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RESUMEN

Los neumaticos fuera de uso provenientes de camiones mineros (MTWT por sus siglas en inglés)
son residuos prioritarios para la Ley de Responsabilidad Extendida del Productor (Ley REP 20.920)
en Chile. Su elevada tasa de generacion anual (>40.000 ton), su lenta degradacion y la ausencia de
rutas consolidadas de valorizacion han impulsado el interés por integrarlos en esquemas circulares
de produccion. En este contexto, la pirdlisis destaca como una alternativa eficaz para fraccionar los
MTWT en solidos, gases y liquidos con potencial valor comercial. En particular, el liquido
pirolitico es una mezcla compleja de hidrocarburos con aplicaciones como combustible, solvente
o aditivo para asfaltos y otras aplicaciones de ingenieria. Sin embargo, su naturaleza
multicomponente requiere procesos de mejoramiento para dirigir la selectividad hacia compuestos
de mayor valor, como d,/-limoneno, p-cimeno 0 monoaromaticos.

Esta investigacion doctoral estudié el rol de catalizadores bifuncionales Pd/ZrO;-TiO2 en la
generacion de p-cimeno a partir del limoneno pirolitico derivado de MTWT. En una primera etapa,
se estudio la pirdlisis no catalitica de MTWT en un sistema de micro-pirdlisis (CDS 5200
Pyroprobe), desarrollando un modelo cinético mecanistico formulado bajo un esquema de reactor
batch. El modelo, validado fisicoquimicamente, describio la formacién de limoneno mediante
rupturas homoliticas C—C del caucho natural, seguida de ciclizacion intramolecular y reacciones
tipo Diels—Alder entre unidades de isopreno, asi como su conversion secundaria a mayores
temperaturas. Este analisis permiti6 predecir la composicion de limoneno en los vapores
alimentados al reactor catalitico y controlar las condiciones de reaccion.

Con la alimentacion definida, se sintetizaron y caracterizaron soportes acidos basados en TiO:
modificados con distintas cargas de ZrO. La incorporacion de circonia permitié modular la
densidad y la fuerza de los sitios acidos, manteniendo la predominancia de acidez Lewis en los
soportes. Esta modulacion se reflej6 en una actividad intrinseca hacia la transformacion del
limoneno pirolitico a p-cimeno. Posteriormente, se impregné Pd sobre TiO; y sobre el 6xido mixto
Z10>-Ti0Oy; este ultimo mostré mayor rendimiento a p-cimeno. La adicion de Pd permiti6 un efecto
bifuncional en el cual la isomerizacion mediada por los sitios 4cidos y la deshidrogenacion
promovida por el metal actuaron de manera sinérgica, para dirigir las rutas de reaccion hacia mayor
selectividad a p-cimeno. La conversion catalitica de vapores ricos en limoneno desde la pir6lisis
de caucho natural se evalué en un sistema de micro-pir6lisis en tdndem (Rx-3050TR). Los
resultados mostraron que los soportes con acidez Lewis débil maximizan la formacioén de p-cimeno,
en coherencia con el principio de Sabatier, mientras que la presencia de Pd intensifico este
comportamiento y favorecidé rutas de deshidrogenacion. El modelo cinético tipo Langmuir—
Hinshelwood desarrollado reprodujo las tendencias experimentales y captur6 tanto los efectos de
competitividad adsorptiva, propia de mezclas piroliticas, como la cooperacion metal-acido.

