degradation using

2002 Kim, S. B, continuous distribution kinetics in a [283]
McCoy, B. J. bubbling reactor

Distribution Kinetics of Polymer

Kodera, Y., ) ] )

2002 Thermogravimetric Analysis: A Model [284]
McCoy, B. J.

for Chain-End and Random Scission

Numerical and Similarity Solutions for

Madras, G., , . i
2002 Reversible Population Balance Equations [285]
McCoy, B. J. ) )
with Size-Dependent Rates
Mechanisms and Approximations in
Smagala, T. G., | Macromolecular Reactions - Reversible [286]

2003
McCoy, B. J. Initiation, Chain Scission, and Hydrogen

Abstraction

* stands for theoretical work, not comparing the modeling results with

** stands for a review article.

experimental data;
In the early 2000s, Linda J. Broadbelt began publishing extensively on poly-
mer degradation, focusing on complex mechanistic chemistry. Her work stands out
as some of the most comprehensive in the field. Beyond studying pure plastics,
she developed one of the few mechanistic models addressing the synergy between
polystyrene and polypropylene degradation [150, 287|. However, these studies used
data from closed-vial experiments to validate the model, which is an environment
prone to secondary reactions and not representative of common pyrolysis reactors.
Consequently, parameter estimation and model simplifications were necessary, lim-
iting its direct applicability to other reactor configurations. Additionally, the kinetic
model was simplified, not considering different reactivities in reactants/products.
Parallel to Broadbelt’s contributions, Poutsma published highly detailed mod-

els, raising critical hypotheses about various chemical reactions and kinetic constants
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proposed in earlier studies. Parameter estimation was rarely used and the different
reactant /product reactivities were properly considered so that it could be possible to
better define routes to pyrolysis products mechanistically. Despite not always draw-
ing definitive conclusions, Poutsma’s work remains foundational for understanding
polymer degradation mechanisms. Tables and list key publications from both

researchers.

Table 2.7: Poutsma’s main works on plastic degradation.

Year Authors Title Reference

Fundamental reactions of free radicals
%

2000 | Poutsma, M. L. [288]

relevant to pyrolysis reactions

Reexamination of the Pyrolysis of
2003 | Poutsma, M. L. [263]
Polyethylene

Comparison of literature models for
volatile product formation from the
2005 | Poutsma, M. L. . _ . [289]
pyrolysis of polyisobutylene at mild

conditions

Mechanistic analysis and thermochemical
kinetic simulation of the pathways for
2006 | Poutsma, M. L. ) ) ) [290]
volatile product formation from pyrolysis

of PS, especially for the dimer

Mechanistic analysis and thermochemical
2007 | Poutsma, M. L. | kinetic simulation of the products from [291]
pyrolysis of poly(alpha-methylstyrene)

Further considerations of the sources of
2009 | Poutsma, M. L. _ _ [292]
the volatiles from pyrolysis of polystyrene

* stands for theoretical work, not comparing the modeling results with

experimental data.

Table 2.8: Broadbelt’s main works on plastic degradation.

Year Authors Title Reference
Kruse, T. M., Detailed mechanistic modeling of
2001 Woo, O. S., polymer degradation - application to [293]
Broadbelt, L. J. polystyrene
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Table 2.8 — Broadbelt’s main works on plastic degradation (continued).

Year Authors Title Reference
Kruse, T. M.,
Woo, O. S., Mechanistic Modeling of Polymer
2002 | Wong, H.-W., | Degradation - A Comprehensive Study of [294]
Khan, S. S., Polystyrene
Broadbelt, L. J.
Kruse, T. M., Modeling the Evolution of the Full
2003 | Wong, H.-W., Polystyrene Molecular Weight [295]
Broadbelt, L. J. | Distribution during Polystyrene Pyrolysis
Kruse, T. M.,
Levine, S. E.,
Wong, H. W., _ ) )
Binary mixture pyrolysis of
2005 | DUOs - 1 lene and polyst [287]
Lebovitz, A. H., po yprf)py ene an pé ystyrene - a
modeling and experimental study
Torkelson, J.
M., Broadbelt,
L. J.
. Reaction pathways to dimer in
2008 | ovine S E- lyst lysis - A mechanisti 296]
0 0 -
Broadbelt, L. J, polystyrene pyr ?/515 mechanistic
modeling study
) Detailed mechanistic modeling of
2009 | HOVIEE S B density polyethyl lysis - L 297]
Broadbelt. L. J. igh-density po ?fe ylene pyrolysis '— ow
molecular weight product evolution
Vinu, R., i o )
] Detailed mechanistic modeling of
Levine, S. E., _ ] )
2012 W L poly(styrene peroxide) pyrolysis using [298]
an ) *) . . . .
& kinetic Monte Carlo simulation
Broadbelt, L. J.
. . Unraveling Reaction Pathways and
R. Vinu, Linda o ] o
2012 Specifying Reaction Kinetics for [20]

J. Broadbelt

Complex Systems**

** stands for a review article.

During the same period, Politecnico di Milano also contributed to the study of

plastic degradation. Their models were less complex than those of Broadbelt and

Poutsma as they focused on a new lump methodology for modeling degradation,

which is further “delumped” to present specific yields. However, most of their vali-

dation relied on TGA experiments rather than comprehensive product yield analysis.

Additionally, the simplifications in their approach limit the model’s applicability to
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a wider range of pyrolysis processes.

Table 2.9: Politecnico di Milano’s main works on plastic degradation.

Year Authors Title Reference
Ranzi, E., Dente, M.,
Faravelli, T., Kinetic modeling of polyethylene
1997 | Bozzano, G., Fabini, and polypropylene thermal [299]
S., Nava, R., Cozzani, degradation
V., Tognotti, L.
Faravelli, T.,
Bozzano, G., Scassa, o
Gas product distribution from
1999 C., Perego, M., N o [300]
olyethylene pyrolysis
Fabini, S., Ranzi, E., POLELIYIENE YTy
Dente, M.
Faravelli, T.,
Pinciroli, M., Pisano, .
2001 Thermal degradation of polystyrene [23]
F., Bozzano, G.,
Dente, M., Ranzi, E.
) Lumping procedures in detailed
Ranzi, E ; Dente, M ; o ) ) ]
] kinetic modeling of gasification,
Goldaniga, A ; . : S
2001 pyrolysis, partial oxidation and [301]
Bozzano, G ; )
. combustion of hydrocarbon
Faravelli, T ]
mixtures™*
Faravelli, T., o )
Kinetic modeling of the thermal
Bozzano, G., i
2003 _ degradation of polyethylene and [302]
Colombo, M., Ranzi, .
polystyrene mixtures
E., Dente, M.
Marongiu, A.,
Faravelli, T., Thermal degradation of poly(vinyl
2003 gradation of poly(viny 1303]
Bozzano, G., Dente, chloride)
M., Ranzi, R.
Dente, M., Bozzano, o ) )
. Kinetic Modelling of Pyrolysis
G., Faravelli, T., ]
2004 _ Processes in Gas and Condensed [304]
Marongiu, A.,
) ] ) Phase***
Pierucci, S., Ranzi, E.
Marongiu, A., Detailed kinetic modeling of the
2007 | Faravelli, T., Ranzi, thermal degradation of vinyl [262]

E.

polymers
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Table 2.9 — Politecnico di Milano’s main works on plastic degradation (continued).

Year Authors Title Reference

Mehl, M., Marongiu,

A., Faravelli, T., )
2007 thermal degradation of halogenated [305]
Bozzano, G., Dente,

M., Ranzi, E.

A kinetic modeling study of the

polymers

XKk

** stand for a review article; stands for a book section in ‘Chemical

Engineering Kinetics’, Advances in Chemical Engineering, 2007.

Several other research groups have also contributed to understanding the kinetic

mechanism behind polymer degradation:

e José Francisco Mastral, César Berrueco, and Jesis Ceamanos (Universidad
de Zaragoza, Spain) developed a model for high-density polyethylene (HDPE)
pyrolysis in fluidized bed and free-fall reactors [300, [307]. Their approach, a so-
phisticated lumped model, categorized products into alkanes, olefins, diolefins,
aromatic compounds, and radicals. While their model performed well in pre-
dicting HDPE pyrolysis product distributions, it could have been improved
by incorporating additional kinetic steps, such as intra- and intermolecular

hydrogen transfer.

e loana Pantano, Claudia Sarmoria, and Adriana Brandolin (Planta Piloto de
Ingenieria Quimica, Argentina) studied polystyrene degradation in the pres-
ence of aluminum chloride (AlCl3). Their mathematical model focused on
the effect of Friedel-Crafts catalysts and cocatalysts on the molecular weight
distribution of polystyrene [308-310].

More recently, new research efforts have revived interest in mechanistic modeling.
As discussed in Section , in the last few years (2019-2020), two notable groups

have integrated experimental data with mechanistic models:

e Professor Enrique Saldivar-Guerra (Centro de Investigacion en Quimica Apli-
cada, Mexico) has long been involved in polymer research and recently ex-
panded into plastic pyrolysis (thermal and catalytic). His recent modeling
efforts include the degradation of polystyrene and HDPE in a plug-flow tubu-

lar reactor, both solved using the method of moments [311, 312].

e Professor Kevin Van Geem (Ghent University, Belgium) has extensive experi-
ence modeling cracking systems, including plastic pyrolysis. His recent work
on PMMA, PS, and polystyrene peroxide degradation employs Monte Carlo
techniques to predict specific product yields [313] [314].
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Despite the progress made, the number of research groups dedicated to the mech-
anistic modeling of plastic pyrolysis remains low. This underscores the necessity of

continued research and development in this area, including:

e Validation of kinetic models with experimental data in a wide range of condi-

tions.

A more detailed discussion of liquid-vapor equilibrium.

Development of mechanistic models for complex plastic mixtures.

Consideration of secondary reactions, especially in gas-phase.

Consideration of heat and mass transfer effects, particularly in scale-up sce-

narios.

By addressing these challenges, future research can build upon previous efforts and

contribute to a more comprehensive understanding of polymer degradation.

2.4 Life-cycle assessment

Life cycle assessment (LCA) is “a systematic methodology to quantify the environ-
mental burdens associated with a given product or service over its entire life cycle in
terms of environmental effects on areas such as climate change, human health, bio-
diversity, and natural resources, among others” [315]. It relies on mass and energy
balances, applying data to specific technologies, locations, and timeframes. This
process quantifies feedstock inputs, emissions, and waste streams (i.e., inventory
flows) before converting them into environmental impact indicators.

Mechanical recycling is widely considered the most sustainable recycling op-
tion when plastics can be adequately separated [316-322]. However, as previously
discussed, contamination and mixed plastic waste limit its feasibility [67), 69, 83,
necessitating alternative end-of-life (EoL) treatments.

In contrast, incineration is the least favorable option due to its significant green-
house gas (GHG) emissions [317, [323]. While it prevents plastic from entering land-
fills, its contribution to climate change outweighs this benefit [93] BI8|, 324]. Figure
illustrates the relative and absolute COq-equivalent emissions of different EoL

treatment technologies for plastic waste [22].
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Figure 2.15: COs, emissions of various end-of-life treatment technologies for
different plastic waste streams. Top: expressed as relative values indexed to
incineration (set at 100%); Bottom: CO2e emissions broken down by life cycle
stage (in tons COy/ton of plastic waste). Source: VOLLMER et al.| [22].

Compared to virgin plastic production, the key argument for pyrolysis having
lower environmental impacts is the avoided production of virgin petrochemicals
[317, 318, 321], 322, [325]. However, LCA studies on pyrolysis are often case-specific
and lack adaptation to different plant configurations, feedstocks, and operational
parameters (e.g., temperature, pressure, catalyst type, gas flow) [326].
highlighted these gaps, emphasizing the need for more comprehensive assess-
ments.

Because plastic pyrolysis is an emerging technology, reported LCA results vary
significantly due to the dependence on experimental setups and the scarcity of well-
documented industrial data [327]. This variability can lead to inconsistencies and

confusion, particularly for LCA practitioners unfamiliar with pyrolysis. Sensitivity
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and uncertainty analyses should be incorporated to enhance study robustness, yet
such assessments remain limited. Additionally, LCAs based on commercial data may
suffer from conflicts of interest, potentially leading to biased conclusions and incom-
plete disclosure of process details [322) 323, 328]|. Future LCAs should prioritize
transparency and methodological rigor as more data becomes available.

Moreover, as MERY et al| suggests, “the use of LCA as a tool for eco-design
requires a predictive and prospective LCI”. However, currently, no LCA in chemical
recycling benefits from detailed process modeling. Therefore, the Life Cycle Inven-
tory (LCI), which compiles the data collected for all inputs and outputs related
to the process’s life cycle, often exhibits high variability, frequently overlooks opti-
mal operating conditions, and, in some cases, relies on extrapolated lab-scale data.
Therefore, integrating validated mathematical models of plastic degradation into
LCA could improve the process analysis. For example, integrating LCA with life
cycle optimization (LCO) frameworks, such as multi-objective optimization (MOO)
and multi-criteria decision-making (MCDM), would enable a more holistic approach
to the design of sustainable pyrolysis systems [315] 330].

Therefore, in general, to improve the reliability of pyrolysis LCAs, studies should
enhance consistency and representativeness across temporal, geographical, and tech-
nological dimensions; and follow ISO 14040 standards to communicate assumptions
and hypotheses effectively.

Nevertheless, these challenges are not unique to pyrolysis. Similar issues exist
in other fields, such as water treatment, where traditional LCAs relies on averaged
input-output data that may not capture real-world variability. The discussion on

LCAs for plastic pyrolysis is expanded in Chapter [6]

2.5 State-of-the-art summary and research gaps

The literature reviewed in this chapter reveals the increasing interest in chemical
recycling technologies, particularly pyrolysis, as a promising solution for processing
plastic waste that is unsuitable for mechanical recycling. Among thermochemical
routes, pyrolysis stands out for its ability to convert plastics into valuable chem-
ical feedstocks. However, despite ongoing industrial and academic efforts, several
technological and scientific challenges remain unsolved.

First, a significant gap persists in the mechanistic understanding of polymer
degradation pathways, especially under diverse operating conditions. Experimental
data in the literature are often limited or inconsistent, hindering the development of
reliable models for process optimization and reactor design. Additionally, although
various lumped kinetic models have been proposed, they typically rely on parameter

fitting from specific datasets and lack generalizability across different systems and
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feedstocks.

Mechanistic models, which provide first-principles insights into the degradation
process, are still under development for most polymer types. Moreover, the integra-
tion of kinetic models with volatilization remains scarce, even though this coupling
is essential for accurate prediction of product distributions in liquid-phase pyrolysis.

Another critical challenge is the incorporation of validated kinetic models into
environmental assessments, such as life cycle analysis (LCA). The reviewed studies
indicate that LCA models frequently rely on simplified process assumptions and
generic databases, leading to inconsistent conclusions. There is a clear need for
process-informed LCA frameworks that better reflect the actual behavior of pyrolysis
systems.

This thesis addresses these challenges through a dual modeling strategy: the
development of both lumped and mechanistic models for plastic pyrolysis. Using
kinetic Monte Carlo simulations, the work provides detailed insights into the degra-
dation mechanisms of polystyrene and polyethylene. Furthermore, it couples kinetic
and thermodynamic models to account for volatilization phenomena, thereby en-
hancing predictive accuracy. Finally, it suggests that integrating mechanistic mod-
els into life cycle assessment frameworks could significantly improve the quality and
relevance of future environmental analyses.

By bridging the gap between fundamental reaction mechanisms and practical
process modeling, this research contributes to the advancement of more efficient,

accurate, and environmentally relevant models for the chemical recycling of plastics.
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Chapter 3

Modeling plastic pyrolysis using
lumped models: non-catalytic and

catalytic pyrolysis

This chapter is based on the article “A short-cut method for analysis of catalyst per-
formances in pyrolytic reactor” published in the Journal of Analytical and Applied
Pyrolysis in 2023 [331].

3.1 Introduction

Plastic pyrolysis can be modeled using different approaches, with mechanistic models
being the most detailed and comprehensive. These models attempt to describe the
complex chemical kinetics of pyrolysis by thoroughly accounting for each reaction
step. However, developing mechanistic models for plastic pyrolysis is particularly
challenging due to the heterogeneous nature of feedstocks and intricate reaction net-
works. Additionally, obtaining kinetically-controlled experimental data is only pos-
sible in micro-scale equipment due to complex effects such as mass and heat transfer
limitations. These difficulties are even more pronounced when catalytic processes
are involved, as the catalyst characteristics influence the reaction pathways, and the
physical contact with the catalyst must be modeled. Moreover, the computational
effort required for mechanistic modeling is substantial, making it time-consuming to
develop and simulate.

Due to these challenges, lumped kinetic models offer a practical alternative when
the primary objective is catalyst screening or optimizing macro-level aspects of the
process, such as determining the optimal temperature, residence time, or catalyst-to-
feedstock ratio. These models simplify the reaction network by grouping chemically

similar species into "lumps" and modeling the reactions between these lumps rather
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than tracking each individual species.

Lumped models have also been widely applied in the oil and gas industry, where,
similar to plastic pyrolysis, feedstock composition variability, and fluctuating prod-
uct demands necessitate fast process adjustments [301], 332-334]. The variability
can represent a substantial cost burden for a refinery, and fast process modifications
are required [332, [333].

To illustrate the application of a lumped kinetic model, this chapter uses as a
case study the pyrolysis of high-density polyethylene (HDPE) as the feedstock and
two different catalysts. The model aims to compare the catalysts performances and
determine appropriate operational conditions to maximize desired product fractions.
The specific process considered is an ex-situ catalytic process: thermal cracking of
the plastic feedstock, followed by catalytic cracking of the resulting gaseous stream.
This was chosen because two-stage processes are often employed due to reduced
catalyst deactivation [137, 335} [336].

Using catalysts can enhance the reaction selectivity of plastic pyrolysis toward
desired products, such as lighter hydrocarbons. The performance of a catalyst de-
pends heavily on factors such as its pore size distribution, acidity, and surface area
[21, 130]. Commonly used heterogeneous catalysts for plastic pyrolysis include zeo-
lites (Y, USY, HZSM-5, Hf), silica-alumina, alumina, FCC (Fluid Catalytic Crack-
ing) catalysts, MCM-41, metal oxides, and molecular sieves [128), 130, 13T, 137, B337].

Several lumped reaction networks have already been proposed to describe the
process behavior and understand modifications of the activation energy when dif-
ferent catalysts are mixed with the feedstock. The studies were performed in a
TGA [254H258,, 338, fixed bed [11], fluidized bed reactor [175], 176], [339-342] or a
semi-batch stirred reactor [343]. Others have studied two-stage pyrolysis in a flu-
idized reactor followed by an in-line fixed bed [16], and two-stage semi-batch reactor
[17, 344]. These studies are summarized in Table [3.1]

However, previous lump models proposed for catalytic pyrolysis have primarily
focused on understanding global kinetic models for pyrolysis, and there is a lack of
efforts to develop and implement suitable procedures for designing reactors (ther-
mal and/or catalytic), adapting actual operation procedures, and optimizing plastic
pyrolytic reaction systems.

Thus, the focus of this study is the optimization of a two-stage pyrolysis pro-
cess, considering both stages individually as well as the complete system. The two
catalysts used for the experiments and model are a Zeolite Y (Cat;) and another
conventional petrochemical catalyst (Cats). The details of these catalysts are confi-
dential. Nevertheless, even with simplified catalyst representations, the model pro-
vides a valuable tool for rapid catalyst screening and process optimization, enabling

the identification of the optimal setup, including the ideal temperature, catalyst
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mass, and residence time, resulting in the maximization of desired product yields.
Moreover, the proposed approach is especially relevant for laboratory and industrial

environments where complex models are impractical due to time constraints.