Esta tesis establece un marco mecanistico y cinético que vincula la formacion no catalitica de
limoneno pirolitico con su posterior valorizacion catalitica hacia p-cimeno, aportando fundamentos
para el disefio y escalamiento de procesos de valorizacion termoquimica de neumaticos mineros
fuera de uso en esquemas circulares y sostenibles.
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ABSTRACT

Waste mining truck tires (MTWT) are a priority waste stream under Chile’s Extended Producer
Responsibility Law (REP 20.920). Their high annual generation (>40,000 ton), slow degradation,
and the absence of consolidated valorization routes have intensified interest in integrating these
materials into circular production schemes. In this context, pyrolysis emerges as an effective
pathway to convert MTWT into solid, gaseous, and liquid fractions with potential commercial
values. Among these products, the pyrolytic liquid (LPN) is a complex mixture of hydrocarbons
with potential applications as a fuel, solvent, or asphalt additive. However, its multicomponent
nature requires upgrading processes to steer selectivity toward higher-value compounds such as
d,l-limonene, p-cymene, or monoaromatics (BTX).

This doctoral research investigated the role of Pd/ZrO,-TiO> bifunctional catalysts in the
generation of p-cymene from pyrolytic limonene derived from MTWT. First, the non-catalytic
pyrolysis of MTWT was studied in a micro-pyrolysis system (CDS 5200 Pyroprobe), and a
mechanistic kinetic model framed within a batch-reactor scheme was developed. The model,
validated through physicochemical consistency, described limonene formation via homolytic C—C
bond scission of natural rubber, followed by intramolecular cyclization and Diels—Alder reactions
between isoprene units, as well as its secondary conversion at higher temperatures. This analysis
enabled the accurate prediction of the vapor limonene composition fed to the catalytic reactor and
ensured control over the reaction conditions.

With the feed composition defined, acid supports based on TiO> modified with different ZrO»
loadings were synthesized and characterized. Zirconia incorporation allowed modulation of the
density and strength of Lewis acidic sites while preserving the predominance of Lewis acidity in
the supports, which was reflected in an intrinsic activity toward converting pyrolytic limonene into
p-cymene. Pd was then impregnated onto TiO; and onto the ZrO, —TiO> mixed oxide, the latter
exhibiting the highest intrinsic performance and generating a bifunctional effect in which acid-
mediated isomerization and metal-mediated dehydrogenation acted synergistically to direct the
reaction pathways toward higher p-cymene selectivity.

The catalytic upgrading of limonene-rich vapors produced from natural-rubber pyrolysis was
evaluated in a tandem micro-pyrolysis system (Rx-3050TR). Results showed that Lewis-acid
supports with weaker acidity maximize p-cymene formation, consistent with the Sabatier principle,
while Pd further intensified this behavior and promoted dehydrogenation routes. The developed
Langmuir—Hinshelwood kinetic model successfully reproduced experimental trends and captured
the competitive adsorption effects inherent to pyrolytic mixtures, as well as the metal-acid
cooperation.

This thesis establishes an integrated mechanistic and kinetic framework, linking the non-catalytic
formation of pyrolytic limonene with its catalytic upgrading to p-cymene. These findings provide
scientific bases for the design and scale-up of thermochemical valorization processes for mining
truck waste tires within circular and sustainable schemes.
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Figure A-3. 14. Arrhenius-type plots for the kinetic parameters used in the Langmuir—Hinshelwood
model. (a) Temperature dependence of the rate constants for limonene isomerization (k:), cymene
formation (kz), and cymenene formation (ks). (b) Adsorption equilibrium constants for limonene

(KL) and pyrolysis by-products (KP0), showing opposite temperature dependence trends. 128
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Outline of thesis

This doctoral thesis comprises four chapters, three of which address the specific objectives of the
project related to the catalytic upgrading of pyrolytic limonene into cymene as a route to valorize
waste tires from mining trucks, while the remaining chapter provides the motivation and scientific

background supporting this study.

e Chapter 1 — Introduction: Presents the motivation, scientific background, and research
objectives of the thesis, with emphasis on the formation of pyrolytic limonene from natural-
rubber pyrolysis and its catalytic transformation into cymene as a viable route for chemical

upgrading.

e Chapter 2 - Non-catalytic pyrolysis (Objective I): Develops and validates a mechanistic kinetic
model that describes the formation and secondary conversion of pyrolytic limonene from
natural-rubber pyrolysis. This chapter integrates TGA and Py-GC/MS experiments to elucidate
the reaction pathways of natural rubber and establishes a predictive framework used to define

feed composition and reaction conditions for the catalytic studies of Chapter 3.

e Chapter 3 — Catalytic upgrading (Objectives II-III): Examines the catalytic conversion of
pyrolytic limonene into cymene over Lewis-acid supports and Pd/Lewis bifunctional catalysts
using a two-stage microreactor configuration. The chapter investigates the influence of surface
acidity, metal-acid synergy, and competitive adsorption on the upgrading pathways and

integrates Langmuir—Hinshelwood kinetic modeling.

e Chapter 4 — Conclusions and outlook: Integrates the main findings of the kinetic and catalytic
studies, establishes a mechanistic framework linking non-catalytic limonene formation with its
catalytic upgrading to cymene, and outlines future research directions related to model
validation, catalyst stability, operando characterization, and the potential scale-up of catalytic

pyrolysis for tire-waste valorization.
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Chapter 1. Introduction

1.1. Context and motivation

Around the world, the accumulation and management of waste tires (WT) have become a growing
environmental concern. Each year, nearly 1.5 billion of tires — about 17 million tons — reach the
end of their service life and accumulate in landfills or open spaces [1]. Due to their complex, non-
biodegradable structure, these materials persist for decades, leading to land and water
contamination, spontaneous fires, and the release of hazardous compounds that endanger both
human and ecological health [2]. This situation has prompted governments and industries to adopt
new policies aimed at promoting the reuse and valorization of WT from both environmental and
economic perspectives.

In Chile, approximately 178,000 tons of WT are generated every year, and nearly 90% are either
improperly disposed or have an unknown destination [3,4]. The mining sector is the country’s main
industrial activity and generates about 49,000 tons of mining truck waste tires (MTWTs). These
tires, typically 2—4 m in diameter and weighing over 3 tons each, have short service lives and are
difficult to transport or process because of their size. According to the Chilean Recycling Industry
Association (ANIR), by 2022 only 13.1 % of these tires were treated through conventional methods
such as shredding, retreading, or energy recovery, while the destination of the vast majority
remained uncertain [4,5]. To address the growing accumulation of waste tires, the Chilean
government enacted the Extended Producer Responsibility (EPR) Law 20,920 in 2016, which
designated WT as a priority product within the national waste management framework. This
regulation established ambitious collection and recycling targets —90 % for passenger-car tires and
100 % for mining tires by 2030- reflecting the critical role of the mining sector in the country’s
waste generation profile [6]. The legislation has driven mining companies and tire manufacturers
to explore strategies for tire recovery and reuse within a circular-economy model.

Traditionally, WT are mechanically recycled to recover rubber, steel, and textile fibers from
shredded or ground tires for use in construction materials, asphalt modification, and molded rubber
products. Although these applications are widespread, they generally produce low-value materials
with limited mechanical performance due to contamination and loss of elasticity [1,7]. In recent

years, increasing attention has been directed to thermochemical processes, essentially pyrolysis,
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which is considered the most efficient route for tire valorization because it enables the conversion
of tire polymers into three values products -solid, liquid and gaseous fraction- with interesting
chemical characteristics [8—10]. Several companies in Chile have adopted or are developing
pyrolysis-based technologies for tire recycling. These include the Eco-Diesel Plastic and Tire Plant
in Valparaiso, the Arrigoni Ambiental NFU plant in San Francisco de Mostazal, which has the
capacity to process 10,000 tons of waste tires per year, and the Cratos plant in Penco, which
processes approximately 7,5 tons per week. In northern Chile, the Kal Tire plant in Antofagasta
specializes in recycling mining truck tires, with an installed capacity of 7,200 tons per year.
Additionally, major mining companies such as Anglo American and Codelco have begun adopting
pyrolysis-based valorization strategies for tire waste management [11-13].