3.2 Theoretical Framework

The analyzed pyrolysis system has two steps, as shown in Figure [3.1] Plastic ther-
mal pyrolysis occurs in the first reactor in the presence of a gas carrier (nitrogen),
and the effluent gas is cracked further in the second catalytic fixed-bed reactor. The
first reactor can be of any type, such as a drop tube reactor, as shown in the illus-
tration, or a stirred reactor. As for the second reactor, including the heterogeneous
step is optional, but it is utilized to achieve a product with a lower molar mass
(such as reduced wax) or a modified composition (for example, increased aromatic
content). Therefore, two-step configurations are commonly used in industrial plastic
chemical recycling facilities. Details about each stage are given below, including the

hypotheses and modeling equations employed for each step.
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Figure 3.1: Two-stage pyrolysis unit: a) Schematic representation of the pyrolysis
unit used for model validation; b) Pyrolysis and catalytic products (m: plastic
mass; Fy: pyrolysis products flow rate; 7,.: temperature of the first reactor; ¢,:

residence time of the first reactor; T,,;: temperature of the second, catalytic,
reactor; me.: catalyst mass.
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Table 3.1: Papers that applied lumping procedures to build kinetic models for plastics pyrolysis

Year Authors Article Polymer Catalyst Reactor
Songip, A. R.,
Masuda, T., Kinetic studies for catalytic cracking of heavy .
1994 PE REY Fixed bed
Kuwahara, H., oil from waste plastics over REY zeolite
Hashimoto, K.
HZSM-5,
Lin, Y. H., Sharratt, Catalytic conversion of polyolefins to HUSY,
1998 P. N., Garforth, A. A., chemicals and fuels over various cracking PE, PP HMOR, Fluidized bed
Dwyer, J. catalysts SAHA,
MCM-41
HZSM-5,
Lin, Y.-H., Hwu, A combined kinetic and mechanistic HUSY
2001 W.-H., Ger, M.-D., modelling of the catalytic degradation of PE, PP . T Fluidized bed
Yeh. TF.. D J | Silica-alumina
eh, T.-F., Dwyer, J. olymers
Y PO (SAHA)
Marcilla, A., Gomez,
MCM-41 catalytic pyrolysis of ethylene-vinyl
2001 A., Reyes-Labarta, J. L EVA MCM-41 TGA
A acetate copolymers: kinetic model
Marcilla, A., Gomez, Kinetic study of the catalytic decomposition
2002 A., Garcia, A. N., Mar of different commercial polyethylenes over an PE MCM-41 TGA
Olaya, M. MCM-41 catalyst
Cardona, S. C., Kinetic study of the catalytic cracking of Semibatch
2002 PP Usy, FCC
Corma, A. polypropylene in a semibatch stirred reactor Stirred
Marcilla, A., Gomez,
Kinetic study of polypropylene pyrolysis
A., Reyes-Labarta, J. . L .
2003 . using ZSM-5 and an equilibrium fluid PP ZSM-5, E-cat TGA
A., Giner, A,
catalytic cracking catalyst
Hernandez, F.
Marcilla, A., Gomez, Catalvti Lvsis of ol ) .
atalytic pyrolysis of polypropylene usin,
2003 | A., Reyes-Labarta, J. YHIC PYTOTYSIS 01 POlyPTopY & PP MCM-41 TGA
MCM-41: kinetic model
A., Giner, A.
Marcilla, A., Catalytic cracking of low-density polyethylene H.Bet
-Beta,
2007 Goémez-Siurana, A., over H-Beta and HZSM-5 zeolites: Influence PE HZSM.5 TGA

Valdés, F.

of the external surface. Kinetic model
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Table 3.1: Papers that applied lumping procedures to build kinetic models for plastics pyrolysis (continued)

Year Authors Article Polymer Catalyst Reactor
HUSY,
Tertiary recycling of polyethylene waste b, HZSM-5,
Lin, Y. H., Yang, M. ary Tecyciing of polyethyiene waste by .
2008 H fluidised-bed reactions in the presence of PE HMOR, Fluidized bed
’ various cracking catalysts SAHA,
MCM-41
. Kinetic and Mechanistic Modeling of
Lin, Y. H., Yang, M. . . HZSM-5,
2009 Acid-Catalyzed Degradation of Polymers PE, PP TGA
H. . . ] ECat-1, SAHA
with Various Cracking Catalysts
. Chemical recycling of post-consumer polymer USY, ZSM-5,
Wei, T.-T., Wu, K.-J., L . L
2010 . waste over fluidizing cracking catalysts for PE, PP MOR, ASA, Fluidized bed
Lee, S.-L., Lin, Y.-H. . .
producing chemicals and hydrocarbon fuels MCM-41
Huang, W. C., Huang, Thermochemical conversion of polymer PE. PP. PS ZSM-5, MOR,
2010 M. S., Huang, C. F., wastes into hydrocarbon fuels over various ( 5 ¢ ’ ) USY, Fluidized bed
mixture
Chen, C. C., Ou, K. L. fluidizing cracking catalysts MCM-41, ASA
Lin, Y. H., Yang, M. FCC-R1,
Acid-catalyzed conversion of chlorinated
H., Wei, T. T., Hsu, . . PE, PP, FCC-S1, .
2010 plastic waste into valuable hydrocarbons over Fluidized bed
C. T., Wu, K. J., Lee, . PVC HUSY, ZSM-5,
post-use commercial FCC catalysts
S. L. SAHA
o . . Two-stage:
Artetxe, M., Lopez, Kinetic modelling of the cracking of HDPE CSBR and
an
2014 G., Amutio, M., pyrolysis volatiles on a HZSM-5 zeolite based PE HZSM-5 Lo
in-line fixed
Bilbao, J., Olazar, M. catalyst
bed
HZSM-5,
Till, Z., Varga, T., NiZSM-5,
. . . Kinetic identification of plastic waste PE, PP,
2018 Soja, J., Miskolczi, N., . . CuZSM-5, Two-step batch
pyrolysis on zeolite-based catalysts PVC, PET
Chovén, T. FeZSM-5,
Ni/Mo-Al1203
Till, Z., Varga, T., .
. . . Structural assessment of lumped reaction
2020 So6ja, J., Miskolczi, N., PE, PP ZSM-5 Two-step batch

Chovén, T.

networks with correlating parameters




In the first reactor, plastic (my) is fed and heated to the desired reaction tem-
perature (Tg). In the case of polyolefins (polyethylene and polypropylene), due to
the predominance of random chain scission reactions, chains with different carbon
lengths are formed and start to volatilize. Although chains of different chemical
natures can be produced (paraffin, isoparaffin, olefin, naphthenes, and aromatics),
the chemical compounds in the liquid phase of the final product can be lumped
into two different groups based on the boiling points: i) an oil phase that contains
compounds with molecular sizes ranging from 5 up to 12 carbons (C5 - C12), and
ii) a solid wax phase that contains compounds with molecular sizes with 13 car-
bons or more (C13+). Nonetheless, due to unzipping and hydrogen transfer [297],
molecular species containing less than five carbons are also found in the pyrolysis
products, such as ethane, ethene, propane, propene, butene, butadiene, among other
less frequent chemical compounds. These transformations are illustrated in Scheme
3.1 which considers 3 phases: plastic, liquid, and gas. The liquid phase, however,
can contain two distinct components: oil and wax. For this project, these lumps
were considered with the aim of minimizing plastic consumption and reducing wax
production, as discussed later. However, alternative lumps and compositions may

be suggested based on specific research interests and available data.

GAS
PLASTIC < OIL (C5 - C12)
WAX (C13+)
Scheme 3.1: Lumped-species considered in the first reactor.

Four mass balances for plastic, gas, oil, and wax can be considered as:
Ri =T % AV = E,out - E,in (31>

where R; is the rate of mass generation of the lumped species inside the volume
AV (g-s71); r; is the specific reaction rate (g-s~'- L™'); AV is the volume of the
reactor (L); F;, and F,,; are the mass flow rates at the inlet and outlet streams of
the reactor (¢g-s~!). However, assuming that there are no recycling streams of the
pyrolysis products, Fyesin, Foitin, and Fies.in are all null. Besides, if the operation
is performed in batch or semi-batch modes, it can be assumed that the flow rate of
the outlet plastic stream is equal to Fj,,; = 0. After taking these assumptions into

account, the following approximations can be made:
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~ dMs ~ MS'QOS _Ma

Ho = dt At (3.2)
&:ﬂf:Mff” (3.3)
Ry, ~ d]c\thH ~ Ma Z(;:BO,H (3.4)
R, ~ d;\fg ~ Mlﬁg. ! (3.5)

where M, and M, are respectively the initial and current mass of plastic sample
(9); @i is the mass fraction of the ith phase produced by the plastic degradation; z; ;
is the fraction of the component j in the analyzed phase 7; and At is the reaction
time (min).

As the main objective of plastic pyrolysis is the total degradation of plastic
waste and the maximization of the obtained products, it is assumed that all plastic
is degraded. Thus, to maximize the product yields, it is considered that the total
plastic mass can be converted into products, and the ash (solid residue) content of
the sample (due to the presence of contaminants and additives) is subtracted from
the initial mass of plastics fed into the reactor. Therefore, the overall mass balance

equation in the first reactor is considered as:

M, — M, = M, + M, + M,
—R,At = RyAt + RiAt+ Ry At
_Rs - R9+Rl +Rl+

As the mass rates of generation for the products are obtained experimentally,
R, can be easily obtained, and the reaction time required to convert all the plastic
samples into the main products can be found. And, as R; is affected by the reac-
tor temperature, proper characterization of activation energies must be performed
utilizing data obtained at different temperatures. Experimentally, it can be rather
complicated to sample the effluent of the first reactor and determine the product
composition between the two stages. For this reason, the reaction rates for the first
stage should be obtained without adding a catalyst to the second stage.

It must be noted that the proposed model comprises very simple algebraic equa-
tions that can be applied to any pyrolysis system without product recycling and is
independent of the reactor geometry, diffusion effects, or small fluctuations in feed-
stock composition. If experiments are performed to characterize the reaction rates,
all these factors are somehow inserted into the effective reaction rates and apparent

reaction rate constants, and activation energies. Despite that, and understanding
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that these factors can prevent the fundamental interpretation of the obtained reac-
tion rate constants, as shown below, the proposed model can help the preliminary
design of operation conditions and comparison of catalyst performances based on a
few experiments. Moreover, the proposed shortcut procedure can be easily adapted
to represent different reaction systems and products due to the model’s simplicity.
When a certain amount of catalyst mass (AW; g..) is added to the packed
bed reactor, the products formed in the first reaction stage enter contact with the
catalyst. If the catalyst is intended to reduce the average molar mass of the output
stream, then it can be assumed that the wax is the main reactant at the surface of
the catalyst particles, forming more gas, oil, and coke on the catalyst, as described
in Scheme[3.2] Once again, the pathways may be adjusted to illustrate the preferred

reaction system and end products, according to the needs of the analyst.

GAS
WAX (C13+) < OIL (C5 - C12)
COKE

Scheme 3.2: Lumped-species considered in the second reactor.

The mass balance equations for each lumped species in the second stage can be
proposed as performed previously:

Ritt = re AW = Fiat, — Bt (36)
where R is the rate of mass generation of the lumped species i by the total mass
of catalyst AW (g-s71); r¢o is the specific reaction rate (g-s~% g..p); Fo and Feat
are the mass flow rates at the inlet and outlet streams of the second reactor (g-s!).

It can be considered that the ideal scenario is when the wax is completely con-
sumed, F5% ., = 0, by a certain amount of catalyst, AW = M.,. Thus, in the

second reactor, the mass balance equation can be formulated as follows:
M, = Mgcat + M 4+ Moope (3.7)
where M is the produced mass of the lumped species i:

Micat — Ms' SOt;atl,cat (38)

% 7y

gant
K3
gas stream produced in the first reactor;

is the mass fraction of the ith phase produced by the catalytic cracking of the
cat
2%
analyzed ith phase. According to Scheme 2, the present model considers 3 phases:

is the fraction of the component j in the

coke, oil, and gas. According to the proposed model, the global mass balance of the
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system is:
My = My + M; + M + M7* + Meope (3.9)

So, if one determines the mass yields for pyrolysis experiments performed with
the catalyst (Mg*, M{™, Meope); the rates of catalytic generation of the lumped-
species by the mass of catalyst M., can be obtained with the help of the following

approximation:

, d(Mgt — M) Mt — M,

R™ ~ : ~ 3.10

! dt Ateat ( )

where At is the contact time of the wax with the catalyst:
: Mca _
A ~ tﬂ“’::-(-f?---i- Ft (3.11)
(1 - ‘b)pcat

¢ corresponds to the porosity of the catalytic bed; p.. is the catalyst density
(g/cm?®); and F is the gas flowrate (cm?/min) entering the catalytic bed, which
is dependent on temperature T,,; (K), pressure P (atm), use of carrier gas, and the
average molecular weights MW (g/mol) of the components that constitute gas, oil
and wax fractions produced in the first stage. If the ideal gas behavior is assumed,

given the high temperatures and low pressures (P = 1 atm):

al Rz RTcat

Fo= “cat
MW, P

i=1

(3.12)

When the wax is completely converted into gas, oil, or coke, as described by Eq.
the following equation can be written:

cat
Mgt = My, My,

int ~
Rl + = tecat - teat

(3.13)

And, thus, the catalyst mass needed to perform this job can be easily obtained.

F,

M .= g(l - (b)pcatMlJr

ORYY

(3.14)

As previously mentioned, depending on the available data and specific objectives
of the investigation, other lumped species may be suggested. The current model does
not take into account the impact of temperature changes or reduced catalytic activity
resulting from the formation of coke. Nonetheless, given that the coke production
is minimal, the model is still useful for determining how long it will take before a
significant amount of coke builds up, and the need for catalytic material regeneration
arises. Additionally, the model can also be adapted to consider a catalyst activity

as a function of time [345].
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3.3 Materials and Methods

For this study, high-density polyethylene (HDPE) was kindly donated by Braskem
S.A. and was used as feedstock for illustrative purposes. A catalyst containing
Zeolite Y (Caty) and another conventional catalyst (Caty) were used in the second
stage for further cracking of pyrolysis products. The second catalyst is still in
commercial development; therefore, details cannot be shared due to confidentiality.
Moreover, this research paper aims not to suggest specific catalysts, but to validate
an analysis tool to evaluate any catalytic performance.

The experiments were conducted in a lab-scale pyrolysis unit shown in Figure [3.1]
The reaction system comprised a first drop tube quartz reactor (internal diameter
of 3 cm and height of 23.5 ¢cm) and a fixed bed reactor (internal diameter of 3
cm and height of 23.5 cm), which was aligned in series with the exhausting line
of the first reactor and used to perform the catalytic treatment of the thermal
pyrolysis product. When no catalyst is used, the total dimension of the reactor is 3
cm in internal diameter and 47 cm in height. The reactors were placed inside two
independent cylindrical electrical furnaces, used to control the reaction temperature,
and were isolated with glass wool. Two thermocouples (“A” and “B”) were attached
to the furnaces and used to provide temperature readings to the controller. A
third thermocouple ( “C”) was connected to a datalogger (USB-501-TC-LCD Series,
Measurement Computing Corporation) and placed inside the melting pot to record
the heating profile with a sampling interval of 10 seconds. A heating coil surrounds
the quartz reactor, preheating the nitrogen stream, which is used to maintain the
reaction environment free of oxygen and drag the generated gases.

A cylindrical quartz melting pot (internal diameter of 2 cm and height of 12
cm) was used to place the polymer material inside the pyrolytic reactor. Before the
start of the reaction, the melting pot was suspended by a wire above the furnace;
after reaching the desired temperature, the melting pot was placed into the reactor
to initiate the pyrolysis reaction. According to the third thermocouple inside the

melting pot, the plastic average heating rate is 51 °C/min, as shown in Figure .

60



600

400

(°C)

200

Temperature

0 2 ! 6 8 10

Time (min)
Figure 3.2: Plastic heating rate profile. Data were collected every 10 seconds.

In all cases, a fixed amount of 8 g of polymer was degraded at a pre-selected
temperature (450, 500, or 550 °C) for 30 minutes. A fixed 1:1 catalyst/polymer
mass ratio was employed when one of the catalysts was used. Three replicates were
conducted at 500°C for both thermal pyrolysis and catalyst pyrolysis using Cat;.
The Caty deviation was assumed to be equivalent to that of C'at;. The nitrogen
gas flow rate was kept constant in all analyzed trials (80 mL/min), although this
operational variable can be easily manipulated to provide additional information
about the effect of contact times on the product yields.

The selected conditions are commonly found in literature and commercial chem-
ical plastic recycling facilities. Nevertheless, the analyst can adjust reaction tem-
peratures, reaction times, and catalyst/polymer ratios to estimate the kinetic rate
constants. This allows for greater flexibility and accuracy in the analysis. It must
be emphasized that, according to the proposed short-cut analysis, only 6 reaction
experiments (per combination of plastic with catalyst, and only other 3 if a new
catalyst is used) are required to allow the preliminary estimation of reaction rate
constants and activation energies and evaluate the effects of the operation conditions
on the process responses, as described in Table [3.2]

The generated products were condensed with the help of an electrostatic precip-
itator after flowing through the catalyst bed, and the liquid fraction was stored in
a glass flask. The liquid products were analyzed by GC-MS (GC Agilent G4513A;
MS: Agilent 7890a/5975), using an HP5-MS column (19091S-433 model) with a
split ratio of 1:10, under a continuous flow of He of 1 mL/min and the following
temperature program: initial constant temperature of 40 °C for 5 min; heating rate
of 5 °C/min until attainment of 270 °C; the final constant temperature of 270 °C
for 1 min. The oil and wax amounts (M; and M;,) were calculated with the help
of this GC-MS analysis. Noncondensable gases were collected with a homemade
sampling Tedlar(®) bag and analyzed by gas chromatography. The final gas, liquid,

and solid mass fractions were quantified by weighing and validated through mass
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balance calculations.

Once catalytic reactions had ended, 1 g of the catalyst was weighed and burned
in an oxidizing atmosphere to determine the amount of coke present. The calculation
is based on Eq. [3.15, where mcqpy is the catalyst mass after the two-stage pyrolysis
reaction (darkened) and meqipe, is the catalyst mass after regenerating the catalyst

at 800 °C with quartz wool in a quartz reactor.

Coke(%) = [mcairy = +Mcaines] 000, (3.15)
McCatPy

Table 3.2: Thermal and catalytic pyrolysis experiments considered for the
short-cut analysis of the reaction performance. (Cat2 is a catalyst in commercial
development, and its type cannot be shared due to confidentiality.)

Code Polymer  Cat cat:P T (°C) ime

(wt %) (min)
T 450°C HDPE - - 450 30
T 500°C HDPE - - 500 30
T 550°C  HDPE - - 550 30
C, _450°C  HDPE Y 1:1 450 30
C; _500°C  HDPE Y 1:1 500 30
C;_550°C  HDPE Y 1:1 550 30
Cy 450°C  HDPE  Cat2 1:1 450 30
Cy, 500°C HDPE  Cat2 1:1 500 30
Cy 550°C  HDPE  Cat2 1:1 550 30

3.4 Results

3.4.1 Experimental Results

In Tables and and Figures [3.3] and [3.4] comparative analyses between the
performances of thermal pyrolysis and catalytic pyrolysis using a catalyst based
on Zeolite-Y (Cat;) and another conventional catalyst (Caty) are shown. The se-
lected zeolite has been widely used for petrochemical processing, and Cats, is used
to validate the methodology in Section [3.4.4 Experiments were performed at three
different temperatures (450, 500, and 550 °C) for 30 min, using nitrogen as carrier
gas at 80 cm?®/min. Thus, the thermal pyrolysis vapor residence time was between
1.5 and 1.7 min.

At 450 °C, the high amount of “solid” in both thermal and catalytic pyrolysis

is explained by the low residence time (30 min) of the plastic inside the reaction
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at the desired temperature. This information is important to calculate the reaction
time needed to completely convert the plastic waste into products, as determined by
Eq. .5 and shown in the following paragraphs. In addition, overall mass balance
results were negligible between 500 and 550 °C and within the experimental error.
Nonetheless, more olefins could be found at 550 °C as higher temperatures favor
their formation. Higher temperatures also favor oil formation (< C13).

The catalytic results are consistent with other literature data: using the catalyst
increases the fractions of light products in the output stream while simultaneously
converting olefins mainly to aromatics [130, [334], 346, 347]. Additionally, based on
the temperatures examined, it has been observed that the Y-zeolite catalyst pro-
duces more gas than Caty, while it simultaneously produces less oil. Although it
may seem that Caty is not as effective as Cat; due to its reduced cracking, for
the goal of converting wax into lighter products, both catalysts have similar per-
formance. This is further discussed in Section [3.4.4] as the proposed model eases
the analysis of catalysis performances. Even so, higher temperatures favored coke
formation, indicating more activity for both catalysts, and, although results for the
PIONA fractions were highly similar for both temperatures (500 or 550 °C), more
wax is obtained at 550 °C. This shows that the cracking ability decreases with coke
evolution and promotes the formation of long carbon chain products as discussed
by CHEN et al. [348] (2021)).

3.4.2 Parameter Estimation

Based on the mass yields presented in Tables [3.3] and [3.4] the reaction rate param-
eters were estimated considering an "Arrhenius equation" (Egs. -3.24). The
estimation was done using the programming language Python 3.8, and the package

Scipy [349], but any software that does regression could also be used.

—3539.68
R, =1.63 exp(————) (3.16)
Tr
—4068.
Ry = 3.40 exp(—2008.03 (3.17)
Tk
— 4
Ry, = 267.94 exp(%) (3.18)
R
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Table 3.3: Mass yields for thermal and catalytic pyrolyzes.

Code Liquid (%) Gas (%) Solid (%)  Coke (%)
16.69 + 3.23 + 80.09 +

T_450°C .
1.74 1.69 0.22
89.30 &£  10.00 &
T_500°C 0.7 £ 0.22 .
1.74 1.69
91.63 £ 837+
T _550°C 0.0 £ 0.22 .
1.74 1.69
1274 + 6804+  78.01 & 2.45 +
C;_450°C
3.86 3.73 0.44 1.17
4145+ 5539+ 043 & 2.73 &
C;_500°C
3.86 3.73 0.44 1.17
31.62 £  62.54 & 5.84 +
C;_550°C 0.0 + 0.44
3.86 3.73 1.17
16.50 +  6.87+  74.32 + 2.31 +
Cy_ 450°C
3.86 3.73 0.44 1.17
5319+ 4186+  0.14 + 481 +
Cy_ 500°C
3.86 3.73 0.44 1.17
62.94 £  31.13 & 5.93 +
Cy_ 550°C 0.0 £ 0.44
3.86 3.73 1.17

Table 3.4: Products obtained in the liquid fraction by GC-MS (area %).

T - T - T_- Cy_- Cy_- Cy_- Co_-
450°C  500°C  550°C ~ 500°C  550°C  500°C  550°C

Paraffin 27.5 38.3 34.7 27.3 28.0 15.7 18.3

Isoparaffin 0.2 0.4 0.1 18.4 17.8 36.4 40.9
Olefin 36.1 54.5 61.7 1.0 2.0 1.5 2.3
Naphtene 2.4 5.7 2.4 4.2 3.2 3.7 3.5
Aromatic 0.3 0.1 0 48.0 47.7 42.6 34.8
Others 3.5 1.1 1.2 1.2 1.3 0.1 0.3
C1-C12 16.9 12.2 10.0 77.6 70.9 86.1 83.1
C13+ 83.1 92.5 90.0 22.4 29.2 13.9 16.9
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Figure 3.3: Mass yields for thermal and catalytic pyrolyzes.
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Figure 3.4: Products obtained in the liquid fraction by GC-MS (area %).

Similarly, the rate parameters can also be estimated for the catalytic reactions

using the Zeolite Y in the form:

—7812.02

cat __ 6
Ry = 4.8510° exp( T

) (3.19)
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—2514.08

R = 2.18 10° exp( ) (3.20)
Tcat
—7303.64
R =2.6010° exp(T—) (3.21)
cat

One possible objective pursued by the analyst is to increase the light liquid (LIQ)
fraction because this stream can be used as a steam cracker feed to manufacture
monomers and new plastics (circular economy approach). However, the analysis can
be adapted to consider the maximization of other product fractions. In addition,
the zeolite selected here as an example, although the methodology is suitable for
investigating any other catalyst, as shown in the next section.

In addition, the temperature employed (7.4) in the second stage can be different
from the one employed in the first stage (Tx). This is important as the catalytic

activities are influenced by the catalyst bed temperatures [336].

3.4.3 Process Performance

Using the short-cut model and the set of estimated reaction rate expressions in
the first pyrolysis stage, depending on Tg, different mass ratios of the gas, oil, or
wax are obtained as shown in Figure (Over 550 °C, the data is extrapolated.
However, as higher temperatures are not used industrially, we only kept the data for
illustrative purposes.) Although higher temperatures favor olefin formation, they
also favor volatilization of higher molecular weight products, explaining the increase
of waxes in the output stream. In addition, according to Eq. [3.5] different residence
times are required to convert 100 % of the original plastic feed, as shown in Figure
3.5l For instance, at 450 °C, a temperature used industrially, a residence time of 73
minutes might be required to convert the plastic feed into products.

It must also be observed that depending on Ty, the flow rate and the composition
of the products are changed, and, consequently, the flow rate of the feed stream of
the catalyst bed is also changed (Eq. . So, as shown in Figure lower
temperatures will lead to the lowest flow rates, increasing the contact time of the
products with the catalyst and lowering the mass of the catalyst needed to convert

wax into lighter products. However, lower Ty values also produce more gas (Figure
, which is less desirable.
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Figure 3.5: Product fractions (wt %) obtained in the pyrolysis reactor according to
the temperature employed and the residence time required in the pyrolysis reactor
to convert the plastic feed completely.

Additionally, for the catalyst bed, after calculation of rates of mass generation
and feed flowrates for the desired values of T and T, the mass of catalyst needed
to crack all wax coming from the pyrolysis reactor can be determined with the
help of Eq. .14, Figure shows the catalyst-plastic ratio as a function of the
selected temperatures. Due to high flow rates entering the catalyst bed at higher
temperatures (Fig. , the catalyst /plastic ratio also becomes higher. In addition,
once more, if less gas is also desired, lower temperatures will favour oil instead of gas
formation. Figure[3.8)shows the mass ratios (overall mass balance) obtained after the
catalyst bed with the catalyst/plastic ratio needed to convert the wax completely.
Although the short-cut model does not account for the pressure drops through the
catalyst bed and the catalyst decay, the catalyst efficiency can be monitored through
the rate of coke formation. Pressure drop calculations can be easily added to the

proposed short-cut procedure if the analyst desires.
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Figure 3.6: Flow rate of the products entering the catalytic reactor depending on
the temperature employed.
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Figure 3.7: Catalyst-plastic ratio for complete wax conversion as function of the
employed temperatures.
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Figure 3.8: Mass ratios of the products in the output stream of the catalyst bed.
—: Gas, ——: Oil, .—: Coke.

Finally, as a carrier gas may be used to assist the product removal from the py-
rolysis reactor, further simulations were done considering using a carrier gas stream.
For a nitrogen flow of 80 cm3/s; Figures and show that the increase of the
flowrate of carrier gas imposes the significant increase of the catalyst/plastic ratio
for complete conversion of the wax fraction, given the shorter contact times of the
flowing gas stream with the catalyst bed. However, with the increase of catalyst
activity at higher T, values, the difference in catalyst/plastic ratio with/without
nitrogen becomes lower but is still present.

One may wonder why in the simulations, the effect of carrier gas was not consid-
ered in the first reaction stage. In fact, in more rigorous simulations, this should be
considered as a higher flux of carrier gas may decrease secondary reactions (mainly
at lower T temperatures) and can also affect heat transfer efficiency [350]. However,
for three different nitrogen flow rates investigated experimentally (60, 80, and 110
cm?/s), only small changes were noticed in thermal pyrolysis products of HDPE (see
in the Complementary Information). Broadly speaking, using a carrier gas commer-
cially is undesirable due to its costs and reduction of contact times with the catalyst
bed (as shown in Figure [3.10)).
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Figure 3.9: Dependence of flow rate with the temperature at the first reactor and
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Figure 3.10: Dependence of the catalytic/plastic ratio with the temperature and
the presence of additional carrier gas. (- means without nitrogen; + means
presence of nitrogen.)
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3.4.4 Validation

To validate the method, we applied the same procedure to another catalyst (Cats),
and by only looking at Figure [3.3] one can notice that Caty produces more oil and
less gas, and also less wax. However, with the aid of the model, to achieve the goal of
reducing the wax fraction, both catalysts have similar performance, requiring almost
the same mass to convert the wax produced in the pyrolysis, first-stage reactor, as
seen in Figure 3.11] Additionally, less catalyst is required at higher temperatures,

and more oil is formed as reflected in the rate parameters for Caty catalytic reactions:

—4735.39
R = 5.387 10° exp(T—) (3.22)
cat
—6355.07
R = 6.48 10° exp(———) (3.23)
Tcat
—5327.88
R =254 10" eq;p(T—) (3.24)
cat

The lower kinetic rates compared to Zeolite Y (Caty) for the gaseous and coke
reactions represent that more liquid product is formed. The mass ratios of the
products in the output stream of the catalytic bed are shown in Figure These
straightforward performance comparisons show that the model is an important tool
for catalysis screening, which can be time-demanding and misleading when many
catalyzes are tested. Additionally, instead of only estimating kinetic parameters, as
frequently reported in the plastic catalytic pyrolysis literature, the proposed ‘short-
cut’ model can be used to set conditions (temperature, catalyst mass, and so on) to

maximize desired products, and assist in the scale-up decision process.

3.5 Conclusion

A short-cut procedure was proposed to analyze plastic pyrolysis reactions using
a few experiments and a straightforward mathematical model. To demonstrate
this approach, high-density polyethylene (HDPE) pyrolysis was performed with and
without a catalyst (zeolite Y or another conventional catalyst) at three temperatures:
450, 500, and 550 °C. The methodology combines mass balance characterization
and GC-MS analysis of the liquid fraction to determine two key aspects: (1) the
residence time required to fully convert the plastic feed into products at a specified
temperature (Tx), and (2) the catalyst mass (expressed as a catalyst/plastic ratio)
needed to convert all wax formed in the first stage into lighter products in the
catalyst bed.
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Figure 3.11: Comparison of the catalyst-plastic ratio for complete wax conversion
between Caty: Zeolite Y (—), and Caty: another conventional catalyst (——).
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Figure 3.12: Comparison of the catalyst bed product’s mass ratios according to the
temperature and catalyst used: the blurred is the Zeolite Y, and the sharp lines
are the conventional catalyst. —: Gas, ——: Oil, .—: Coke.

The model can be customized to account for different lump fractions and con-
ditions, making it useful for comparing catalytic activities and evaluating catalysts

based on criteria such as reducing coke formation and enhancing catalyst activity
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with minimal gas production. Additionally, it provides a coke generation rate to
monitor catalyst efficiency and usage.

While the procedure is straightforward, it requires adaptation for each system,
considering factors like reactor design, catalyst type, heating rate, residence time,
and other relevant conditions. Besides optimizing pyrolysis or packed-bed reactors,
the approach is suitable for any experimental scale and offers a practical starting
point for reactor scale-up. Furthermore, given the broad and continuously changing
range of products produced during pyrolysis due to variations in solid waste compo-
sition, the simplicity and flexibility of the proposed methodology make it well-suited
for systems that require quick adaptation.

However, it is important to note that this is a lumped model, which does not
provide insights into the specific chemical reactions responsible for the products
formed. If time is not a constraint, mechanistic models should be developed to
accurately represent the process. These models must be validated using smaller
reaction setups to avoid slow heating rate and mass transfer limitations (e.g., slow
evaporation) that can influence the determination of kinetic parameters. Thus, the
next chapter focuses on the development and validation of a mechanistic model for

polystyrene as a case study.
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Chapter 4

Polystyrene Pyrolysis: Mechanistic
Modeling and Experimental
Validation

This chapter is based on the article “Modeling of polystyrene degradation using
kinetic Monte Carlo” published in the Journal of Analytical and Applied Pyrolysis
in 2022 [351].

4.1 Introduction

Unlike empirical models, mechanistic models can capture the fundamental chemi-
cal pathways governing polymer degradation and product formation. This detailed
representation allows for improved predictability of product yields and composi-
tions across varying operating conditions, which is crucial for optimizing pyrolysis
processes and designing efficient recycling technologies.

Nonetheless, the literature still lacks comprehensive investigations into the ther-
mal degradation behavior of plastic materials. Besides the complex kinetics, it is
also challenging to obtain kinetically-controlled data due to the low thermal con-
ductivity and high viscosity of plastic materials, which often result in heat and mass
transfer limitations. These limitations can hinder the accurate characterization of
the intrinsic reaction kinetics, making mechanistic modeling particularly valuable
for overcoming such experimental challenges. Such models are essential for isolating
intrinsic kinetic parameters from confounding transport phenomena.

As a first case study, this chapter discusses polystyrene (PS) pyrolysis, including
its degradation mechanism, primary products, and validation at different temper-
atures and scales. Polystyrene was chosen because its pyrolysis products are well-

characterized and predominantly styrene. Moreover, polystyrene has a worldwide
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production exceeding 3 Mton/year [352]. It is widely used in packaging, house-
hold appliances, consumer electronic products, building and construction (including
foams, panels, and other applications), transportation, and medical items [352].
Consequently, appropriately recycling polystyrene waste presents a relevant techno-
logical and environmental challenge.

In this context, companies are developing technologies to recycle PS chemically,
such as Agilyx, Pyrowave, PolyStyreneLoop, and Polystyvert [I03]. These projects
remain at a small or medium scale and are not adopted globally. This limitation
is likely due to logistical issues, sorting challenges, lack of standardized procedures
and quality guidelines for input materials, suboptimal operating conditions, and
economic constraints. In addition, regulatory frameworks and market incentives for
recycled polymers are still underdeveloped, further limiting widespread adoption.
However, PS recycling research activities also need to be further improved as only a
few mechanistic models have been studied [23], 290, 294]. Often, these studies used
data not obtained under purely kinetic control, and the kinetic parameters are likely
to encompass other effects such as slow heating rate or gas-phase reactions.

Therefore, in this work, the goal of revisiting the PS pyrolysis mechanism is to
review the main mechanistic steps, the kinetic parameters, and the products formed
according to the reaction scale. This analysis aims to identify knowledge gaps,
improve model fidelity, and ultimately support designing more efficient and scalable

chemical recycling technologies.

4.2 Methodology

4.2.1 Reaction Mechanism and Kinetic Parameters

The reaction mechanism of the thermal degradation of polystyrene (PS) is illustrated
in Scheme , including the following reactions: R1: chain-fission (or ‘random
scission” or ‘main chain homolysis’); R2: termination by recombination (or ‘radi-
cal recombination’); R3: allyl chain scission (or ‘specific chain scission’, ‘chain-end
scission’; or ‘chain-end homolysis’); R4: hydrogen abstraction (or ‘intermolecular
abstraction’); R5: mid-chain -scission; R6: radical addition; R7: unzipping (or
‘end-chain [-scission or ‘depropagation’); R8: hydrogen transfer (or ‘backbitting’,
or ‘alkyl radical isomerization’); and R9: termination by disproportionation. Four
hydrogen abstraction steps (R8) are considered in the proposed PS degradation
mechanism: 8a: 1,3-hydrogen abstraction; 8b: 1,5-hydrogen abstraction; 8c: 1,7-
hydrogen abstraction; and 8d: 7,3-hydrogen abstraction. This model is inspired by
discussions provided by FARAVELLI et al.| (2001) [23], KRUSE et al. (2002)) [294],
and POUTSMA| (2006) [290].
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Scheme 4.1: The proposed polystyrene thermal degradation mechanism.

2N
a9la

;

It is assumed that the thermal degradation of PS is initiated by reaction step
R1, leading to a reduction in the average molecular weight, which creates radicals
and promotes degradation. In this case, the MC reaction rate is proportional to the
chain length, considering the number of styrene mer units within a molecule; thus,

these two reactions occur more frequently. Furthermore, when selecting which dead
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PS molecule will react, larger molecules are more likely to be chosen as they exist
in greater abundance. The formed radicals are a secondary benzyl radical that is
subject to benzylic resonance, Rs, and a primary radical, Rp [23].

Although it has been assumed that initial PS chains are saturated, other molecu-
lar configurations can be generated during the thermolytic process. Dead PS chains
can present nine distinct chain end configurations, as shown in Figure 4.1, However,
only three of these configurations are explicitly considered in the model, as described
in the mechanism of Scheme .1} For example, the mid-chain S-scission reaction,
R5, results in an unsaturated (primary or secondary carbon) chain end. In addition,
as R3 can only take place in the presence of PS chains with unsaturated chain-end,
forming a secondary benzyl radical and a resonantly stabilized allyl benzene radical
(rs), therefore, both PS saturated (alkane backbone type III) and unsaturated pri-
mary carbon chain ends (alkene backbone type I or dialkene backbone type II) are
considered in the mechanism [23].

It is important to note that both living radicals Rs and Rp can undergo termi-
nation by combination (R2), forming dead PS chains. Besides, it is also considered
that secondary benzyl radical, Rs, can either terminate (R2 or R9) or propagate (R4,
R7, R8). Moreover, it is assumed that primary radical, Rp, can only terminate via

R2 or R9 or react via R4 or R7.

Alkane backbone Alkene backbone Dialkene backbone

000 | OO | OO0

Type 11

QOOU | OO | QOO

Type I11

Figure 4.1: Families of chain configurations formed during thermal polystyrene
degradation [23]. Only i) alkane backbone type III (saturated head ends), ii) alkene
backbone type I (unsaturated tail end and saturated head end), and iii) dialkene
backbone type II (both unsaturated tail ends) are considered in the model.

. Authorized from FARAVELLI et al|(2001)) [23].
Reaction R4 occurs when R, (or R,) abstracts a hydrogen atom from a PS chain,

generating a tertiary benzylic radical, R,,. R4 only occurs on tertiary carbons (mid-

chain head radicals) due to the higher stability of the formed long-lived resonantly
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stabilized benzylic radicals (the phenyl substituent provides resonance stabilization).
Like R1, the MC reaction rate is proportional to the chain length, considering the
number of styrene meres within a molecule. Additionally, bigger PS molecules are
more likely to be chosen due to their higher weight fraction.

The R4 reverse reaction and the possibility of chain branching are not considered,
given the stable characteristics of the tertiary radical and possible steric hindrance.
Thus, Rm; radicals can only undergo R5 midchain fS-scission (scission of the C-C
bond at [ position) on either side of the midchain radical, forming a radical Rs
and a dead unsaturated chain (it is now implicit that the unsaturated chain end is
located in the primary carbon) [23].

The R5 reverse reaction, R6, only occurs in the presence of an unsaturated chain
(as it does in R3) but returns a tertiary radical Rm;. Additionally, the hydrogen
transfer reactions R8 (also known as backbiting reaction) can occur and involve
the secondary benzyl radical, forming a tertiary radical Rm,; in the 3rd, 5th, or
7th position (these specific mid-chain radicals formed from backbiting reactions are
tracked separately from other midchain radicals). The first two mid-chain radicals
can form a dimer or trimer through the R5 step, respectively, while some toluene
and diphenylpropane can also be formed, but to a much lesser extent. It is still
unclear if the active 7th radical position can allow the formation of a tetramer, but
the 1,7 hydrogen shift reaction (R8.c) followed by the 7,3 hydrogen shift reaction
(R8.d) may allow the dimer formation mechanism [292].

The end-chain [-scission reaction step, R7, is the most desired reaction, result-
ing in styrene. The formation of a monomer molecule and a shorter living radical
polymer chain explains why this reaction step is usually known as ‘depropagation’
or ‘unzipping’. The reverse reaction, which would be the polymerization, is not
considered in the model because of existing thermodynamic constraints at usual
thermolytic reaction conditions |21} 264].

Finally, termination by disproportionation (R9) of a secondary benzyl radical or
a primary radical may also take place, forming two dead PS chains. Due to higher
stability, the unsaturation is normally placed in the head, leading to the formation
of a vinyl double bond.

As thermal degradation is a cracking process that takes place mainly in the
condensed liquid phase and reaction products are released as volatiles, reactions in
the gas phase are neglected, and it becomes necessary to distinguish the molecules
that are present in the liquid phase from the ones that are present in the gaseous
phase [23]. So, the final kinetic model contains 47 macro-reactions, 3 macroespecies,
6 radicalar macroespecies, 5 radicalar low molecular weight species, and 10 low
molecular weight products, as described in Table [4.1]
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Table 4.1: Summary of chemical components considered in the proposed
polystyrene degradation model.

Component

Chemical Structure

Component

Chemical

Structure

Alkane Dead PS
Chain (PS's,,)

Alkene Dead PS
Chain (PSu,)

Dialkene Dead
PS Chain
(PSuuy,)

Styrene (Sty)

a-Methylstyrene
(aMSty)

Ethylbenzene
(EB)

Dimer

1,3-
Diphenylpropane
(DPP)

Trimer

Toluene (Tol)

Benzene

Tetramer

Ethene

&ohddd

Secondary PS
Radical (Rs,,)

Primary PS
Radical (Rp,)

Mid-Chain PS
Radical Rmn

Allyl Benzene
Radical
(aM Sty,)

DPP Radical
(DPP))

Ethylbenzene
Radical (E'B,)

1,3 Mid-Chain
PS Radical
(M1D3)
1,5 Mid-Chain
PS Radical
(M1Dss5)
1,7 Mid-Chain
PS Radical
(M1Ds7)

Benzyl Radical
(Tol,)

Styryl Radical
(Styrl,.)
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The kinetic constants considered here are shown in Table 4.2l The kinetic con-
stants were reported in other works [290], 292], 294] 296], based on the Evans-Polanyi
relationship, Blowers-Masel relationship, or empirical estimation (case of the pa-
rameter ki7). Two kinetic constants for the primary radical R, were considered:
hydrogen abstractions (ky gp,), and depropagation (kg rp). These two kinetic con-
stants were taken from POUTSMA (2006)) [290]. A specific mid-chain S-scission rate
constant was considered for small molecular weight radicals (<= 7 meres) (kps0), as
reported by LEVINE e BROADBELT] (2008) [296].

Table 4.2: Kinetic constants considered in the present model.

Reaction Kinetic Constant Ref.
R1: ky 2% 1010 2exp (=22) [290]
R2: ki 1.1 10" exp (ﬁ) [294, 296]
R3: kys 10"%%exp (=LL1) [290]
R4: kg 103 exp (—55:2°) [290]

R4: Ky gy 108%exp (—52°) [290]
R5: ks 1013 0¢exp (*R4T24) [292]
R5: kyso 101365 ezp (=2219) [292]
R6: kyq 10%exp (222) [292]
R7a: kqp 3.1%10"%exp (=232) [296]

R7b: kap rp 10"%exp (32) [290]

R8a: ki3 10" 7exp (22) [292]
R8b: k15 10°exp (—52) [292]
R&c: k7 0.1 * k5 [292]
R&d: kr3 6.31 % 10%xp (53°) [292]
RO: kg 5.5 % 10%ap (752) [296]

Frequency factor: s~ or [ - mol™! - 571

Activation energy: kcal - mol™!.

4.2.2 Kinetic Monte Carlo Model
Construction of the Initial PS MWD

It has been discussed that the relative yields of PS degradation products depend
on the average molar mass and molecular structure of the sample, as well as on
the conditions of degradation (temperature, atmosphere, heating rate, etc.) [353F-
350]. For example, SUGIMURA et al (1981) [357] compared the performances of
thermolytic degradations of conventional head-to-tail PS to head-to-head PS, and
the obtained products were different in each case.

The radical nature of PS thermal degradation can lead to the formation of many
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chain weak links that can trigger the PS degradation [23] 353 358]. CASCAVAL
et al.| (1976) [359] compared the yields of the pyrolysis products of anionic, thermal,
and azobisisobutyronitrile (AIBN) polymerized PS at 660 °C and differences were
found when PS samples presented low average molar masses (< 50,000 Da), being
concluded that weak bonds can be more influential at lower temperatures.

It must be emphasized that the molar mass dependence is known to impact the
overall kinetic rate of PS degradation [360} 361] mainly due to random chain scission
(R1 as shown in Figure . This behavior also leads to deviations in product com-
positions as hydrogen abstraction (R4) is also dependent on chain size. However,
some experimental studies indicate that significant differences in the pyrolysis prod-
uct composition cannot be observed when the average molar masses of PS samples
are above 10,000 Da (when polymerization has been initiated similarly) [354] 355].

Proper adaptive and corrective factors can force initiation through chain weak
links, but this aspect of the technology falls beyond the main scope of the present
work. This task would be even harder if additives and other constituents normally
present in municipal solid wastes should be considered [353]. Therefore, for simplic-
ity, it is initially assumed that PS chain ends contain the same chemical end groups;
particularly, it has been assumed that only saturated PS chains are initially present.
Moreover, the molecular weight distribution (MWD) of the initial PS sample was

constructed using a Flory most probable distribution:

w, = (1 — p)?p™* (4.1)

considering the maximum degree of polymerization (z) as 6000; and the propagation
probability (p) as 0.998. Then, the average molar masses (M, and M,,) can be

calculated as:

M, = % (4.2)
M, = % (4.3)

where MW is the molecular weight of the monomer. It is important to note that the
use of the Flory distribution is not necessary if the full MWD of the polymer sample
is available. In this particular case, is can be assumed that w, is known and Equation
(1) can be skipped. Due to molecular weight influence on kinetic rates and product
distribution, for initial simulations and model validation, the maximum degree of
polymerization (z) was selected to ensure that the product distribution would not
be affected by this numerical hyperparameter.

The MWD was then approximated by a histogram and further converted to a

number of molecules. Therefore, for each polymer length i, D; molecules can be
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found in the form:

D= %wm (4.4)
where N, is the Avogadro number. Therefore, the total number of dead PS chains
can be obtained as X2, D;, with concentration given by X2, D;/V., where V, is
the selected control volume, p, is the polymer density, which is a function of the
temperature.

The maximum degree of polymerization (z) defines the minimum sizes of vec-
tors and matrices used to perform the Monte Carlo methodology. However, when
termination by combination is considered, a size bigger than the initial value of x
has to be implemented, as combination leads to chain growth. In this case, the
maximum chain size was assumed to be equal to 2z. From a numerical perspective,
whenever chains of size larger than x (or 2z) were generated, the size was truncated.
Nevertheless, no significant differences were observed in simulations performed with
maximum sizes higher than 2x, showing a good approximation of the obtained length

distribution.

4.2.3 The Kinetic Monte Carlo Algorithm

For each mechanistic step, an individual Monte Carlo (MC) reaction rate is assigned,
R;” ¢ with j varying from 1 to the total number of mechanistic steps in the degra-
dation mechanism. The MC reaction rates are defined with the help of microscopic

rate constants, kM,

RMC = pME N, (4.5)

where N, is the number of unique combinations between reactant molecules inside
the control volume. The parameter N. depends on the reaction order, reactants
number, and whether or not the reactants are of the same type. Table shows
how to calculate MC reaction rates for unimolecular, bimolecular, and termolecular

reactions.
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Table 4.3: N, combinations * [27, 28].

Initiation™ N = esX;
Bimolecular reactions between different molecules N. = X;X;
Bimolecular reactions between equal molecules N.=X;(X; —1)/2
Termination by combination between equal molecules N, = X?/4
Termination by combination between different molecules N, = X;X;/2

R XX j: Number of molecules of reactants i and j in the control volume.

"% For random scission, e ¢ = 2i is the number of bonds that can undergo scission
within a polymer chain (two bonds per monomer unit). For chain-end scission (R3),
there are 0, 1, or 2 breakable chains for alkane, alkene or dialkene macromolecules,

respectively: ey = 0 (alkane); ey = 1 (alkene); ey = 2 (dialkene).
The microscopic reaction rate constants kM are calculated from the macroscopic
reaction rate constants k“? as presented in Table [4.4]

Table 4.4: Conversion of macroscopic reaction rate constants into microscopic
Monte Carlo rate constants [27].

Unimolecular reactions EMC = [exp
Joexp
Bimolecular reactions between different molecules kM€ = VN,
A
Qk.emp

Bimolecular reactions between equal molecules EMC = VN
A

The MC algorithm used here is the direct method as explained by BRANDAO
et al|(2016) [27]. The randomness takes place during the selection of the reaction
step by generating, at each iteration, a random number following the uniform dis-
tribution in the interval [0,1) (r1) and selecting the reaction with an index equal to

k that will occur according to Eq. and [£.7]

RMC
Pi=—=7 (4.6)
DY =R
k—1 k
Pi<n<) P (47)
j=1 J=1

The iteration time-step (7) can be calculated with the help of a second uniform
distributed random number (r3) as shown in Eq. [£.8] At the end of each iteration,
the MC rates must be upgraded.

In(r; ")

T = —ZZ R (4.8)
=111
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4.2.4 Technical Details and Reaction Conditions

All simulations were executed on a Dell personal computer equipped with an Intel
CPU (Intel Core i7-7700HQ CPU 2.80GHz) and 16 GB RAM and running under
Windows 10 (Professional, 64 bit). The source code was written in Python pro-
gramming language using Numba [362].

For all simulations, the stopping criterion was the attainment of a specified final
time, which always led to the molar conversion of the initial carbon-carbon bonds
above 90% on a molar basis. One typical simulation took an average simulation
time of 3 + 1 min for a control volume of 1071 L. (940160 molecules), which was
used for all simulations after convergence testing. This computational time was only
possible because of the accelerated convergence procedure implemented in Numba,
as it will be shown.

The initial PS sample presented M, of 52,000 g/mol, and M, of 100,000 g/mol
[354, 356], 357, 363]. The temperature was set at 500, 600 or 700 °C [354] 356], 357,
363].

4.3 Results and discussion

4.3.1 Model validation

To define a control volume (sample size), convergence testing was performed for
every evaluated temperature, resulting in 1071% L as an adequate V, value for every
temperature. Fig. shows the molecular weight distribution distributions of
the polymer residues calculated with distinct control volumes, indicating that the
value of 10716 L was sufficiently high to ensure accurate simulation results without
stochastic noise. Fig. also shows that the dynamic degradation for the selected
control volume of 10716 L can be followed accurately and without stochastic noise.
Similar results were obtained at 600 and 700 °C.
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Figure 4.2: Effect of different control volumes on the simulation results: a)
molecular weight distributions for polymer residues at 500 °C after 95% conversion
and using different control volumes; b) evolution of the number of C-C bonds
during the thermal PS degradation at 500 °C using different control volumes.

The residence time is a settable parameter and was initially set at 10 min to
ensure the high conversion, although the complete conversion could be achieved at
lower reaction times: 30 s (92.36 % of conversion), 1 s (92.57 % of conversion), and
0.03 s (100 % of conversion) at 500, 600, and 700 °C respectively. Experimentally,
these extremely fast polymer degradation rates cannot be observed because of the
limited heating rates (usually equal or smaller than 10 °C/min to achieve the desired
temperature).

In addition, the effects of mass and heat transfer were not considered. For
instance, DEAN et al/ (1989) [364] showed that lower monomer /trimer ratios were

obtained for larger samples due to the higher importance of mass and heat transfer

constraints. These different yields may be associated with secondary reactions that
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occur in the polymer melt, which become more probable when the residence time of
primary products in the melt is increased by increasing the sample size [360] B365].

Similarly, using a carrier gas flow rate, the monomer can be swept more readily,
reducing the rate of trimer formation (so that a higher monomer /trimer ratio can be
obtained with a higher carrier gas flow rate). For this reason, the gas residence time
was not considered in the present model. Additionally, the simulations considered
that volatiles can be rapidly removed (including styrene, dimer, trimer, and other
low molecular weight products) and that secondary reactions in the gas phase are
negligible [35§].

It is important to note that high conversions could be achieved with computa-
tional times of 3 + 1 min using a control volume of 107'® L. (Table . This is an
important reduction if compared with the computational time demanded by other
kMC methodologies [147] and only made possible with the utilization of Numba’s
just-in-time function, which reduced all the simulation times by more than 99%.
This methodology had been previously suggested by REGO e BRANDAO (2020)
[362] for a polymerization case study. Here, we proved that the use of this speedup
method also opens up new possibilities for the use of kMC simulations to simu-
late depolymerization reactions without the major drawback of massive simulation

times.

Table 4.5: Conversion and computational times needed to perform the simulations.

o C-C Computational Computational
Depolymerization ' ' ‘ . .
T (°C) time (s) conversion | time without time with
ime (s
reached (%) | Numba (min) | Numba (min)

500 36.6 99 1251 3.7
600 0.61 99 1313 3.1
700 0.022 99 1381 3.2

4.3.2 Experimental dataset and hypothesis

PS thermopyrolysis trials performed at 500, 600, and 700 °C were selected because
the high temperatures favor styrene formation (as shown in modeling results), reduce
the reaction time, and consequently allow for a reduction of economic and environ-
mental costs. For temperatures above 700 °C, the product distribution changes
in favor of lower molecular weight products such as hydrogen [366], carbon diox-
ide, ethylene, acetylene, benzene, and toluene [367]; simultaneously decreasing the
percentage of styrene in the pyrolyzate. Thus, experimental data (weight percent-
age) were acquired for monomer, dimer, trimer, toluene, a-methyl styrene, and

1,3-diphenylpropane (DPP) at 500 - 700 °C.
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The analyzed experimental datasets correspond to micropyrolyser-gas chro-
matography /mass spectrometry/flame ionization detector (Py-GC/MS/FID) data
reported by BOUSTER et al| (1989)), SUGIMURA et al| (1981)), OHTANI et al.
(1982), and NONOBE et al| (1995) [354], [356], 357, 363]. The PS sample sizes
ranged from 0.02 - 1 g and presented M,, values in the range 30,000 - 860,000 g/mol.
Micropyrolysis experiments were selected as references in order to minimize the im-
portance of mass and heat transfer constraints in the melt and allow to neglect of
gas phase effects. The average values and standard deviations for products obtained
at distinct reaction temperatures and used for the model validation are shown in
Table [4.6] as reported by the original references.

Table 4.6: Experimental product compositions used to validate the PS degradation
model.%: average value; o;: standard deviation; *: it was considered equal to 5%
of the average value.

500 °C 600 °C 700 °C
% o; % o; % o;
Toluene 0.8 0.1 0.75 | 0.04* | 0.7 | 0.04*
Monomer  75.7 6.1 76.4 3.7 7.2 1.1
aMS 0.2 0.01 | 0.25 | 0.01* | 0.4 0.1
Dimer 6.1 1.2 4.2 1.5 3.4 | 017"
DPP 7.4 6.1 0.6 0.1 1.4 0.3
Trimer 12.2 4.0 8.9 3.0 5.2 0.3

One must notice that, although PS pyrolysis may lead to dozens of final products,
only six compounds are used for this initial validation, as supported by the exper-
imental data available for this type of reactor. Heterogeneous results are common
in pyrolysis experiments due to feed heterogeneity and different reaction types and
reaction conditions (temperature, pressure, carrier gas, reaction time, gas residence
time, and so on). However, as micropyrolysis experiments reduce the relevance of
mass and heat transfer constraints, the reported experimental data are somewhat
similar and appropriate for model validation.

According to SAWAGUCHI e SENO) (1998)) [361], the stationary concentration
of R should be much higher than that of R, because reactions with R, consump-
tion and Ry regeneration occur faster than chain scission reactions (R1) that lead to
R,. This can explain why products of a possible backbiting (R8) of R, are scarcely
formed. Moreover, as the radical stability decreases from R,, > R, > R,, this
means that, when R, is a reactant, the respective kinetic constant should be higher
in module. Thus, while Broadbelt [296] considers a unique kinetic rate constant

for a reaction step, independently of the reactant structure, Poutsma [290] takes
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into account the individual molecular reactivity. Figure shows that the concen-
tration of R, is indeed higher than for R, as expected; and this behavior is seen

independently of the Broadbelt/Poutsma kinetic constant considered.
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Figure 4.3: Evolution of concentrations of radicals R,,, R, and R, and of
monomer, dimer and trimer for degradation performed at 700 °C.

Indeed, POUTSMA| (2006)) [290], while studying the influence of reaction condi-
tions on R, reactions, concluded that R, contribution to the overall kinetic rate and
products was very low (see Section 5.3 Simulations for the T series of POUTSMA
(2006) for more details [290]). For instance, the author considered the inclusion of
the unzipping step (R7) for R, as well, but this did not affect the final amount of
styrene nor the concentration of polymeric radicals during the degradation. During
our simulations, even at higher temperatures than those tested by Poutsma, sig-
nificant differences were not seen when the kinetic parameters of R, were equal to
those of R,. Therefore, as the mechanistic model does not detect any special effect
coming from R, at the current development stage of the proposed model, it may

be unnecessary to discriminate R, from R;.

4.3.3 Influence of temperature

It is well known that random scission (R1) triggers thermal degradation (remem-
bering that weak links are not being considered) and that the propagation of the
depolymerization process takes place mainly via unzipping to monomer (R7) and
intramolecular hydrogen transfer (R8), whose competition defines the relative yields
of the volatile products [353] [357]. Figure presents this competitive behavior for
degradation performed at 500 °C. For any reasonable value of the reaction temper-

ature, the number of dead PS chains increases at the beginning of the degradation
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due to R1, starting to fall as the number of styrene molecules and other products

mcreases.
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Figure 4.4: Evolution of numbers of dead PS chains and styrene molecules for
degradation performed at 500 °C.

Simultaneously, the MWD decreases fast towards lower molecular weight species
as shown in Figures [4.5] and According to the initial Flory distribution, the PS
sample had M,, = 52,074 g/mol and M,, = 104,045 g/mol, and, after 30 s, most of

it was degraded. Similar behavior could be observed at every tested temperature.
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Figure 4.5: Evolution of the molecular weight distribution of the polymer residue
during the degradation performed at 500 °C. n is the chain length.
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Figure 4.6: Evolution of average molecular weights of polymer residues for
degradation performed at 500 and 700 °C.

Figures to show the carbon distribution for the PS degradation at 500,
600, and 700 °C. One must notice that styrene is predominantly formed at higher
temperatures and oligomers at lower temperatures (Figure . This is explained
by the higher activation energy for depropagation with respect to intramolecular
hydrogen transfer [361]. Moreover, independently of the temperature, the trimer
concentration reaches higher values than the dimer concentration due to forming
a more stable quasi-six-membered cyclic structure in the transition state towards
trimer [361]. Therefore, the proposed degradation model can represent the degrada-
tion products at 500 °C (considering the heterogeneity of the available experimental
data), but diverges mainly for toluene at higher temperatures. This was somewhat
expected as both Broadbelt or Poutsma did not report experiments at temperatures

above 500 °C and did not consider the production of toluene.
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Figure 4.7: Product distribution for PS thermal degradation performed at 500 °C.
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Figure 4.8: Product distribution for PS thermal degradation performed at 600 °C.
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Figure 4.9: Product distribution for PS thermal degradation performed at 700 °C.
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Figure 4.10: Product distribution for PS thermal degradation performed at
different temperatures (500, 600 and 700 °C).

Thus, the kinetic constants for hydrogen transfer (R8), depropagation, and ben-

zyl radical addition (toluene radical to 1,3 mid-chain radical) should be the main
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parameters to be corrected at the higher temperatures (600 and 700 °C). Moreover,
the formation of other products, such as tetramer or ethylbenzene, was not included
in the model due to the lack of experimental data, as shown in Table 4.6 This
makes it more difficult to confirm the model accuracy, as other light hydrocarbons
may have been formed and not monitored. However, the mechanistic model has
accurately represented PS degradation at the temperatures studied, mainly at 500
°C, which is the most probable temperature for industrial use. On the other hand,
according both to the model and the available data, at higher temperatures, higher
yields of styrene over other products can be obtained, indicating that the model
can appropriately capture the increase of styrene yields with temperature, although
adjustment of the activation energy is perhaps needed. However, as at any studied
temperature, the pyrolysis time is very fast; the lower reaction time at 700 °C may
not be beneficial due to the required sensible heat. To evaluate this, the whole pyrol-
ysis system (including pre- or post-treatment) must be considered for the valuation

of economic and environmental balances.

4.3.4 Mass transfer

The micropyrolyzer reduces the effects of mass and heat transfer, and these effects
are often considered neglected, although they may still occur. However, when the
reaction scale increases, significant modification of the product distribution may be
seen, which can be attributed to these effects and, eventually, to extra reactions
[368, B69]. Nevertheless, comments on the behavior and explanation of transfer
effects have not yet been provided in the open literature.

For instance, if one considers that a certain amount of styrene can be formed
within the polystyrene melt, as the styrene diffusivity is 9.52 - 107° cm?/s at 500 °C
(extrapolated data from 270 °C) [370], it can take relatively long time for styrene
molecules to reach the free evaporation surface. This mass transfer limitation may
eventually allow the occurrence of several side reactions inside the melt, such as the
spontaneous styrene thermal polymerization, that can be relatively favored at high
temperatures [371].

Therefore, considering the kinetic rate constant for thermal initiation of kg, =
2.190%10° xexp(—27440/RT) (L*mol~2s~') [372,373] and the reactions presented in
Scheme if the whole Cig pool can be regarded as ’dimer’ and the whole Cs4 pool
can be regarded as ’trimer’, one can notice that the effect of mass transfer reduces the
amount of styrene in the output stream, increasing simultaneously the amounts of
dimer and trimer and producing ethylbenzene as shown in Figure .11 Therefore,
the occurrence of mass and heat transfer limitations can indeed cause significant

modifications of the output stream compositions, an issue that has largely been
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overlooked in the open literature and that can be extremely important for scaling
up pyrolysis processes and reactors.

The mass transfer effect related to the constrained release of styrene molecules
from the polystyrene melt was simulated through the partial removal of styrene
molecules from the reaction environment (Sty/1, Sty/2, or Sty/4, respectively). In
these cases, Sty /X means that a fraction 1/X of the available styrene molecules was
kept inside the stochastic reaction environment. Therefore, Sty/1, Sty /2, and Sty /4
indicate that 100%, 50%, and 25% of the styrene molecules were kept inside the
reaction volume, respectively. Although this can be regarded as a very simple nu-
merical approach to describe the mass transfer constraint, this numerical procedure
does allow one to observe how mass transfer constraints can affect the evolution of
product compositions as the reaction evolves. Consequently, more dimer/trimer is
produced when X increases, as the removal of styrene becomes more difficult. As
a matter of fact, there is significant experimental scatter regarding the dimer and
trimer contents in available experimental studies, which can be related to existing

and poorly comprehended mass transfer limitations inside the reaction vessel.
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Figure 4.11: Product distribution for PS thermal degradation performed at 500 °C
considering thermal initiation of styrene.

Therefore, although this can be regarded as a very simple example, it clearly
shows that the kinetic mechanism should incorporate mass and heat transfer effects
if real pyrolysis systems are to be modeled. As shown in Figure [4.11} it can be
speculated that the scatter of experimental data published in the literature can

be due to the incomparable heat and mass transfer effects (due to the different
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reactor designs and polymer sample masses) in the different studies. Besides, Figure
4.11] strongly suggests that scaling-up of pyrolysis systems cannot be performed

appropriately without carefully considering heat and mass transfer resistances.
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Scheme 4.2: Thermal initiation reactions proposed for polystyrene.

4.4 Conclusions

This work presented a detailed overview of polystyrene degradation modeling under
an inert atmosphere (pyrolysis) and implemented a stochastic kinetic Monte Carlo
(kMC) model to simulate the polystyrene pyrolysis reaction. For validation, the
model was compared against experimental product distributions obtained from the
literature (Py-GC/MS/FID). Across all analyzed temperatures, the model achieved

very good agreement with experimental data without any parameter fitting. No-
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tably, deviations were more significant for toluene and diphenylpropane at 600 °C.
These discrepancies are not unexpected, given that most reported kinetic constants
in the literature are derived from thermochemical balances performed at lower tem-
peratures (300-500 °C).

To enable large-scale simulations, the model was successfully accelerated using
Numba, reducing computation time by more than 99%. This performance boost
allowed simulations to be run with a larger control volume (107'°L), enhancing the
statistical reliability of the results. The ability to efficiently simulate large systems
opens promising avenues for applying stochastic methods to polymerization and
degradation of high-molecular-weight polymers such as polystyrene and polyolefins.
Furthermore, the model highlighted the sensitivity of product distributions to heat
and mass transfer limitations, suggesting that such effects may play a critical role in
the scale-up of pyrolysis processes, which is an aspect that has yet to be thoroughly
addressed in the open literature.

Despite its strengths, the model has several limitations. It is mechanistic in
nature and provides greater physical insight than lumped models; however, some
relevant phenomena were not included. Gas-phase secondary reactions, which may
become significant at high temperatures due to rapid conversion, were not consid-
ered. The formation of light gases such as ethylene, often associated with secondary
reactions, was also excluded due to the scarcity of reliable experimental data. These
simplifications were done because the literature often does not report the gas-phase
residence time (or reactor dimensions).

Additionally, the reverse reaction of thermal styrene initiation was not incorpo-
rated, although it may influence the product distribution under the studied condi-
tions. Moreover, product removal from the liquid phase was approximated based
on boiling points, whereas a more accurate approach would involve modeling vapor-
liquid equilibrium (VLE). Furthermore, key compounds like the styrene tetramer,
which could serve as a validation point for VLE models, are frequently omitted in
reported yields due to chromatographic limitations in detecting high-boiling-point
species.

To address these limitations and better capture the complexity of pyrolysis prod-
uct distributions, vapor-liquid equilibrium, and gas-phase reaction pathways were
further incorporated into a subsequent polyethylene degradation model (Chapter
). Given the broader range of products and higher propensity for gas formation
in polyethylene pyrolysis, these additional mechanisms were essential to improving
the accuracy and representativeness of the simulations. This extended framework
also serves as a foundation for future studies aiming to model pyrolysis processes at

larger scales and under industrial conditions.
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Chapter 5

Polyethylene Pyrolysis: Mechanistic
Modeling, Volatilization and

Experimental Validation

This chapter is based on the article “High Density Polyethylene Thermal Pyrolysis:
Kinetic and Volatilization Modeling” published in the Journal of Analytical and
Applied Pyrolysis in 2025 [374].

5.1 Introduction

Understanding the degradation mechanisms of different plastics is essential for de-
veloping a versatile pyrolysis model that can handle a wide range of feedstocks.
Given that post-consumer plastics are contaminated, the model must eventually
be integrated with pyrolysis models for other materials to simulate real-world con-
ditions accurately. As a step towards this goal, the pyrolysis of polystyrene was
investigated in Chapter [d] whereas this chapter focuses on the pyrolysis of high-
density polyethylene (HDPE), one of the most widely used polyolefins. HDPE is
found in applications such as cosmetic packaging, bottles, household items, piping,
and healthcare products, HDPE accounted for 12.2% of global plastic production in
2022, equivalent to 49 million tonnes [375].

Accurate prediction of pyrolysis products and process optimization requires a
comprehensive understanding of not only feedstock properties and reaction kinetics
but also thermodynamic and transport phenomena. Plastic pyrolysis involves a
complex multiphase system, where the high viscosity and low thermal conductivity
of polymers hinder efficient heat and mass transfer [376]. While this has been briefly
addressed for polystyrene, polyethylene poses additional challenges due to its broad

product distribution and the presence of heavier species with low volatilities. These
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heavier compounds may remain in the melt during pyrolysis, making it essential
to apply a vapor-liquid equilibrium (VLE) framework to capture their partitioning
between the vapor and liquid phases.

Additionally, incorporating VLE is critical for accurately modeling product
yields, transport behavior, and reaction pathways. Neglecting this aspect can lead
to significant errors, including underestimated residence times and misrepresented
intermediate concentrations. A simplified process visualization is shown in Figure
5.1l Additionally, products farther from the liquid-gas interface may escape as gas
bubbles, driven by nucleation and growth processes [377|, due to faster gas-phase
diffusion and low solubility in the polymer [378|. Therefore, the residence time of
the gases formed is not a fixed value but instead follows a distribution, which, in

the case of semi-batch reactors, is time-dependent.

c-C Product

C T - - = Volatilizatio
scission formation felailizaiizy

Melting —»

MW T Process

100 - 250 kg/mol Up to 1.5 kg/mol

7 1o

=
)
-

Carrier
gas

Pyrolysis
products

VLE: Reaction products X
are distributed across <8<
both melt and vapor phase :

aseyd 19| 9seyd seo

Pyrolysis reactor
(excluding feeding and
condenser connections)

Figure 5.1: Different phenomena taking place in the pyrolysis of polyolefins in a
semi-batch reactor.

Unfortunately, these complex phenomena are rarely addressed in the literature.
Regarding the kinetics, experimental data often show high variability, likely because
most measurements were not kinetically controlled due to factors such as sample size,
operational method (e.g., closed-batch reactor), long residence times, and poor ho-
mogeneity [379]. Additionally, the lack of detailed reporting (e.g., molecular weight
distributions, pressure, heating rate, or gas residence times) further complicates
comparisons [380]. A more in-depth discussion on experimental data comparisons
and parametric analyses for the pyrolysis of polyolefins and other plastics is available
elsewhere [381-H383].

While many models exist to represent polyethylene pyrolysis, they often focus
on thermogravimetric data (TGA) or a simplified lumped product distribution (e.g.,
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boiling point cuts — such as naphtha, diesel, and wax — or other measurable proper-
ties). TGA models often only represent the observed rate of mass loss, which lumps
thermal, chemical and evaporation rates [263]. And empirical lumped models, al-
though useful for specific optimizations (e.g., gas yield optimization), are also based
on fitted parameters that are not transferable between reactors or feedstocks due
to the influence of heat- and mass-transport effects and species volatility. Conse-
quently, the empirical nature and simplifications result in a loss of information and
limited applicability [384].

On the other hand, Poutsma (2003), Levine and Broadbelt (2009), and Popov
and Knyazev (2015) focused on detailed mechanistic modeling of HDPE pyrolysis
[263] 297, 378]. However, the available experimental data was either limited by the
analytical techniques used or influenced by secondary effects (e.g., non-isothermal
conditions or closed reactor systems). As a result, Poutsma’s model comparisons
with experimental data were constrained by data gaps and inconsistencies, while
kinetic parameters were estimated to improve model fit in the other two studies.
Consequently, no comprehensive, validated model applicable across various condi-
tions could be established.

Regarding vaporization, existing studies rely on strong simplifications, such as ar-
bitrary cutoffs for carbon numbers, assumptions of instantaneous removal for certain
products [185] 226, 297, [B85H38E], or linear/polynomial expressions to represent the
VLE as a function of the molecular weight of the products [277]. The lack of research
on VLE for pyrolysis is likely a consequence of a poorly defined pyrolysis problem
due to the system’s complexity and the experimental challenges to isolate effects
and quantify the full pyrolysis product distribution. However, the VLE is critical
because vaporization changes the melt-phase composition, volume and properties,
such as viscosity and average molecular weight, directly influencing the kinetics.
Thus, failure to accurately couple kinetics and vaporization can lead to unreliable
and unrepresentative modeling results under different pyrolysis conditions.

Recently, kMC pyrolysis models were developed for plastics other than HDPE,
including polystyrene, poly(styrene peroxide), and poly(methyl methacrylate)
[314] 1351), 138T), [389]. However, all these studies assume instantaneous volatiliza-
tion of small oligomers, with the heaviest oligomer considered in this volatilization
determined based on experimental data. Although the authors may have claimed
that volatilization depends on pyrolysis temperature and product boiling points, this
assumption is not always valid. For example, polystyrene trimer (2,4,6-triphenyl-1-
hexene) has a boiling point of approximately 450°C, yet it volatilizes and is detected
at pyrolysis temperatures below this threshold [390]. Moreover, other polystyrene
pyrolysis studies have observed the volatilization of the polystyrene tetramer, which
these models fail to account for [292, 363, [390]. Additionally, the models do not cap-
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ture the influence of pressure and other process conditions [391], and most cannot
be applied to different reaction setups since their kinetic parameters were estimated
rather than derived from fundamental principles.

Similarly to the polystyrene study, to validate the polystyrene model, a micro-
pyrolyzer setup was used for intrinsic kinetic measurements, which minimizes sec-
ondary heat- and mass-transfer effects due to its small sample mass, fast heating
rate, and short gas residence time. This type of setup is considered among the best
for obtaining intrinsic kinetics [162, 382, 392, 393]. A mechanistic-level modeling
approach is proposed to model the pyrolysis process, providing a detailed repre-
sentation by integrating fundamental knowledge of molecular structures and kinetic
mechanisms. This approach is essential for developing models capable of handling
diverse feedstocks and reactors without requiring re-calibration. The kinetic Monte
Carlo (kMC) stochastic method was selected because it can accurately represent the
complex composition of feedstock and products without relying on oversimplifica-
tions or theoretical distribution assumptions. Additionally, kMC is a robust alterna-
tive to population balance methods, which are challenging to solve for systems with
highly complex species distributions. It also addresses the limitations of the method
of moments (MoM), which often necessitates simplifications such as reduced kinetic
models, omission of radical position tracking, quasi-steady-state approximations, or
long-chain assumptions [300].

Aiming to represent the vaporization based on thermodynamic principles and
well-established equations of state (EoS), it is proposed to integrate the kinetics
with VLE, which is calculated according to the pyrolysis temperature, pressure, and
melt composition. Additionally, despite the advantages of kMC, only a few studies
have combined it with VLE to model multiphase reactors, such as the vacuum gas oil
hydrocracking study by Alvarez-Majmutov et al., which coupled flash calculations
with the kMC algorithm [384] 394] [395]. In this case study, vaporization is similar
to that occurring in plastic pyrolysis; however, a detailed methodology was not
presented.

Therefore, a phenomenological model for HDPE pyrolysis is developed and val-
idated based on elementary rate constants derived from small-molecule analogs (a
first-principles-based model, or thermochemical kinetic approach). Previous works
typically inferred kinetic constants by fitting them to experimental data. In addi-
tion, it is proposed a novel methodology that integrates kinetics with multicompo-
nent phase equilibrium calculations. These calculations, based on thermodynamic
principles and well-established equations of state (EoS), account for the influence
of pyrolysis temperature, pressure, and melt composition. Prior studies failed to
model volatilization phenomenologically, relying instead on strong simplifications

(e.g., setting an arbitrary threshold of compounds that can volatilize to match ex-
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perimental data). Consequently, as vaporization affects the melt-phase composition
and volume, directly influencing the kinetics, unreliable and unrepresentative model-
ing results were obtained. Beyond its novelty for plastic pyrolysis, this methodology

also extends the application of kMC to more complex reaction systems.

5.2 Materials and Methods

5.2.1 Thermal Pyrolysis Experiments

In the present work, a virgin HDPE sample was donated by DOW Chemical Co.
(HDPE 25055E), with M,,— 43.2 kg/mol and M, = 133.5 kg/mol, and was used for
all the experiments. The GPC methodology is similar to previous works [381].

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 thermal conductivity detectors (TCD). A
scheme representing the experimental unit is also available in Figure[5.2] The reader
may also refer to other studies that employed the same micropyrolyzer facility for
plastic pyrolysis for further details [381] [396-H400].

[
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Figure 5.2: Experimental setup: micro-pyrolysis facility coupled with a
comprehensive two-dimensional gas chromatography system and a separate
multicolumn GC dedicated to the analysis of light gases equipped with thermal
conductivity detectors.

The experiments were performed at 550, 600, and 650 °C, dropping 500-800 g of
HDPE into the preheated pyrolysis furnace with a deactivated stainless steel sample
cup (Eco-cup LF). The reactor was operated with a He flow rate of 50 mL/min
and a pressure of 2.7 bar. According to the reactor dimensions (50 mm length, 2.5

mm diameter), the residence time of the volatiles is 0.3 s. These released volatiles
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were then collected in a cryo-trap (MJT-1035E) cooled with liquid nitrogen for 5
minutes, and portions were simultaneously directed to the online analysis of pyrolysis
products. The GC columns, an MXT-1 (Restek) (60 m, ID = 0.25 mm) non-polar
and mid-polar BPX-50 column (2 m, ID = 0.15 mm), were held at -40 °C for 6
minutes, followed by heating to 350 °C with a rate of 3 °C/min.

Compound identification was performed with a BenchTOF-Select (Markes,
United Kingdom) scanning m/z = 50-500 at 70 eV. To ensure accurate identifi-
cation, the mass spectra of each compound was compared with those in the NIST
library, using the match factor (MF) as the metric, cross-checked with Kovats in-
dices [401l, 402]. Compound quantification was performed with a flame ionization
detector (FID), calibrated internally with iso-butane. Thus, based on the quantified
iso-butane in each run, the product yields were calculated using the molar response
factor (MRF') approach [403], 404]. A comprehensive discussion of the GC-GC anal-
ysis and the multicolumn GC setup is also available elsewhere [396], 405], 406], while
the quantification procedure is described in references [396], 407-H409].

Time-resolved experiments were also performed, enabling the qualitative char-
acterization of the products in a temporal mode. HDPE was introduced into the
heated zone of the first reactor maintained at 450 or 500 °C. The restriction column
of the ToF-MS was connected directly to the GC injector to obtain the time-resolved

profiles of all products eluting from the reactor.

5.2.2 Construction of the initial molecular weight distribu-
tion

The initial molecular weight distribution for the simulations is based on the GPC
characterization. HDPE chain ends are assumed to contain the same chemical end
groups; particularly, it has been assumed that only saturated HDPE chains are
initially present. To compare the influence of the molecular weight distribution,
artificial HDPE samples were constructed considering the Flory—Schulz distribution
[410]:

w, = (1 —p)*p™! (5.1)

where w, is the weight fraction, z is a vector from 1 to the maximum degree of
polymerization, and p is the propagation probability. The chosen distributions have
M, = 31.2 kg/mol and M,,— 62.3 kg/mol, and M, = 140.3 kg/mol and M, — 280.5
kg/mol, respectively, according to Eqgs. and where MWy, is the molecular

weight of the monomer - ethylene in this case.

— MW
M, = M

" (1-p) (52)
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(1-p)

The MWD was then converted to the number of carbon atoms (Figure [5.3),

approximated by a histogram, and further converted to the number of molecules
according to Eq. 5.4}

(5.3)

Ve pp wei Na
;= ——— ot A 4
n 4 + 2 (molecules) (5.4)

where 7 is the number of carbon atoms, V is the control volume of the kinetic Monte
Carlo, pp is the density of HDPE at the desired T' (calculated with the Perturbed
Chain Statistical Associating Fluid Theory, PC-SAFT EoS, details in Section
(notice that V. pp is the initial mass of HDPE for the simulation), w,; is the
HDPE weight fraction of length i, N4 is the Avogadro number. Since the number
of molecules in the kMC simulation must always be an integer, the histogram is

rounded to the nearest integer.
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Each position corresponds to the number of Each position corresponds to the number (j) of
meres of size i carbons

Figure 5.3: Example of conversion of meres to carbons.

5.2.3 Kinetic Model

The reactions considered for the HDPE pyrolysis model were considered of recursive

nature and can be organized into a limited set of reactions families as shown in

Scheme .11
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Scheme 5.1: Reaction families included in the HDPE pyrolysis model (P: paraffin,
O: olefin, D: diolefin; i: chain length).

The reaction families considered are: mid-chain scission (1, ks) (P/O/D means
it can be a paraffin — saturated compound, olefin — one unsaturation, or diolefin —
two unsaturations; and ¢ is the length — the reader may notice that the minimum ¢
for olefins and diolefins are 2 and 3, respectively; and, therefore, the length consid-
ered for the compound just be adjusted accordingly); termination by combination
(2, ki.); termination by disproportionation (3, k:); allyl bond fission (4, ky,); hy-
drogen abstraction (5, kg ); mid-chain [-scission (6, kis); radical addition (7, k.,);
end-chain fS-scission (or depropagation, or unzipping) (8, kg,); 1-x hydrogen shift
(backbiting) (9, ki) —x = 2 to 7 are considered in the proposed model, and y-x
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intramolecular hydrogen shift (intra-backbiting) (10, k). Specific products of
backbiting followed by mid-chain S-scission are shown in the Scheme [5.2]

m (9 &6)

. .
N
SN NN AN N AN
. H NN N N ON
. . .

A

Scheme 5.2: Scission sites of mid-chain radicals formed mainly via backbiting
reactions

The reaction families considered align with previously proposed kinetic mech-
anisms, such as those by Broadbelt and Poutsma [263] 297, [378]. However, prior
studies typically fitted the kinetic parameters to experimental data, often using re-
actor configurations that were likely not kinetically controlled. Thus, the models
did not distinguish between kinetic and transport effects and were unable to provide
a detailed molecular weight distribution of the pyrolysis products.

Additionally, Scheme presents only the main reactions, offering a simplified
representation of the complete HDPE model. As model species, paraffins, olefins,
diolefins, end-chain radicals, mid-chain radicals, and specific radicals such as methyl
(lower stability) and allylic radicals (stabilized by resonance) radicals were tracked.
Within each reaction family, different kinetic parameters were assigned depending
on the species involved.

All reactions are assumed to be independent of chain length, and most are also in-
dependent of the presence of double bonds, except for allyl bond fission and radical
addition. Additionally, the model includes the following considerations or excep-

tions:
e Vinyl (or vinylic) radicals are not considered;

e Intra-molecular hydrogen transfer: not allowed to occur after nine carbons
about the chain end. This is considered because transferring the radical to
farther away parts of the molecule is nearly equivalent to transferring it to any
other chain of the same fraction of the population, which is already included

in the model;

e The initial HDPE was considered to be linear. This assumption was also
considered by Poutsma, who considered the same kinetic model for both
HDPE and low-density polyethylene (LDPE) [263]. This likely occurs because
branched radicals are easily cracked through a [-scission reaction to produce

smaller hydrocarbon fragments.

e Branch formation was excluded since experimental data and previous studies

[263] 893, 411] suggest that branched or vinylidene compounds form only in
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minor amounts under the studied conditions. This is attributed to diffusional
restrictions, weak branched positions, and the thermodynamic unfavourability
of secondary radical addition to olefins at pyrolysis temperatures [263, 288,
A19).

e Finally, as the dienes of the Diels-Alder (D-A) reaction in our case are
mostly low-molecular-weight (e.g., butadiene), which mostly partitions to the
gas phase, their reactions with dienophiles (ethylene or other small-molecule
olefins) in the gas phase occurs to a minimal extent due to the very short gas-
phase residence time of the micro-pyrolyzer. In the liquid phase, the chance
of multiple unsaturation to be next to each other (dienes) is small for larger
molecules. In addition, the larger molecules are not conformationally flexible
for a D-A reaction to have any significance. Consequently, they contribute
little to an overall molecular-weight-increasing effect compared to radical re-
combination. However, when gas phase residence time is long (> seconds),
D-A reactions may need to be considered in detailed models, which is the case

for industrial-size reactors. We keep this question open for future studies.

Regarding the reaction rates, ongoing studies focus on properly adjusting the re-
action rates for gas-phase reactions to account for their transition to the liquid phase,
considering factors like steric hindrance and diffusion limitations. This is the case
of termination by recombination (k;.), which in the polymer melt is likely diffusion-
limited, meaning the rate increases with time due to the reduction of average molec-
ular weight. Kruse et al. (2002) considered the diffusion-limited recombination
rate as inversely proportional to the length of the radical (ki crr = % (z% + ﬁ)),
where k. is the unhindered recombination term, ¢ and j represent the chain lengths
in monomer units of the terminating radicals, and  represents the diffusion depen-
dence on chain length (v = 1 or 2, depending on the entanglement limit) [294]. This
approach is known as the diffusion mean model.

Popov and Knyazev also aimed to account for the diffusion dependence on ter-
mination reactions by incorporating the influence of diffusion (k4 ¢s) on the (unhin-
dered) recombination term (ky.) [378]. This methodology is very known in polymer-
ization works [413]. The effective recombination rate is calculated as shown in Eq.
D.of

1

ktc,eff = 1 1 (55)
ke kairy

The diffusion term is calculated by Smoluchowski’s equation (47 RyD). However,
Popov and Knyazev simplified this calculation by fixing the radius of interaction for
termination (Ry) and the mutual diffusion coefficient between two terminating chains

(D). As a result, this term is calculated based on the weight averaged molecular
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weight and temperature, without considering the chain length of the terminating
radicals: kg;rr = 6.02.1018. 27, % zp(—321) (L/mol/s).

However, considering the rate constant dependence on bulk viscosity, which itself
depends on the average molecular weight of the polymer, may not yield an accu-
rate rate constant because termination rates are inherently chain-length-dependent,
with smaller molecules exhibiting higher mobility. Nevertheless, this approach was
employed, but further studies are required to address this effect in depolymerization
properly. Additionally, termination by disproportionation was also considered as
0.1 Ky e s as suggested by earlier works [297].

For mid-chain scission (k;), it is known that the cage effect has to be considered
as the PE melt impedes the tumbling motions of separating fragments in C-C bond
scission, which may result in a lower pre-exponential factor. Popov and Knyazev,
fitted ks to the experimental data [378|; Poutsma concluded that it is difficult to
predict an ‘efficiency’ factor (0 < f < 1) [263], whereas other HDPE modeling works
did not discuss the cage effect. In this study, different efficiency factors (i.e. altering
ks values) were studied and the results were compared to the calculated conversion
from time-resolved experiments, with an efficiency factor of 0.01 closely correlating
with the model prediction. This value is similar to the data-fitted value obtained
by Popov and Knyazev, who used 0.015. This is further discussed in Section [5.3.3]

For backbiting (radical isomerization reactions), the rate is restricted in the melt
because of resistance to internal rotations of large C-C segments. Nevertheless,
most authors estimate these rates based on experimental data, use gas-phase rate
constants or do not consider them at all [263]. For the present work, the backbiting
reaction rates were obtained based on ab initio calculations by Van de Vijver et al.
[414] and Destro et al. [415], and then adjusted to the melt phase using the software
COSMOtherm (considering hexadecane as the solvent) [414], 416, 417]. However,
parameter estimation also had to be used for the rates kis, kig, kys, kys up to a
factor.

For all other reactions, literature data suggest that similar rate parameters can be
applied for the gas phase [297|. The final kinetic parameters used in the simulations
are listed in Table excluding reaction degeneracies, which were incorporated
into the radical reaction rates.

Table 5.1: Macroscopic reaction rate coefficients used for the simulations. Values
are divided by the degeneracy.

A E,
Reaction Family Rate Constant [s7! or L mol~! s™!] [kcal/mol] Ref.
Mid-chain ks, pp 1.27 - 10174 86.30 [263]
scission ks pCHs 1.00 - 10160 81.26 [418]

Continued on next page
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Table 5.1: (continued)

A E,
Reaction Family Rate [7! or Lmol™! s71]  [kcal/mol] Ref.
Allyl bond fission kgs 3.75.1019 . 7113 76.20 [419]
te,pp 5.16 - 1011:0 . 7—0.71 -1.92 [420]
L te,pcHs 4.89-101-0.7-05 - [421)
Termination ’ 13.0 A—1.1
b kte,cHsCHS 3.27.1013:0. -1 0.32 422
oo Kte.pCaHs 1.02 - 1010-0 -0.13 [23]
combination 11.0  r—0.32
kte,cHsCoHs 1.01-101%-0. =0 0.13 [A23)
Kie,cotsCoHs 1.02 - 1010-0 -0.26 223
kepp 6.8 1070 14.75 [263]
k,ps 7.6-1070 12.78 [263]
km,sp 4.2-1070 15.17 [263]
Hydrogen ki ss 6.4-107-0 14.20 [263]
abstraction ku,cHsp 3.0-10~4:0.73.65 7.15 [424]
ki, cHgs 7.53 10740 . 73-46 5.49 [424)
kH,caHsp 7.84-10—20.733 19.85 [423)
kH,csHss 3.93.10-20.733 18.16 [423]
Mid-chain Ebs,sp 4.47 10110 . 7057 28.04 378
B-scission ks sCHs 1.11-1010:0 . 71.02 31.07 [419]
. kra,p 2.88-1070 5.90 297
Radical 2.48
o kra,cHs 17.61 -T2 6.13 [425)
addition ’ )
Era,caHg 1.31 - 7260 10.90 [426]
Depropagation kap 1.00 - 1013:03 27.80 [263]
k1o 1.02 - 10130 39.06
ko1 2.22.10%0 . 72.64 37.10
k13 2.57-1012:0 38.98
k31 1.65 - 100 . 73-48 34.80
k14 1.64 - 10110 22.08
ka1 2.71-1010-0 23.70
k15 1.16 - 1010-0 14.86
» k51 4.70 - 101 . 7248 13.00
Backbiting 9.0 263, [414] [415)
k16 2.76 - 109 13.69
k61 1.79 - 1090 17.20
ko 3.13-1012-0 40.40
k3 8.15- 10110 38.62
kxa 9.05-1010-0 21.83
kys 2.15- 1020 15.94
k6 1.40 - 1080 14.15

5.2.4 Kinetic Monte Carlo

Additionally, the reaction rates (i = 1,
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Examples of the reaction degeneracies considered include: for kg, it is multiplied
by 2 for each intermediate carbon; for kgs, it is also multiplied by 2 when two sets
of products are possible; for k., it is multiplied by 2; for kg, it is multiplied by
the total number of C-C bounds; for ky,, it is multiplied by total number of double

bounds; when it is a diolefin as a reactant for k,,, it is multiplied by 2.

Similar to a previous study for polystyrene degradation, the direct method has been
used to simulate the HDPE degradation kinetics [35I]. All the species character-
istics (length, unsaturation, and position of the radical) are tracked at all times.

. TL) are defined as Ri,kMC = k’@koNC?i,



where k; iarc is the microscopic reaction rate calculated from the macroscopic re-
action rate coefficients; and N¢; is the number of unique combinations between
reactant molecules inside the control volume (V). The species and reaction rates

are updated in an interactive procedure illustrated in Figure [5.4]
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Figure 5.4: Algorithm for kinetic Monte Carlo simulations with thermodynamic
equilibrium integration.

Before initiating the interactions, the initial plastic structure is defined based on
either GPC data or a Flory-Schulz distribution, and the number of molecules in the
control volume (V;) is determined (see Section [5.2.2). This is the liquid phase at
t = 0s.

During the simulation, randomness is introduced in the selection of the reaction
step (j) by generating a random number (1) from a uniform distribution in the
interval [0,1) (Eq. [.6). Additionally, the iteration time step (dt) is calculated
using a second uniformly distributed random number (r;) (Eq. [5.7). If the selected
reaction involved a random mechanism (e.g., mid-chain scission, hydrogen transfer),
a third random number (r3) is used to select the specific reaction site, such as the

carbon-carbon bond to be broken or hydrogen to be abstracted.

J n
> P> 1) Riuc (5.6)
=1 =1

In (r;")

dt = =——""—
2?21 R; rvc
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Once the reaction occurs, the system’s species are updated. This melt-phase
composition is sent to the VLE package, which determines the fraction of melt-
phase species in equilibrium transition to the gas phase. The transferred species are
no longer available for further reactions in the melt phase. As a result, the melt-
phase composition is updated again, along with the volume. At the end of each
iteration, the kMC reaction rates must be recalculated.

The VLE calculations, however, are not performed every kMC iteration but only
at predefined intervals (dtypg), which corresponds to a certain number of inter-
actions. The optimal frequency of the VLE calculations should be determined in
advance and in parallel with the optimization of the control volume [351].

Importantly, the vapor-liquid equilibrium does not suggest that plastic pyrolysis
is in equilibrium. The system is dynamic, and the volume, composition and time are
updated every interaction as shown in Figure [5.4] As the reaction progresses, the
composition at each dt can be used to calculate the bubble and dew temperatures.
If the condition Tyyuppie < Tsystem < Tew holds, the distribution of pyrolysis products
between the melt and vapor phases is determined by a flash calculation, solving
the Rachford-Rice equation. This approach is widely used in dynamic systems to

approximate phase behavior under evolving conditions, and more details are given

in Section [£.2.51

5.2.5 Vaporization

Plastic pyrolysis is a multi-phase and multi-component problem. In this study, poly-
mer melting is not considered; the simulation begins at the set pyrolysis temperature
without a heating curve, as the micro-pyrolyzer’s heating rate is rapid (100 — 250
°C/s) [382]. Moreover, due to the small sample size, the reaction is approximated as
isothermal. Thus, phase transition is only considered for the vaporization of pyrol-
ysis products, which is done by considering a vapor-liquid equilibrium between the
pyrolysis products in the polymer phase (i.e., liquid or melt phase) and the vapor
phase.

The proposed methodology employs an iterative approach between the kMC
and VLE calculations. The kMC procedure, shown in Figure [5.4] requires the initial
plastic distribution and the kinetic parameters. kMC updates the concentration of
the species, and this liquid-phase composition is sent to the VLE package, which
calculates the liquid-vapor composition of the system (i.e., at the given T, P, and
liquid component fraction). The VLE requires thermodynamic properties, which
depend on the chosen equation of state and are described later in this section, and
the conjunction kMC+VLE is represented as the “melt-phase kinetics” model box
in Figure[5.5] Due to the use of carrier gas, the products are considered to be swept
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out of the liquid phase rapidly, and the products in the vapor phase do not react
further (unless gas-phase reactions are considered). The interactions repeat while

t < tg, or the conversion is below 100%.

[TI][';]

Kinetic Thermodynamic Kinetic
parameters properties parameters
L |
Melt-phase kinetics Gas-phase kinetics

Plastic — Final
iquid- _liaui Xy, X; i t=t -
initial hquuII::I c Vap(')lt:t:u.}md e Pyrzlys:s —Pf Gasklslléase pyrolysis
distribution phase kM equilibrium products | 4000 products

t X, X I conversion

Figure 5.5: Representation of the proposed plastic pyrolysis model with VLE
calculations.

Importantly, in the studied pyrolysis system, the carrier gas flow rapidly sweeps
out the products to minimize secondary reactions. However, the equilibrium deter-
mines the fraction of species that volatilize at a given temperature and pressure,
independent of the sweeping effect, as the VLE accounts for the thermodynamic
partitioning of species between the melt and gas phases before they are removed.
Thus, while the rapid removal in the micropyrolyzer reduces residence time in the
gas phase, it does not alter the fundamental VLE considerations, which depend on
species volatility and thermodynamic properties.

To solve the equilibrium calculation (considered isothermal and isobaric), the
roots of a Rachford-Rice objective function have to be solved [427]. Because the
problem includes compounds that are very light (e.g., naphtha compounds) and very
heavy (the polymer distribution itself), four modified Rachford-Rice (RR) objective

functions can be used:

2@ ~ @) :é 1 i(\ﬁg’_?l) =0 (5.8)

i: Zzgz ZH@ )20 (5.9)

i@ —n) =2 lf(\lf%[{:i)m - 1 ip\p =0 (5.10)

z]:; =Xy Zl+\If )—Zlip\I,:O (5.11)

where N, are the total number of components; y; is the component gas fraction
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(y; = number of mols of 7 in the gas phase/total mols in the gas phase); z; is
the component liquid fraction (z; = number of mols of ¢ in the liquid phase/total
mols in the liquid phase); z,: light compounds (7" > T.); z,: polymer fraction; z;:
compounds in equilibrium; K; is the equilibrium constant, or the component VLE
partition coefficient (K; = z—: = i—zz); ©; is the fugacity coefficient; and ¥ is the
vapor/liquid fraction. Thus, z; are the heavy pyrolysis products in the region of
the thermodynamic equilibrium - i.e. may be volatilized or stay in the liquid phase,
and, therefore, are distributed between the vapor and liquid phase according to the
K; value.

Eq. (RR1) is the most frequently applied RR expression [I85]. It assumes
that all components are in equilibrium. However, when a mixture involves sub-
stances with asymmetric interactions such as very light gases and polymer in the
case of pyrolysis, alternative RRs expressions are proposed for these situations.

Thus, Eq. (RR2) do not include light compounds (z,) in the equilibrium,
and these z, are considered to be instantaneously removed and do not influence the
volatilization of the heavier pyrolysis products (z;) (I' < T.). In both RR1 and RR2,
the polymer (z,) is not considered in the calculations.

Eq. (RR3) modified RR1 by considering that, although the polymer (z,)
cannot volatilize due to its low partial pressure, it may still retain pyrolysis products,
influencing their volatilization. Thus all the products (including the light volatile
gases) are either in thermodynamic equilibrium or retained within the polymer melt.

Eq. (RR4) includes both hypothesis considered for RR2 and RR3. Light
compounds (z,) are not in equilibrium and are not solubilized by the polymer due to
the high temperature [378]. However, heavier pyrolysis products (z;) (T' < T.) are in
equilibrium and may be partially soluble in the polymer. The results obtained using
these modified Rachford Rice equations (Egs. - are compared in Section
.32

The fugacity coefficients are calculated using the Peng-Robinson (PR) EoS (Eq.
or PC-SAFT EoS (Egs. - based on the following thermodynamic
properties. For the PR EoS, the critical properties (T, Pr) and the acentric factor
(w) were obtained from NIST ThermoData Engine [428]. However, these values
are not available for all compounds. In such cases, a regression was performed to

estimate the missing values:

wp; = 0.0023 MW p; + 0.1758 (5.12)

Tepi(K) = 200.72In(MW p;) — 373.3 (5.13)
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Pc,i (Pa) = 3E8 MWp,; ™! (5.14)

wo,; = 0.003 MW o, + 0.0427 (5.15)
Topi(K) =2102In(MWo,) — 422.27 (5.16)
Pe,i (Pa) = 2E8 MW g, "1 (5.17)

where MW p; and MW ; are the molecular weight of paraffin and olefins, re-
spectively, with ¢ carbons. For diolefins, when the values are not tabulated, the
same values as for olefins were used.

For the PC-SAFT EoS, the component’s segment number (m), segment diam-
eter (0), and the segment dispersion energy parameter () values were used when
available in literature [429], or were determined using Nguyen-Huynh’s group contri-
bution approach [430} 431]. Nguyen-Huynh’s calculated parameters were also com-
pared with regressed values (linear correlation methodology) [429]. This approach

has also been employed by Pamies and Vega [432] or by Tihic et al. [433]:

mp; = 0.0249 MW p; + 0.971 (5.18)
opiimp; = 1.70 MW p; + 23.27 (5.19)
(%)P mp; = 6.55 MW p; + 177.92 (5.20)
Mo, = 0.0247 MW, + 0.9173 (5.21)
coi*mo; = 1.7575 MWo,; + 11.983 (5.22)
(%)O mo.; = 6.9348 MW o, + 119.25 (5.23)

Similarly as for the PR parameters, when the values are not tabulated for di-
olefins, the same values as for olefins were used. For the polymer, it was considered
the HDPE parameter suggested by Peters et al. [429]:

mpppr = 0.0263 M, (5.24)
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<%>HDPE — 253.16 (5.26)

The units are m (dimensionless), o(A), ¢ (K). Asm = f(M,), the value is
updated at all interactions. The polymer was also considered as pseudocomponents
(i.e. considering multiple HDPE compounds of different average molecular weights,
instead of only one), but no significant difference was seen. For both EoS, the

interaction coefficients between the components were maintained in zero.

5.3 Results and Discussion

5.3.1 Experimental results

Figure[5.6|displays the experimental mass fraction yields of the major products from
HDPE pyrolysis, grouped by carbon number. Figure shows the total yield of
paraffins, olefins and diolefins, which are individually plotted in Figure [5.6b-c.

’ { 550.0°C 64 |
i 600.0°C R
H ° 37 4¢u§
I 650.0°C ¥ Sso¥dijnnnannnnnnsnnnns

imL{W#m####mm#H**ﬂﬂﬂﬂ%#ﬁiﬁ,ﬂh - » o

P 04—THs NPT TULAALL

0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25
Carbon Numbers Carbon Numbers

a) Paraffin+Olefin+Diolefin 1 b) Paraffin

}
}
t

[e)]
1

H{“u#mimnminm
c) Olefin

Mass Yield (%)
»

N
1

0

Figure 5.6: Experimental yields (wt%) of major HDPE pyrolysis products at 550,
600, and 650 °C, grouped by carbon number.

The term ‘carbon number’ refers to the number of atom carbons in a given
molecule (e.g., C; corresponds to methane, Cy includes ethane and ethylene, and Cj
includes propane, propylene and propadiene). The standard deviation was calcu-
lated based on five independent experiments at 550 °C, three at 600 °C, and 2 at 650
°C. Numerical values, including standard deviations,are provided in the Appendix.
For the paraffin, olefin and diolefin lumped (Figure [5.6h), the average was deter-
mined as the sum of the individual hydrocarbon averages (upop = pp + tto + ip),

while the standard deviation was computed as the combined standard deviation

(UPOD = \/0'}2; —f—O% + 0'2D>
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One of the main contributions of this dataset is the detection and quantification
of heavy molecules. Because the analysis was performed in-line, it avoided partition-
ing the products into gas and liquid fractions, preserving the yields of components
with 5 to 8 carbon atoms. These components are often split between both fractions
and partially lost in other setups. However, for the yield of paraffins, olefins and
diolefins, individually plotted in Figure [5.6b-c the maximum carbon length was lim-
ited to 30 carbon atoms because hydrocarbon peaks overlap in the chromatogram
for heavier molecules, making it not possible to distinguish them individually, only
the total per carbon number is reported. A chromatogram for the HDPE pyrolysis
at 600 °C is shown in Figure and a zoomed-in view of the range covering of

Cqg-Css paraffins and olefins is shown in Figure [5.8
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Figure 5.7: HDPE pyrolysis chromatogram at 600 °C.

Therefore, although the proposed model can predict a detailed distribution by hy-
drocarbon class and chain length, hydrocarbons above Csy are presented as lumped
in the following sections to facilitate comparison with the experimental data. Addi-
tionally, iso-compounds, naphthenes or aromatics were not included in the lump as,

at the temperatures studied, only 1.6 to 2.5 wt% of these compounds were obtained.
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Figure 5.8: Zoomed chromatogram of Cyg-Css olefins and paraffins from HDPE
pyrolysis chromatogram at 600 °C.

While several studies have investigated HDPE pyrolysis, only a few have used a
micro-pyrolyzer reactor with online comprehensive gas chromatographic analysis of
the products. The mass balances in these studies are often not closed and heavier
products with more than 30 carbon atoms are not typically reported or measured,
making direct comparisons challenging. Additionally, previous works often lack
comprehensive quantification (such as results reported in “area %”) or use reactor
configurations and/or conditions that may promote additional gas-phase reactions
due to prolonged gas-phase residence times [162), 382, [392], 393, 434]. For instance,
Krishna et al. (2024) tested the pyrolysis at 480, 540, and 600 °C; but only a limited
number of major products were quantified, with the maximum carbon number being
28 [382].

Additionally, as previously discussed, other reactor configurations or scaling-up
processes may not operate under isothermal conditions or in the kinetic-controlled
regime, which can make it more challenging to validate a kinetic model. In contrast,
the micro-pyrolyzer reactor, with its small sample size and rapid reaction rates, offers
a valuable tool for isolating kinetic effects from secondary mass and heat transfer
influences, with minimal gas-phase reactions when an appropriate carrier gas flow
rate is used. Validation of melt-phase kinetics is therefore recommended in this

or similar systems. Following sections, the kMC-+VLE model validation using the
experimental data introduced here.

5.3.2 Thermodynamic equilibrium model

HDPE pyrolysis occurs in a liquid system composed by the melted plastic, which,

as reaction progresses, also contains pyrolysis products. As discussed in Section
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[5.2.5] to represent this multicomponent phase equilibrium, the fugacity coefficients
are calculated considering the PR or PC-SAFT EoS, considering three modified
Rachford-Rice objective functions proposed according to the system’s composition:
light compounds (z,, T > T.) — considered to be gas (RR2 or RR4, Eq. or
Eq. respectively), or partially soluble in the polymer melt (RR3, Eq. -
compounds in equilibrium (z;), and the polymer fraction (z,).

Figure[5.9|illustrates the model’s fit to the experimental results at 550 °C for the
three proposed approaches: PR for RR2 (a PC-SAFT comparison for RR2 is shown
in Figure and PC-SAFT for RR3 and RR4.

¢+ RR2,PR = RR3, PC-SAFT * RR4, PC-SAFT t  Exp
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Figure 5.9: Model results for HDPE pyrolysis at 550 °C, comparing different
modified Richford-Rice objective functions and equations of state (Peng Robinson,
PR, and PC-SAFT). Experimental data are also included for reference.

The results illustrates that the choice of EoS and the thermodynamic parameters
can significantly change the volatilization of pyrolysis products, light and heavy
components, despite all cases employed the same reaction mechanisms and kinetic
parameters. A discontinuity is apparent in the gray-highlighted region (7. > T') only
for RR2 and RR4. This is explained because noncondensable gases were considered

to have negligible solubility and are not considered in equilibrium in the pyrolysis
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condition for RR2 and RR4. Conversely, because there is no z;/z, distinction, a
continuous behavior is seen for RR3 as it considers that the gases might be soluble
in the polymer.

Overall, RR2 (PR) shows better agreement with experimental data compared
to RR3 or RR4 (PC-SAFT), as incorporating the polymer-phase yield lower va-
por/liquid fractions (V) and resulted in reduced volatilization for the components
in equilibrium. However, theoretically, RR3 and RR4 are the most correct repre-
sentation of the system because the polymer is accounted for. Nevertheless, it may
be that the EoS parameters need to be better estimated and adjusted, as discussed
later in this section.

Figure |5.9| also shows that model captures the general mass yield trend for both
the lump and the individual hydrocarbon types, particularly for paraffins and olefins.
For diolefins, the model tends to overpredict the yield. This overprediction is also
observed in the lump yield, particularly in the C;5 — Cys range. A key experimental
limitation is the mass closure at 550 °C, which averages approximately 76 %, leaving
a portion of the products unaccounted for. This discrepancy is worth further inves-
tigation to better identify potential unmeasured species or losses [434]. Additionally,
for Cy and Cj3 hydrocarbons, the experimental data lumped the products as olefins
due to co-elution of ethane and propane with ethylene, propylene, and propadiene
[400]. Addressing these uncertainties will be essential for refining the model and
improving its predictive accuracy.

Moreover, although the C4 and C; yield are overpredicted to the previously
mentioned diolefins overprediction, these products are also correlated with the yield
of C3 and C4, which, in contrast, show good agreement with the experimental data.
This is because all of these products primarily result from backbiting reactions (1,5
and 1,6). In fact, in molar fraction, the yield of Cj is very similar to that of Cg, and
the same applies to the yields of C4 and Cs.

In Figure 5.9 Nguyen Huynh's group-contribution PC-SAFT parameters were
used [430], 431]. However, as these parameters lack validation for all pyrolysis prod-
ucts and conditions, alternative PC-SAFT parameter sets were explored, as shown
in Figure According to Peters et al. [70], the parameters o(A) and 7 (K) can
be fixed of the length, only varying the segment number (m) (Egs. -[5.26). The
parameters were also considered the same regardless if saturated /unsaturated. The
results using these parameters are highly comparable to those obtained with Nguyen
Huynh’s parameters. In contrast, the model’s outcome is different if the regressed
values (Egs. - [432, [433] are used.

When comparing the results of PC-SAFT and PR, both using RR2, the results
are generally similar ( Figure ) Particularly, the model fit improves for the
Cy5 — Co¢ range when Nguyen Huynh'’s group-contribution PC-SAFT parameters are
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used or o and 7 are fixed. However, the fit worsens beyond Czo and it also predicts
volatilization of heavier products, which could explain the remaining unquantified
mass.

Regarding the different Rachford-Rice functions, it is not possible to affirm which
is the best option. While RR3, which accounts the solubility of gases in the polymer,
provides a more realistic system representation, it exhibits larger deviations from
experimental data. This discrepancy could be attributed to the model's neglect of
mass transfer effects, which can significantly influence volatilization. Furthermore,
although PC-SAF'T is theoretically well-suited for oligomers and polymers, there are
uncertainties in its parameters, especially for heavier molecules and binary interac-
tion parameters (k;;), which were assumed to be zero as there is also not enough
data in the literature to calculate or estimate these values. However, the assumption

that k;; values are zero may introduce significant deviations in the results obtained
with RR3 and RR4.
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Figure 5.10: Comparison of three different parameter sets used for PC-SAFT EoS
at 550 °C to calculate the modified Richard-Rice objective functions RR2, RR3,
and RR4. Peng-Robinson’s RR2 result is included for the sake of comparison.

On the other hand, while the widely-used PR EoS is not ideal for modeling
asymmetric mixtures or systems with significant chain contribution effects, such
oligomers, due to its neglect of molecular geometry and structure [435] [436], it
generally yields better agreement with the experimental data (Figure and faster
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computational times compared to PC-SAFT [427]. The results may be improved by
future studies that estimate interaction parameters for PR and may help reducing
deviations caused by long-chain molecules. Nevertheless, although PC-SAFT also
provided very satisfactory results using RR2, the subsequent sections present results
based on the PR EoS using RR2.

Lastly, predicting the vaporization of pyrolysis products would not be feasible
without the VLE calculation. As noted earlier, this topic is often oversimplified in
the literature. This work introduces a promising methodology that can be further

refined to optimize plastic pyrolysis and other petrochemical processes.

5.3.3 Model validation at different temperatures

The previous section presented the final product distribution results for HDPE py-
rolysis at 550 °C. However, the model is also capable of tracking the melt-phase
composition, including the distribution and average molecular weights (M, and
M,), as well as the product distribution and mass loss (“conversion”) during the
pyrolysis reaction. This section provides these additional details and includes the
model validation at various temperatures.

Still, for HDPE pyrolysis at 550 °C, Figure demonstrates the rapid
volatilization of the entire product spectrum (C;-Cy) during the initial stages of
pyrolysis. Even at low conversions (e.g., 10% at 0.4 s), a significant distribution of
products across the entire carbon number range is observed. The C;-Cyy products
are primarily formed by backbiting reactions and their relative abundance within
the total product range remains relatively constant throughout the reaction (17-
19%). Heavier products result mainly from random reactions (e.g., intermolecular
hydrogen abstraction), and the thermodynamic model represents the volatilization
of these products according to the pyrolysis conditions and the melt-phase compo-
nent.

As volatilization occurs, the average molecular weight decreases (or the conver-
sion increases) very rapidly (Figure ) The conversion is calculated by con-
sidering the number of carbon-carbon bonds remaining in the melt phase relative
to the initial plastic. Similar conversion values are obtained considering the mass
remaining in the melt phase or the reduction in volume is considered. The M, value
increases slightly at high conversions due to volatilization of light products, while
HDPE molecules of different sizes remain in the system. These molecules, although
present in much lower amounts than at the beginning, remain in the system and
continue to degrade, but at a slower rate as the overall reaction rate significantly

decreases after 90% conversion.
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Figure 5.11: Modeled evolution of HDPE pyrolysis products at 550 °C: a) mass
yield relative to the initial plastic mass; b) Average molecular weights and
conversion rates.

Beyond product distribution, validating the reaction time is important. At
550°C, pyrolysis products can already be detected in less than 0.2 s [300]. Due
to the rapid reaction time at this temperature, lower temperatures were chosen (450
°C and 500 °C) to conduct time-resolved experiments in the micro-pyrolyzer unit
using an MS detector to quantify when volatiles were leaving the reactor.

As shown in Figure the signal (continuous line) was normalized to the area
under the curve, enabling conversion calculations at different time intervals (circles).
These time-resolved results confirm that higher temperatures significantly reduce
reaction time while the overall rate decreases over time. Similar trends have been
reported in the literature: at 400 - 440 °C, initial pyrolysis products appear in under

5 minutes [378], while at 500 °C, they emerge in less than 10 seconds (0.16 minutes)
[300].
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Figure 5.12: Conversion at 450 and 500 °C. Model results (-) versus experimental
data: MS signal (-) (continuous line) and respective conversion (e).

The values, particularly at high conversions (> 80%), in Figure have some
uncertainly because the raw signal was adjusted according to a calculated baseline.
However, despite this uncertainty, the conversion profiles obtained at both 450 and
500 °C are generally consistent with those reported in the literature [437-441].

Furthermore, Figure demonstrates that the model accurately captures the
pyrolysis progression both at 450 and 500 °C. This close agreement suggests that
the kinetic model effectively represents not only the product distribution, but also
conversion trends and the temperature dependency. It is important to note that the
reaction times obtained from simulations do not account for heating rates, which are
extremely high in the micro-pyrolyzer. However, for scale-up, heating rates must be
considered, as plastics have low thermal conductivity.

At 450 °C and 500 °C, besides time-resolved experiments, product quantification
was challenging. Nevertheless the time-resolved data provided valuable insights
into the reaction dynamics. Further work will focus on product quantification and
model validation at a broader range of temperatures. Later in this section, product
distribution is also validated at 600 and 650°C.

When validating the pyrolysis time, it was observed that the conversion is
strongly influenced by the rates of mid-chain scission (k;), termination by combina-
tion (ki.), and allyl bond fission (k). This occurs because these reactions affect the
radical concentration in the system (initiation and termination), whereas the others
maintain a constant radical concentration (equivalent to propagation reactions). It

is also known that mainly k&, and k;. are influenced by diffusional effects, making
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the direct use of gas-phase constants unrealistic. While previous mechanistic studies
have proposed methods to account for these effects, a robust and reliable strategy
remains uncertain.

The mid-chain scission rate constant (ks) should be multiplied by an initiation
efficiency factor (f), which accounts for the fraction of radicals that escape the cage
where they are formed. This adjustment is necessary because, in a viscous polymer
melt, the limited mobility of fragments restricts their diffusion away from scission
sites, increasing the likelihood of recombination [442]. While smaller radicals are
more likely to escape the cage than polymeric radicals, a single parameter is typically
used for all chain lengths [443]. In our work, a cage-effect efficiency factor of f =
0.01 was adopted. As mentioned in Section [5.2.3 Popov reported a similar value
(0.015). A comparison of system conversion with different f values is provided in
Figure [5.13] demonstrating that higher f values mean faster overall rate.
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Figure 5.13: Conversion profiles at 450 °C: experimental (e) obtained from
time-resolved experiments, and modeled conversion profiles for different initiation
efficiencies (f) and ki (Kic,ers is diffusion limited, and k).

Termination by combination is also known to be lower in the melt-phase than
in the gas phase due to reduced radical mobility in the melt, which decreases the
probability of radical encounters. As conversion progresses and molecular weight
decreases, ki..rr increases. It was also observed that incorporating the influence
of diffusion (kgirs) (Eq. results in an overall increase in the reaction rate.
This effect can be attributed to the higher radical concentration: with less frequent
recombination, more radicals remain active, accelerating the reaction. Consequently,
propagation reactions, such as hydrogen abstraction followed by mid-chain scission,
become more frequent. A comparison of system conversion without considering kq; s ¢

in shown in the Figure [5.13]

In practice, both kg and k. .y are influenced by diffusion and equally challenging
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to estimate, with their effects on reaction kinetics being interconnected. Thus,
changes in ks considerations (such as the gel-effect considered by Kruse et al.
(2002) [294]), may also impact the efficiency factor for ks. Moreover, depending on
the reactions considered, the estimation of the efficiency factor may require further
refinement. For instance, if branching pathways were incorporated, it would likely
need re-estimation to reflect overall kinetic changes. These uncertainties should be
addressed in future works. Nevertheless, as shown in Figure[5.12] the time-evolution
of the pyrolysis products were well represented at both 450 and 500 °C with the
current approach.

Finally, multiple k¢, values were found in the literature. We compared the values
of Power et. al., Tsang, Mehl et al., Zhou et al., and Popov and Knyazev [378], 419
444H446], which vary up to two orders of magnitude (see Table [5.2). The value
that best matched the experimental data was the one of Power et al. as this rate
was calculated for 500 — 1500 K and 0.01 — 1000 atm, it is more accurate for the
conditions found in plastic pyrolysis than the values obtained for combustion (Mehl
et al., and Zhou et al.) or other systems. It was also tested if considering the initial
polyethylene as olefins (instead of paraffins) would make a significant change, but

the conversion times remained very similar.

Table 5.2: Comparison of different literature for allyl bond fission constants. R =
8.314 J mol~! K1,

Reference Expression for k¢, (s71) kps (s) at 500 °C  kys/kys Power
Power et al. [419] 3.75- 1019 . 113 . o—38347.3/T 5.89 x 10~6 1
Tsang [444) 1016 . ¢=35900/T 6.83 x 107° 11.6
Westbrook [445] 1016 . 297000/ RT 8.61 x 107° 14.6
Curran [446] 9.86 - 1021 . T—2:086 . ¢=295000/ RT 1.09 x 1074 18.6
Popov and Knyazev [378] 2.02- 104 . ¢=38711/T 3.64 x 1078 0.01
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Figure 5.14: Time-resolved experiments at 450 °C: FID signal (-) (continuous line)
and respective conversion (o). Modeled conversion profiles at 450 °C are also
shown for different allyl bond fission constants.

With the defined reaction rates, Figure [5.15] compares the model predictions
with micro-pyrolyzer experiments conducted at 600 and 650 °C. (Previous model
results at 550 °C already considered these ks, k. and ky,) for the lumped products
(Figure and b) and individual hydrocarbon groups: paraffins, olefins or di-
olefins (Figure : c-h). However, at these temperatures, even a volatile residence
time as short as 0.3 s is sufficient for secondary gas-phase reactions, evidenced by
the model’s underprediction of light hydrocarbons (C;-Cs). (The residence time is
estimated based on reactor dimensions, considering the carrier gas flow rate and, if
applicable, the volatilization of other products.)

Therefore, in this case, as illustrated in Figure [5.5 the melt-phase pyrolysis
results serve as input for a gas-phase kinetic model, which includes the same reac-
tion types as the melt-phase model and same kinetic parameters, except mid-chain
scission and the backbiting rates, as described in Section [5.2.3] The gas-phase pa-

rameters are available in the Appendix.
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Figure 5.15: Experimental results (e, with vertical error) for HDPE pyrolysis at
600 °C (a, c-e) and 650 °C (b, f-h), compared with predictions: melt-phase
pyrolysis (#) and melt + gas-phase pyrolysis (H).

The inclusion of secondary reactions in the gas-phase model increases light gas
production while reducing the mass fraction of heavier hydrocarbons. A comparison
with the melt-phase-only results (Figure suggests that longer residence times
reduce wax formation and favor the production of lighter hydrocarbons, aligning
with observations from pyrolysis reactors with reflux. Similarly, an increase in scale
is also expected to enhance the yield of lighter products for the same reason. How-
ever, it clear that extended residence times and intensified secondary reactions also
leads to a higher yield of olefins and, specially, diolefins, which can subsequently
promote the formation of naphthenes and aromatics.

Additionally, the model effectively captures the overall trend of product distri-
bution across carbon numbers. However, as observed at 550 °C, it tends to overpre-
dict diolefin yields, despite its good agreement with experimental data for paraffins

and olefins. Furthermore, Cy, C3 and Cj; hydrocarbons co-eluted, although were
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classified as olefins. Overall, the model provides a robust representation of HDPE
pyrolysis products, reinforcing its applicability for studying mixed plastic pyrolysis

and optimizing the process.

5.3.4 Influence of the pressure

As demonstrated in previous sections, the model accurately predicts HDPE prod-
ucts, capturing key details such as reaction time, carbon chain length, and the
distribution of hydrocarbon classes (paraffins, olefins, and diolefins). Since the ex-
periments were conducted in a micro-pyrolyzer, the data was obtained with minimal
influence from secondary effects, such as heat and mass transfer limitations. How-
ever, the pressure in the pyrolysis reactor operated at a fixed pressure of 2.7 bar,
which could not be easily adjusted. Thus, to assess the impact of pressure on
thermodynamic equilibrium, the model was tested at different pressures, aiming to
simulate other pyrolysis systems such as those that utilize a back-pressure regulator.

Figure [5.16| presents the model results at 550 °C and pressures of 1.0, 2.7 and
5.0 bar. At higher pressure, heavier hydrocarbons — those in equilibrium between
the melt and vapor phases (see Section — face greater resistance to volatiliza-
tion, resulting in lower mass fraction yields. This trend aligns with experimental
observations reported in other studies [447, [448|. This occurs because the phase par-
titioning of species between the melt and gas phase is governed by their fugacities,
which are pressure-dependent. Therefore, changes in system pressure alter the equi-
librium condition. These findings suggest that pressure can be a key parameter for
optimizing wax formation, reinforcing its importance in the design and optimization

of plastic pyrolysis processes.
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Figure 5.16: Modeled product distribution of HDPE pyrolysis at 550 °C under
different pressures (1.0, 2.8 and 5.0 bar).
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5.3.5 Influence of the initial molecular weight distribution

Since only a single HDPE grade was tested, all the experiments were conducted
with the same molecular weight distribution. Therefore, to assess the influence of
other M, and M,,, the initial polymer distribution was artificially constructed, as
described in Section m Figure presents the results for M,, values of 20, 35,
and 90 kg/mol. As M, increases, there is a corresponding increase in the production
of light gases (Cy to C10). This can be attributed to enhanced hydrogen-transfer,
mid-chain S-scission, or depropagation reactions occurring before the polymer be-
comes volatile.

However, the impact of the initial M,, on yield may not be as significant in a real
industrial recycling context as variability exists in HDPE grades and other types of
plastics. As a result, variations in pyrolysis yields are commonly observed. Further-
more, heat and mass transfer dynamics can also significantly influence outcomes.
For instance, larger quantities of plastic or a larger reactor may prolong the time
required to reach the optimal reaction temperature, leading to the initiation of re-
actions at lower temperatures, which tend to produce fewer light gases. Moreover,

gas-phase reactions may also change the yields, as discussed earlier.
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Figure 5.17: Modeled product distribution of HDPE pyrolysis at 550 °C and 2.7
bar for HDPE with different initial M,, values.

5.4 Conclusion

This work presents a mechanistic kinetic model for the thermal degradation of HDPE
using kinetic Monte Carlo (kMC) simulations. kMC was chosen because it tracks all
radical positions and chain lengths without relying on assumptions about product
or melt-phase distributions, a limitation of other methods. While kMC offers high
accuracy, it is computationally intensive and challenging to model certain reactor
configurations. Despite this, it remains a valuable tool for understanding pyrolysis

kinetics.
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To improve model accuracy, the kMC was integrated to a thermodynamic equi-
librium model using either the Peng-Robinson or PC-SAFT equation of states to
account for pyrolysis product volatilization. This aspect is often overlooked in the
literature, where volatilization is set arbitrarily without considering temperature
and pressure effects. The findings, supported by experimental data, demonstrated
that including vapor-liquid equilibrium (VLE) is crucial for accurately predicting
product volatilization and optimizing pyrolysis processes.

The use of kMC to model semi-batch reactors, especially when integrated with
thermodynamic models, is rare in the literature, making our approach a novel and
more accurate method for predicting pyrolysis products based on system tempera-
ture and pressure. The model has been validated at 550-650 °C using established
kinetic parameters, and time-resolved experiments at 450 and 500 °C further sup-
port its accuracy in predicting conversion trends. However, broader validation is
needed under different conditions. Additionally, further refinement is required for
the VLE model, particularly in EoS parameters such as binary interactions between
polymers and pyrolysis products. The lack of validated parameters, especially for
heavier compounds, may impact prediction accuracy. Future work should also ad-
dress model simplifications, including the exclusion of ramifications and cyclization
reactions, the simplified treatment of diffusion effects (e.g., initiation efficiency or
gel effect), and the influence of factors such as mass transfer and long residence

times (e.g., reflux or operation without carrier gas), which may affect reactions like
Diels-Alder.
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Chapter 6

Life Cycle Assessment of Plastic
Pyrolysis: Challenges, Limitations,
and Opportunities

6.1 Introduction

The previous chapters have detailed the development of models for polystyrene and
polyethylene pyrolysis, illustrating the crucial role of process parameters such as
temperature, pressure, and gas residence time as they directly affect product yields,
which in turn influence the overall efficiency and sustainability of recycling processes.
The development of the PS and PE models, however, are only the initial building
blocks towards the final goal of truly simulating plastic waste, which, therefore,
must consider a mixture of different plastics, impurities, moisture, biomass, and
other materials.

Additionally, it is important to recognize that some technologies used commer-
cially can be very different from those commonly used in scientific investigations,
which can delay technological development. For instance, some technologies are
based on the screw (or auger) reactor technology, such as the one developed by
Agilyx, which can process 50 tons per day (TPD) in continuous mode, while other
technologies are based on stirred tank reactors (STR) operated in semibatch mode
(Plastic Energy — 20 TPD), rotary kiln (VadXX, 60 TPD), melting vessel (Nexus,
50 TPD), fluidized bed (Recycling Technologies, 20 TPD) [25], 143, 449]. Mean-
while, most scientific research studies are based on bench-scale reactors, usually
operated in batch and semi-batch modes, and make use of thermogravimetric anal-
ysis (TGA), micropyrolysis, fluidized bed reactors, and closed stirred tank batch
reactors [94) [145].

In parallel, important effects associated with the huge variety of distinct plas-
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tic wastes (due to the spatio-regional-seasonal variations of municipal solid waste),
impurities eventually present in the residues (that could be dangerous, corrosive to
the pyrolysis process/cracker, or toxic to human health), reactor designs, and reac-
tor performances (due to the inherent poor heat and mass transfer rates of plastic
mixtures, presence of water and other impurities) have been mostly overlooked in
the research studies.

Moreover, as discussed in the previous chapter, phenomenological descriptions
of polymer degradation and the consequential integration with representative math-
ematical mechanistic models have been relatively scarce, making the development
and implementation of optimization and control tasks more difficult [313, 314] 334].

Given these gaps, it is understandable (although not acceptable) how recycling
technologies can be simultaneously marketable and misleading. A company may
claim recycling activities without sharing yields, conditions, and environmental
impacts, making independent evaluation of sustainability impossible. Conversely,
based solely on a small collection of fundamental studies, one may equivocally claim
that the technology is either unsustainable or sustainable, overlooking the holistic
effects of recycling technologies on the chemical chain and neglecting the available
degrees of freedom that can significantly affect the environmental impacts of actual
large-scale activities, as recommended by consistent circular strategies.

To support more rigorous assessments, exergy (or entropy) analysis is a key tool
for energy-intensive production processes [450, 451]. Few articles have been pub-
lished focusing on post-consumer plastic pyrolysis and such work should certainly
be encouraged [452], [453]. Another valuable method is life cycle assessment (LCA),
which is among the most established methodological procedures [454]. Particularly,
LCA analyses can quantitatively translate mass and heat balances into greenhouse
gas (GHG) emissions, process toxicity to human health and ecosystems, and relative
advantages of using either recycled or virgin raw materials such as naphtha or lique-
fied natural gas. They can also assess the benefits of using renewable hydrocarbon
feed streams, including ethanol or succinic acid, among other valuable information
[4541-456).

However, LCAs are still frequently conducted using non-optimized data or based
on fixed conditions and a fixed feedstock, often disregarding how the data was gen-
erated. As a consequence, biased conclusions about the sustainability of plastic
recycling technologies can result.

This issue is compounded by the lack of industrial data and well-documented
sets of experimental data, which makes it very difficult to prepare accurate life cycle
inventories and evaluate corresponding LCA models [457, 458]. With inadequate
information, results can be inconsistent, dubious, or unsatisfactory. In fact, pyrolysis

results can be highly dependent on the experimental apparatus, which can wrongly
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suggest reproducibility issues and help explain the apparent scatter in data reported
by scientific studies [147, 459]. Consequently, when the LCA user does not fully
understand the recycling process, the current dispersion of data and wide range of
degrees of freedom may lead to inappropriate use of available data.

For example, when a researcher uses reference pyrolysis data collected at 800 °C -
a common temperature in many scientific studies, yet far from the typical industrial
range of 400-500 °C — the analysis will reflect unnecessary energy consumption,
leading to misleading conclusions about environmental impacts. Furthermore, if the
researcher overlooks that pyrolysis depends on numerous process variables that can
synergistically influence product yields [147, 459], the resulting LCA inventory will
likely be biased. Moreover, due to the significant differences in scale and condi-
tions between industrial and academic setups, critical factors remain unclear. For
instance, if a carrier gas (usually nitrogen) is accounted as a consumable, as done in
experimental studies but not industrial processes, the predicted environmental im-
pacts will be much higher due to the added burden of gas manufacture, purification,
and recycling. On the other hand, the effects of carrier gas and hence residence time
on heat and mass transfer, as well as product vaporization rates, have been largely
overlooked [94, 129, 460]. As a matter of fact, no consensus exists about optimal
conditions and reactor designs for plastic pyrolysis [138, [459]. While this can be con-
sidered tolerable due to the high sensitivity of the process to feed compositions and
variables, better reporting and analytical practices are essential for both pyrolysis
data and LCA analyses.

Another consideration is that typical LCA studies regarding chemical recycling
often compare it to landfill disposal, plastic incineration, and mechanical recycling.
While these are legitimate strategies, mechanical recycling is complementary to
chemical recycling and should not be treated as a technological competitor. Fur-
thermore, landfill disposal and incineration, known to be environmentally harmful
and non-value-adding, should not be used as baselines in most fundamental studies.
Including them often results in biased positive evaluations of the alternative tech-
nology under study, as it will almost always appear more favorable by comparison
[461].

In summary, to highlight key points previously discussed, LCA studies focused on
the chemical recycling of polyolefins via pyrolysis are briefly reviewed in the following
section. The main objective is to illustrate the most commonly used approaches in
published LCA studies and to identify opportunities to improve the consistency and

representativeness of future investigations.
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6.2 LCA analyses of polyolefins pyrolysis

Table provides a brief overview of published LCA studies on the chemical recy-
cling of polyolefins via pyrolysis. Other chemical recycling technologies, such as mi-
crowave pyrolysis, gasification, and hydrogenation, were considered out of scope due
to their current technical limitations or lower technology readiness levels compared
to pyrolysis [22, 103], 141} [T44]. Similarly, solvolysis and enzymatic degradation
were excluded because they are not suitable for polyolefins like polyethylene and
polypropylene [90, 462]. Nevertheless, these processes would also benefit from the
application of LCAs, and further research in this direction should be encouraged.

Among the 16 studies presented in Table [6.1] five reported the use of confiden-
tial information [323], 463-466|, which hinders the possibility of independent and
critical evaluation. Other studies relied on laboratory-scale data [467-469], with-
out a clear connection to industrial-scale operations, raising concerns about the
applicability of their findings to practical chemical recycling scenarios. While some
researchers extrapolated lab-scale results using process simulators, pyrolysis units
were often represented using simplified conversion, yield, or stoichiometric reactor
models, without incorporating kinetic mechanisms.

For example, ZHAO e YOU [469] (2021)) based their LCA on pyrolysis exper-
iments performed with just 2 g of high-density polyethylene (HDPE). They then
extrapolated the results to a 2 ton/h reactor, despite the significant uncertainty as-
sociated with scaling product yields and compositions due to mass and heat transfer
limitations or differences in reactor configuration.

Additionally, key information regarding pyrolysis operating conditions is often
missing. While most studies identified pyrolysis oil as the primary product, the
reported yields varied widely, from 65 to 85 wt%, and in many cases, the operating
conditions were not disclosed, making cross-study comparisons difficult. To accu-
rately assess inputs, outputs, and related environmental impacts, it is essential that
studies report at least the reactor type, operating temperature, and residence time,
even if the residence time is inferred from the residual plastic left in the reactor, as
these are among the most influential parameters [I39]. It is also important to state
whether the process involves pure thermolysis, catalysis, or catalytic upgrading of
pyrolysis vapors. Although atmospheric pressure is commonly assumed, explicitly
reporting the operating pressure is still recommended, as it can influence reaction
kinetics and vapor-liquid equilibria.

Moreover, both upstream and downstream steps can significantly affect product
quality and overall LCA outcomes [I35, 470H473|. For instance, preheating plastic in
an extruder can reduce energy demand and remove hydrochloric acid, while down-

stream catalytic upgrading of pyrolysis vapors can improve product specifications.
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However, many studies fail to consider or even mention these steps.

Regarding the LCA methodology, most studies adopted the approach based on
attributes combined with system expansion [454]. While useful for comparing tech-
nologies, this method is often applied to justify chemical recycling in contrast with
mechanical recycling, incineration, or through “avoided impacts” such as reduced
fossil fuel use. However, to fully understand the regional socio-environmental im-
pacts of pyrolysis, impact categories should be geographically contextualized, a step
that remains rare in the literature. By neglecting regional variability, this omis-
sion introduces a significant source of uncertainty, as it assumes equivalence among
recycling systems that differ substantially in practice [474].

As previously discussed, assigning credits for avoiding incineration or landfill may
not be appropriate in most cases, given that these practices are not aligned with
circular economy principles and should generally be avoided, with the exception of
cases involving genuinely unrecyclable materials.

Despite the importance of clarifying the LCA approach (e.g., consequential or
attributional, with or without system expansion), many authors cite adherence to
ISO standards without specifying the methodology used [467, 474-477|. This lack
of transparency makes it difficult to interpret, compare, and build upon existing

studies.
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Table 6.1: LCA studies reviewed focusing on polyolefins pyrolysis (continued).

Circular
P )
Year Data TX‘?VO Comparison c;’t“e‘;i:eq Feed Reactor T P Time Cgiz‘er Cat Product Co-Products Process Fuel Econ-
s as P
cloctricity:
333 kWh/ton
Laboratory 52.6% low HDPE,
(0.4-0.6 Attributional 4.3% Cly, molecular natural gas:
mg) (without Fossil-based Holi (2:0'}11% weight 2.20 GJ/ton
2019 (extrapo- system ethylene, Fluidized| 650 elum 244 hydrocarbons, HDPE, self-
B GWP HDPE . - - (1 - 13.4% ; , Yes
[481] lated expansion) propylene, bed C kg /h) CaH 5.2% high sustained
using (mass and aromatics £ 337?6’ molecular methane
Aspen allocation) MDI'm:ng weight (purge
Hysys) i hydrocarbons combustion):
3.10 GJ/ton
HDPE
Mechanical
. 0.846 kg
recycling,
incineration, . e“‘}'];
energy I_el'l‘)ePEs Waste
P recovery in ; residues (0.1
2020 Attributional | ¢ Kilns, GWP, HDPE, 0.828 kg kg/kg HDPE, 23- 28
556 - with system refinery ADP-fossil LDPE, PP, - - - - No. - ethy- 0.1 kg/kg MJ/kg Yes
expansion ) PS, PET lene /k : plastic
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? O LDPE; o
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production, 0.8;26 k_g
monomer 1 l’lp kpyPP
production ene/ke
1.17 CzHg +
- Naphtha- 0.07 C3Hy +
2020 | Laboratory| Attributional | o 4 (BAU); CC, T4, Flash 1000 1 20 4.62 CoHy 0.09 C4Hg 4
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Table 6.1: LCA studies reviewed focusing on polyolefins pyrolysis (continued).

Type of Impact Carrier Circular
Year Data P Comparison pact Feed Reactor | T P Time Cat Product Co-Products Process Fuel Econ-
ACV Categories Gas
omy
Taboratory Ethylenc, High
(2 g) Effect on Naphtha, propylene, temperature
2021 (Extrap- Consequential market GWPZ ADP- HDPE Fluidized (;300 1 _ No HZSM5 B,l‘OI[la,.thS, propane, heating Yes
[@69] olated > fossil, etc. bed c bar gasoline, 1-butene, energy
A dynamics ’ . .
using diesel i-butene, provided by
Aspen) butane natural gas
Pol
incineration, | LOP»CC, 50%
. . LT HT, ME, Paraffin,
2021 with aystom | mechanioal obe, PP, PE, PET, 700 10% Yos
[Exad] N T PMFP, PS, etc. °c lubricating
o dissolution POP, TA, oil, 40%
ss s p
bydrolysia TETP, WC gases/char
Pilot Resource
2021 (PS: 50 Attributional Mechanical consump- 350 Naphtha, Ves
&) kt; poly- with system recycling, tion, global PE, PP, PS - o - - - - slack wax, - -
olefins: expansion incineration warming styrene
120 kt) impact

“” stands for information not reported.

Tmpact categories: acidification potential (AP); aquatic toxicity (FAETP); climate change - global warming potential (GWP100); climate change (CC);
climate change potential (CCP); eutrophication potential (EP); fossil resources scarcity (FRE); freshwater ecotoxicity (FETP); human toxicity (HT); ionizing
radiation (IRP); land use (LOP); marine ecotoxicity (ME) or (METP); marine eutrophication (ME); metal depletion (MD); mineral resource scarcity (SOP);
ozone depletion (ODP); particulate matter formation (PMFP); photochemical oxidation potential (POP); photochemical ozone formation (POFP); photochemical
ozone formation, human health (HOFP); abiotic resource depletion fossil fuels (ADP-fossil); terrestrial acidification (TA) or (TAP); terrestrial ecotoxicity (TETP);
terrestrial eutrophication (ET); water consumption (WC).



Additionally, in current practice, achieving commercial viability for chemical re-
cycling has often come at the expense of mass balance efficiency. This occurs due to
non-optimal process conditions, which result in the accumulation of high molecular
weight plastic residues in the reactor, and also due to inadequate treatment of the
gaseous product fraction, which is typically combusted to supply process heat, even
though a less valuable energy source could be used for that purpose. Improving
overall carbon mass balance and maximizing the yield of valuable products, such as
naphtha, monomers, and fuel gases, can significantly enhance both the environmen-
tal performance and circularity of plastic pyrolysis.

As shown in Table [6.1], several studies report using by-products for internal en-
ergy recovery; however, comparative assessments with alternatives that employ com-
bined renewable energy sources (e.g., solar energy) are lacking. Such comparisons
are crucial to understanding the potential for greenhouse gas emission reductions
and align with emerging trends in electricity-based steam crackers [483]. Further-
more, it has already been demonstrated that, instead of combusting the gas stream,
it could be upgraded into high-value chemicals (HVCs).

If this strategy is implemented, carbon emissions as CO, could be limited to less
than 5% of the total, potentially reducing overall emissions to approximately 0.2
t COq per ton of plastic, compared to 2.3 t CO,y per ton when using virgin fossil
feedstock is used [484].

Despite the fact that all reviewed studies assessed greenhouse gas emissions,
other relevant environmental impacts must also be quantified and mitigated [466)].
Even when simpler tools such as systemic material flow analysis are used [484], it is
essential for analysts and developers of chemical recycling technologies to evaluate
whether specific interventions are justified, such as the use of catalysts to shift
product distributions and reaction rates, or the use of carrier gases to alleviate
mass and heat transfer limitations. These technological considerations are seldom
addressed in published studies, raising doubts about whether the reported figures
can realistically reflect full-scale industrial operations.

Finally, to the best of our knowledge, existing LCA studies have not yet incor-
porated the social dimensions of chemical recycling operations. These include the
impact on the quality of life in low-income communities and the role of informal
waste collectors. This omission is problematic, particularly given how discretely
the social consequences of dumping grounds, landfilling, and toxic emissions from
incinerators have been treated.

In addition to emissions and environmental performance, it is also crucial to
assess end-of-life (EOL) consumer responsibilities, such as proper separation and
disposal of plastics, along with community engagement, local job creation, value

chain collaboration (e.g., among recyclers, refineries, and manufacturers), and re-
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gional development. These aspects are central to effective EOL-related policies that
aim to reduce the environmental burden.

Although there is no universally agreed-upon framework for social life cycle as-
sessments (S-LCA), several early studies [485-490] and emerging guidelines [491H494]

provide a solid foundation for integrating social aspects into future assessments.

6.3 Concluding Remarks and Recommendations

LCA studies focused on the chemical recycling of polyolefins via pyrolysis were
reviewed, revealing significant gaps and highlighting key opportunities for improve-
ment in this field. In the context of plastic pyrolysis, future LCA research should
prioritize representativeness across temporal, geographical, and technological dimen-
sions. In parallel, experimental studies should focus on improving carbon conversion
efficiency and integrating renewable energy sources into chemical recycling strate-
gies.

Rather than comparing chemical recycling to less relevant or outdated practices
such as mechanical recycling, landfill disposal, or incineration, it is more construc-
tive to compare different chemical recycling strategies among themselves. In this
context, results from attributional LCA analyses should be evaluated against each
other (preferably without system expansion - i.e. not including additional products
within the system boundaries to account for environmental impacts that are not
directly linked to pyrolysis process itself), considering scenarios that involve plas-
tic production from recycled streams, fossil-based feedstocks, and renewable raw
materials.

Furthermore, LCA can play a crucial role in guiding business model decisions
for chemical recycling. For example, is it more sustainable to construct multiple
small pyrolysis units distributed across a region? This approach could minimize the
transport of bulky plastic waste with low density. Alternatively, would it be better
to centralize operations in a large facility and transport the waste instead? Such
considerations can have a major impact on the overall environmental performance
of the system.

In terms of good LCA practices, it is strongly recommended that chemists, chem-
ical engineers, and industrial engineers be directly involved in conducting LCA anal-
yses or managing LCA inventories, as their deep understanding of the underlying
processes enhances the credibility of the results. When industrial data is unavailable,
which is often the case for emerging technologies with low Technological Readiness
Levels (TRLs), uncertainty increases. In addition, academic data may be fragmented
or influenced by multiple interacting variables. In such cases, life cycle assessments

should explicitly reflect these sources of uncertainty. Including sensitivity or uncer-
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tainty analyses can improve transparency, enrich the interpretation of results, and
enhance the overall reliability of the conclusions.

Integrating LCA with process simulation tools is another promising strategy to
ensure more accurate representations of large-scale processes. However, this ap-
proach must be undertaken with caution, as pyrolysis reactor outputs are highly
sensitive to process parameters and reactor configurations, which can vary signifi-
cantly.

Finally, improved documentation of LCAs is urgently needed, especially when
system expansion is applied. Clear and comprehensive reporting allows indepen-
dent reproduction of studies and ensures that assessments are not overly dependent
on “avoided impact” assumptions. A more absolute and transparent evaluation
of process performance is necessary to support optimization efforts and facilitate
meaningful comparisons across studies. As discussed earlier, the current state of the
literature makes it very difficult to verify published results or benchmark findings

across different authors.
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Chapter 7
Conclusions and Perspectives

The central motivation of this thesis was to revalidate and extend mathematical
models of the thermal degradation of plastics, particularly polystyrene (PS) and
polyethylene (HDPE), in light of their growing relevance for chemical recycling tech-
nologies. While several mechanistic and lumped models exist in the literature, they
often are setup-specific (data-driven), lacking integration with vaporization phenom-
ena or proper validation under a broad range of conditions. Many of these models
were developed for closed systems or neglected transport phenomena such as heat
and mass transfer, leaving gaps that this work sought to address.

Initially, the thesis builds upon the foundation of lumped kinetic models, which
are especially useful for process understanding and optimization when time or ex-
perimental data are limited. A lumped model was proposed and applied to both
catalytic and non-catalytic pyrolysis, demonstrating its utility for preliminary eval-
uations and quick decision-making scenarios.

To overcome the limitations of oversimplified kinetics, a detailed mechanistic
model for PS pyrolysis was then developed. This model is based on the chemistry
of small radical moieties and proved robust across different temperatures and scales
without requiring parameter adjustments. However, due to limitations in experimen-
tal data and modeling scope, this study did not account for volatilization behavior
or track the full conversion profile. These missing components were addressed in a
subsequent model for HDPE.

The HDPE model introduces a pioneering integration of kinetic Monte Carlo
(kMC) simulations with a thermodynamic module capable of performing vapor-
liquid equilibrium (VLE) calculations using either the Peng-Robinson (PR) or PC-
SAFT equations of state. This marks the first known attempt to couple a fun-
damental evaporation model with a detailed pyrolysis mechanism. The resulting
framework successfully captures volatilization phenomena and offers a more realis-
tic and predictive tool for pyrolysis modeling.

A critical evaluation of the current state of life cycle assessments (LCAs) for
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pyrolysis was also done. It was shown that many LCAs fail to reflect the complexity
of real systems due to oversights in feedstock composition, operational conditions,
or reactor configurations. These simplifications can lead to inaccurate assessments
of the environmental impact and economic feasibility of pyrolysis-based recycling.

Additionally, LCAs for plastic pyrolysis should be region-specific, as the envi-
ronmental and economic impacts of the technology are highly dependent on local
waste management infrastructures and regulatory frameworks. Furthermore, there
is an urgent need to incorporate social life cycle assessments into the analysis. So-
cial dimensions are critical, particularly because the collection and sorting of plastic
waste may be related to an inadequate work environment, including informality, low
wages, and long working hours.

Moreover, the development and deployment of plastic recycling technologies,
including pyrolysis, are often limited by intellectual property barriers, and, conse-
quently, their implementation may be restricted to regions with strong legislative
incentives or where deployment results in profit or improved company public image.

Therefore, for chemical engineers, chemical recycling represents a rapidly evolv-
ing and highly active area of research and development. This momentum is driven
by the urgent need to develop robust kinetic models capable of accurately captur-
ing the behavior of complex, heterogeneous feedstocks, including mixed plastics,
biomass residues, and various contaminants commonly found in real waste streams.
The physical properties of these materials, particularly their high viscosity and low
thermal conductivity, further complicate reactor design, heat transfer, and process
optimization, making this a technically demanding field. At the same time, address-
ing the plastic waste crisis requires a multidisciplinary perspective that extends
beyond technical innovation. Social and environmental dimensions must be consid-
ered in parallel, including issues such as equitable access to emerging technologies
and the varying regional capacities for implementation. Only through a multidis-
ciplinary approach that integrates engineering, environmental science, economics,
and social equity can the full potential and impact of plastic pyrolysis pathways be

properly assessed and realized.

7.0.1 Future Works

While the individual modeling efforts presented here provide valuable insights, real
plastic waste is a complex mixture of polymers and non-polymeric components.
Future research should focus on integrating the developed models for individual
polymers to represent mixed plastic waste streams. However, experimental data
for validating such multi-component models are currently scarce. A more extensive

experimental effort is needed, particularly using reactors that allow the removal and
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condensation of volatiles to accurately validate both kinetic and thermodynamic
predictions.

Equally important is the development of detailed reactor models that account for
heat and mass transfer, fluid dynamics, and scale-dependent effects. These models
are essential for transitioning from lab-scale studies to industrial implementation.
Additionally, the influence of impurities and biomass, frequently found in municipal
waste, should be included in future models to enhance their applicability and realism.

Finally, the proposed framework integrating kMC and VLE offers an opportunity
to explore advanced process configurations. Process variations such as longer resi-
dence times, staged condensation, or reflux strategies could be simulated to optimize
product yields, especially of lighter hydrocarbons. These explorations will further
bridge the gap between fundamental chemistry and applied process engineering, ad-

vancing the viability of pyrolysis as a circular economy solution for plastic waste.
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Appendix A
Polyethylene Experimental Data

Table A.1 Mass fraction results of HDPE pyrolysis at 550, 600, and 650 °C (non-

normalized). Unavailable values are denoted as n.a.

Name Class 550 °C 600 °C 650 °C
n-paraffins (sum) 8.69 8.95 7.19
Methane 1 CiH4  Paraffin 0.39 + 0.27 0.74 £ 0.21 1.18 4+ 0.46
Ethane 2 CoHg Paraffin n.a. n.a. n.a.
Propane 3 CsHg Paraffin 0.01 £0.01 n.a. n.a.
Butane 4 Cs4Hip Paraffin 0.44 £ 0.38 0.46 £ 0.25 0.60 £ 0.33
Pentane 5 CsHis  Paraffin 0.48 £ 0.59 n.a. n.a.
Hexane 6 CeHi4 Paraffin 0.61 £ 0.70 0.24 £0.06 0.25 £ 0.12
Heptane 7 CrHi6 Paraffin 0.42 £0.30 0.39£0.09 0.34+£0.15
Octane 8 CgH1g Paraffin 0.30 £ 0.21 0.28 =+ 0.07 0.24 + 0.11
Nonane 9 CgHgg Paraffin 0.24 £ 0.15 0.26 £ 0.06 0.20 4+ 0.09
Decane 10 CjgHgo Paraffin 0.17 £ 0.14 0.25 £ 0.07 0.18 + 0.08
Undecane 11  Ci1Hgg Paraffin 0.16 £0.21 0.32 +£0.12 0.18 + 0.07
Dodecane 12 Ci2Hog Paraffin 0.11 £ 0.17 0.27 £ 0.09 0.15 + 0.07
Tridecane 13  CisHag Paraffin 0.09 £ 0.15 0.23 £ 0.07 0.14 4+ 0.06
Tetradecane 14 Ci14H309 Paraffin 0.21 £0.19 0.23 +£0.08 0.12 4+ 0.05
Pentadecane 15 Ci5H32 Paraffin 0.24 +£0.23 0.28 +£0.10 0.14 £ 0.06
Hexadecane 16 CigH3zs4 Paraffin 0.24 £0.21 0.27 £ 0.10 0.16 & 0.06
Heptadecane 17 Ci7H3zg Paraffin 0.25 £ 0.21 0.27 £0.11  0.14 4+ 0.06
Octadecane 18 CigH3zg Paraffin 0.26 & 0.21 0.29 £ 0.10 0.15 & 0.07
Nonadecane 19 Ci9Hy4o Paraffin 0.26 £0.20 0.31 +£0.12 0.17 £+ 0.09
Eicosane 20 CooHyo Paraffin 0.28 £0.21 0.31 £0.12 0.19 &+ 0.12
Henicosane 21  C21Ha4 Paraffin 0.28 £0.19 0.32+£0.11 0.19 £ 0.10
Docosane 22 CgoHye Paraffin 0.30 £ 0.19 0.31 £0.09 0.22 £0.12
Tricosane 23 Cg3Hyg Paraffin 0.31 £0.19 0.33+£0.10 0.21 +£0.11
Tetracosane 24  Co4Hs¢ Paraffin 0.32 £0.18 0.47 +0.33 0.24 +0.14
Pentacosane 25 CosHse Paraffin 0.34 £0.19 0.33 £0.09 0.26 + 0.14
Hexacosane 26 CogHsyq Paraffin 0.38 £0.22 0.34 £ 0.08 0.31 &+ 0.21
Heptacosane 27 Co7Hsg Paraffin 0.41 +£0.23 0.33 £ 0.08 0.28 + 0.15
Octacosane 28 CogHsg Paraffin 0.43 £0.25 0.39 +£0.09 0.33 &+ 0.17
Nonacosane 29 Cog9Hgo Paraffin 0.35 £ 0.25 047 +£0.11 0.32 +0.15
Triacontane 30 CspHge Paraffin 0.42 £ 0.27 0.26 £ 0.23 0.31 = 0.14
a-olefins (sum) 24.38 30.43 33.96
Ethylene 2 CoHy Olefin 1.88 +1.12 3.31 £0.86 5.94 + 2.43
Propylene 3 C3Hg Olefin 1.84 +£1.04 260+ 0.68 3.71 +1.48
1-Butene 4 C4Hg  Olefin 0.88 + 0.58 1.00 + 0.27 1.80 4+ 0.85
1-Pentene 5 CsHip Olefin 0.65 £ 0.55 0.67 £0.50 1.74 £ 0.84
1-Hexene 6 CgHi12  Olefin 1.71 £0.92 248 £0.61 3.13 + 1.23
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Name Class 550 °C 600 °C 650 °C
1-Heptene 7 C7H14 Olefin 0.81 £0.46 1.13 +£0.27 1.23 £ 0.51
1-Octene 8 CgHig Olefin 0.59 £0.39 0.75+£0.21 0.76 + 0.32
1-Nonene 9 CgHig Olefin 0.57 £ 0.40 0.72 £+ 0.23 0.70 &+ 0.31
1-Decene 10 CjyoHgp Olefin 1.07 £ 1.03 1.16 + 0.42 1.07 + 0.44
1-Undecene 11  Cj1Haz Olefin 0.93 £0.85 0.78 £0.28 0.78 £ 0.32
1-Dodecene 12 CjigHasq Olefin 0.54 £ 0.70 0.66 £ 0.27 0.53 + 0.21
1-Tridecene 13 CjizHgg Olefin 0.67 £ 0.88 0.64 £0.29 0.49 £+ 0.19
1-Tetradecene 14  Cjy4Hag Olefin 0.63 £ 0.58 0.81 £0.36 0.61 +£0.24
1-Pentadecene 15 CisHgp Olefin 0.60 £ 0.53 0.77 £ 0.35 0.56 £ 0.23
1-Hexadecene 16 CjieHszz Olefin 0.56 £ 0.48 0.69 £ 0.31 0.50 £ 0.20
1-Heptadecene 17 Ci7H3z4 Olefin 0.55 £ 0.44 0.69 + 0.32 0.50 & 0.22
Octadecene 18 CjigH3ze Olefin 0.61 £ 0.46 0.75 £0.33 0.58 £ 0.27
1-Nonadecene 19 CjigHszg Olefin 0.63 £ 045 0.77 £0.32 0.59 + 0.29
Eicosene 20 CgoHyp Olefin 0.63 £ 0.42 0.77 £0.29 0.61 +0.31
Heneicosene 21 Co1Hye Olefin 0.64 £0.39 0.80 +£0.29 0.63 + 0.34
Docosene 22  CooHy4 Olefin 0.68 +£0.39 0.81 +£0.28 0.68 + 0.41
Tricosene 23  Co3Hyg Olefin 0.71 £0.41 0.83 £ 0.27 0.74 =+ 0.44
Tetracosene 24  Co4Hyg Olefin 0.75 £0.43 0.74 +£ 0.38 0.77 & 0.46
Pentacosene 25 CosHsg Olefin 0.76 & 0.45 0.93 £ 0.33 0.81 &+ 0.50
Hexacosene 26 CogHso Olefin 0.82 +£0.49 097 +£0.34 0.83 & 0.48
Heptacosene 27 Co7Hsg Olefin 0.86 £0.54 1.02 +0.39 0.91 £+ 0.54
Octacosene 28 CogHsg Olefin 0.86 & 0.57 1.01 £ 0.35 0.88 &+ 0.50
Nonacosene 29 Co9Hsg Olefin 0.96 & 0.60 0.94 £+ 0.37 0.93 &+ 0.47
Triacontene 30 CsoHgo Olefin 098 £ 0.61 1.25 £ 0.65 0.94 £+ 0.45
Dienes (sum) 6.81 9.26 9.59
1,3-Butadiene 4 C4Hg  Diolefin 0.33 £0.24 0.80+0.28 1.14 £0.45
Pentadiene 5 CsHg Diolefin 0.09 £ 0.08 0.23 +0.24 0.22 +0.21
Hexadiene 6 CeHip Diolefin 0.08 £ 0.11 0.13£0.08 0.19 £ 0.09
Heptadiene 7 C7Hj12 Diolefin 0.45 £ 0.30 0.00 £0.00 0.00 £ 0.00
Octadiene 8 CgHis Diolefin 0.03 £0.03 0.07 £0.03 0.12 £ 0.09
Nonadiene 9 Cg9Hj6 Diolefin 0.08 £ 0.06 0.17£0.06 0.15+ 0.06
Decadiene 10 CipoHis Diolefin 0.10 £ 0.09 0.18 £ 0.09 0.19 + 0.07
Undecadiene 11  Ci1H2p Diolefin 0.10 £ 0.09 0.18 £ 0.14 0.15 4+ 0.06
Dodecadiene 12 Ci3Hgo Diolefin 0.09 +£0.11 0.18 £ 0.11 0.17 £ 0.07
Tridecadiene 13 Ci3Hsz4 Diolefin 0.12 +£0.13 0.23 +£0.13 0.20 £ 0.08
Tetradecadiene 14 Ci4Hgg Diolefin 0.35 £0.54 0.25 + 0.14 0.20 £ 0.08
Pentadecadiene 15 CisHsg Diolefin 0.17 £0.17 0.26 +£ 0.15 0.22 £ 0.09
Hexadecadiene 16 CigH3zp Diolefin 0.19 £0.20 0.29 £ 0.16 0.24 £+ 0.11
Heptadecadiene 17  Ci7Hszs Diolefin 0.22 £0.20 0.32 +£0.17 0.26 & 0.12
Octadecadiene 18 CigHsz4 Diolefin 0.24 £0.20 0.34 +£0.16 0.30 = 0.14
Nonadecadiene 19 CjgHsg Diolefin 0.25 £ 0.20 0.38£0.17 0.33£0.16
Eicosadiene 20  CgoHsg Diolefin 0.26 £ 0.19 0.39 £0.17 0.34 £0.18
Heneicosadiene 21  Cs1Hyo Diolefin 0.29 £0.20 0.41 +£0.17 0.38 £+ 0.22
Docosadiene 22  CosHyo Diolefin 0.30 £ 0.19 0.44 + 0.15 0.41 £+ 0.22
Tricosadiene 23  Co3Hy4 Diolefin 0.31 £ 0.18 0.46 £ 0.16 0.45 4+ 0.26
Tetracosadiene 24  Coy4Hye Diolefin 0.34 £0.19 0.48 £ 0.17 0.49 + 0.31
Pentacosadiene 25 CosHys Diolefin 0.35 £ 0.20 0.52 £ 0.18 0.54 + 0.33
Hexacosadiene 26 CogHso Diolefin 0.37 £0.23 0.53 +£0.21 0.58 + 0.32
Heptacosadiene 27 CoyHss Diolefin 0.38 £0.25 0.53 +£0.21 0.58 + 0.31
Octacosadiene 28 CogHs4 Diolefin 0.41 £0.24 0.55 £+ 0.20 0.60 4+ 0.31
Nonacosadiene 29 CogHsg Diolefin 0.42 £ 0.25 0.52 £ 0.17 0.57 + 0.29
Triacontadiene 30 CspHsg Diolefin 0.48 £ 0.29 0.44 £ 0.13 0.58 + 0.29
Lump of Paraffin, Olefins and Diolefins (sum) 36.05 42.57 29.54

- 31 - - 1.90 + 1.18 2.02 +0.93 1.77 + 1.03
- 32 - - 1.83 +1.37 197 +0.68 2.22 + 1.09
- 33 - - 1.92 +1.26 195+ 0.69 2.09 + 1.05
- 34 - - 2.08 + 1.44 1.95+ 0.67 1.83 + 0.77
- 35 - - 1.97 +£1.28 193 +0.64 1.80 + 0.85
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Name Class 550 °C 600 °C 650 °C
- 36 - - 203 £1.35 193+0.75 1454+ 0.58
- 37 - - 1.78 + 1.11 1.87 + 0.51 1.39 + 0.54
- 38 - - 1.75 £1.09 185+ 061 1.30+ 0.51
- 39 - - 1.72 £1.11 183+ 0.68 1.22 + 0.48
- 40 - - 1.67 £1.08 178+ 0.74 1.17 + 0.47
- 41 - - 1.60 + 1.07 1.76 = 0.80 1.10 + 0.44
- 42 - - 1.55 +£1.06 1.71 +0.81 1.05 + 0.43
- 43 - - 148 +1.04 1.66 +0.88 1.01 + 0.44
- 44 - - 141 +£1.03 1.66 +0.94 0.98 + 0.42
- 45 - - 1.35 £ 1.04 1.65 + 0.9 0.94 £+ 0.39
- 46 - - 1.28 £ 1.00 1.57 +£0.93 0.87 + 0.36
- 47 - - 1.18 £ 095 1.52 4+ 0.85 0.86 + 0.38
- 48 - - 1.14 £ 092 142+ 0.79 0.81 + 0.38
- 49 - - 1.03 £ 0.82 143 +0.68 0.76 + 0.36
- 50 - - 0.94 £0.71 1.34 £0.52 0.78 £ 0.43
- 51 - - 0.81 £ 0.63 1.32£0.50 0.79 £ 0.46
- 52 - - 0.74 £ 0.57 1.25 £ 0.43 0.69 £ 0.46
- 53 - - 0.60 £ 044 1.14 £ 0.39 0.66 + 0.38
- 54 - - 0.51 £0.33 098 +£0.43 0.60 &+ 0.36
- 55 - - 0.43 + 0.31 0.80 + 0.40 0.31 4+ 0.19
- 56 - - 0.36 + 0.23  0.85 + 0.51  0.30 £+ 0.16
- 57 - - 0.24 +£ 0.16 0.49 +0.23 0.20 +£ 0.14
- 58 - - 0.22 £0.21 028 +£0.21 0.17 £0.09
- 59 - - 0.20 £ 0.18 0.30 £ 0.30 0.14 £ 0.06
- 60 - - 0.13 £ 0.07 0.16 £0.10 0.09 £ 0.05
- 61 - - 0.15+ 0.15 0.13+£0.11 0.12+£0.05
- 62 - - 0.07 £ 0.04 0.06 £0.06 0.07 £ 0.03
Others (sum) 1.52 1.98 1.96
Propyne 3 CsHs  Alkyne 0.01 £ 0.01 n.a. n.a.
Isobutane 4 C4Hi9 Iso-paraffin  0.01 &£ 0.01 0.01 + n.a.

0.005
1-Butene, 3-methyl- 5 CsHy9 Iso-olefin 0.02 £ 0.02 0.06 +£ 0.03 0.02 +

0.004

Butane, 2-methyl- 5 CsHy2 Iso-paraffin @ 0.38 & 0.37 0.75 £ 0.44 0.10 + 0.04
2-Methyl-1-butene 5 CsHig Iso-olefin 0.12 &£ 0.11 0.08 £ 0.05 0.18 + 0.10
2-Butene, 2-methyl- 5 CsHyo Iso-olefin 0.04 + 0.03 0.06 = 0.02 0.12 £+ 0.03
1,3-Cyclopentadiene 5 CsHg Naphthene 0.02 + 0.01 0.01 £0.02 0.09 £ 0.02
Cyclopentane 5 CsH190 Naphthene 0.02 £ 0.01 0.02 £0.05 0.17 £ 0.03
Pentane, 2-methyl- 6 CgH14 Iso-paraffin  0.01 &£ 0.01 0.02 £ 0.01 0.04 + 0.01
1,3-Pentadiene, 2-methyl- 6 CeHip Iso-olefin 0.17 £ 0.15 0.11 £0.02 0.20 £ 0.03
Cyclopentane, methyl- 6 CgH12 Naphthene 0.06 + 0.04 0.02 £0.01 0.09 £ 0.08
1,3-Cyclohexadiene 6 CeHg  Naphthene  0.08 £ 0.06 0.15+ 0.05 0.12 £ 0.05
Benzene 6 CeHg  Aromatic 0.11 £ 0.04 0.16 £0.03 0.19 £ 0.03
1,3-Cyclopentadiene, 5 6 CgHg Naphthene 0.02 &+ 0.02 0.02 £0.02 0.11 £ 0.01
methyl-
Cyclopentane, 1,2-dimethyl- 7 CrH14 Naphthene  0.08 & 0.05 0.11 +0.02 0.09 £ 0.08
1,4-Hexadiene, 2-methyl- 7 CrHi2  Iso-olefin 0.11 £ 0.07 0.12 £ 0.08 0.06 + 0.01
Cyclohexane, methyl- 7 C7Hy14 Naphthene 0.13 £ 0.05 0.07 £ 0.04 0.18 + 0.04
Toluene 7 CrHg Aromatic 0.05 £ 0.02 0.07 £ 0.02 0.08 + 0.02
Cyclohexene, 2-Methyl 7 Cr7Hji2 Naphthene 0.06 & 0.05 0.07 £0.02 n.a.
3-Methylenecyclohexene 7 CrHip Naphthene 0.02 &+ 0.01 0.04 £0.02 0.06 £ 0.01
Cyclopentane, l-ethyl-2- 8 CgsHis Naphthene 0.01 £ 0.01 0.05 £0.02 0.06 £ 0.01
methyl-
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Appendix B

Specific Gas-phase Backbiting

Kinetic Constants used for

Polyethylene

Table B.1: Arrhenius parameters for reactions ki to k.

Rate Pre-exponential Factor A (s or L/(mol-s)) FE, (kcal/mol) Ref.
k12 % 1050 . 7234 34.00
ks % 1040 . 7313 32.00
kia 348 103.0 . 7236 16.60
ks @ .103:0 . 7216 9.90
ki 129 o4O . L67 10.20
i @ L1020 . TL81 13.20 [162]
ko @ 1040 . 254 35.70
ks % 1010 . 7328 33.20
ke 1091030 7244 17.80
. 226 . 12.0 . 72.31 10.80
kot @ 1030 . TL.75 10.70
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