Pyrolysis is a thermal degradation process that occurs in the absence of oxygen at temperatures
between 350 °C and 500 °C. During tire pyrolysis, three fractions of products are obtained: a liquid
(35-65 wt%), a solid (12-45 wt%) primarily composed of carbonaceous material (recovered
carbon black), and a gas (10-35 wt%) known as tire pyrolytic gas (TPG) [14,15]. The relative
proportions of these fractions depend on the operating conditions and on the composition of the
tire. The pyrolytic gas, consisting mainly of light hydrocarbons (Ci—Cs) and hydrogen, is often used
as an energy source to fulfill the energy requirements of the reactor due to its high calorific value
(30-50 MJ m™) [16]. The solid product, rich in carbon (>90 %), is employed as fuel, as additive
for concretes, as a substitute of carbon black for producing new tires or as a precursor for activated
carbon [10,17]. Meanwhile, the liquid fraction contains a complex mixture of organic compounds
such as limonene, isoprene, styrene, terpenes, and aromatic hydrocarbons including benzene,
toluene, and xylene (BTX) [14,18,19]. Currently, this liquid is used as a low-grade fuel, often for
replacing diesel grade 6 in boilers, while other applications remain in early stages (TRL<5) [12,20].
However, the presence of high-value compounds such as d,/-limonene, typically reported at
concentrations of approximately 7-10 wt% in the pyrolytic oil from tires with high natural rubber
content [21-23], has stimulated increasing research interest in strategies aimed at upgrading the
pyrolytic liquid into more valuable chemicals [24—28]. Recent market quotations for industrial-
scale purchases indicate that d,/-limonene can be obtained for as low as 1-10 USD-kg™! depending
on purity and supplier [29]. To further illustrate the potential economic relevance of limonene
upgrading, a simple order-of-magnitude estimation can be considered. Assuming a representative

pyrolysis facility producing on the order of 8,000 L-day of pyrolytic oil [30], with a typical
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density of approximately 0.87 kgL' [31], and a limonene content in the range of 7 - 10 wt%, the
resulting limonene production would be approximately 490-700 kg-day'. Using the reported
industrial-scale price range for d,/-limonene (1-10 USD-kg™), this corresponds to a gross revenue
potential on the order of 0.5—7 kUSD-day'. Although this estimate neglects separation efficiency,
purification costs, operating expenses, and market variability, it highlights the significant economic
incentive associated with the selective upgrading of limonene into higher-value aromatics such as
p-cymene. This upgrading can be performed either on the condensed liquid fraction or directly on
the pyrolysis vapors before condensation, enabling the formation of an upgraded oil enriched in p-
cymene and other aromatics.

Literature reports confirm that p-cymene can be obtained from d,/-limonene through isomerization
into intermediates such as terpinolene and, terpinenes followed by dehydrogenation to p-cymene
[32,33]. The isomerization reactions are typically catalyzed by Lewis’s acid sites, whereas metallic
sites facilitate dehydrogenation, posing the challenge of developing bifunctional catalysts or

tandem reactor systems (Figure 1.1).

Terpinolene and terpinenes

Isomerization
Hydrogenation
Dehydrogenation
X

Limonene

Dehydrogenation

p-Cymene
Figure 1.1. Simplified reaction mechanism for the transformation of limonene into p-cymene

(adapted [32]).

p-Cymene represents a valuable intermediate in numerous chemical industries, notably in the
manufacture of fragrances, perfumes, flavorings, and pharmaceutical products [33]. Beyond these
applications, it is also considered a key platform molecule for the synthesis of high-added-value
aromatics, with the conversion of p-cymene to terephthalic acid standing out as one of its most
significant transformations [34]. Available market data indicate that p-cymene is currently listed

on commercial trade platforms at approximately 20 - 30 USD-kg™! (2025) corresponding to roughly
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two to three times the market value of limonene [29,35]. These orders of magnitude underscore the
economic incentive for upgrading d,/-limonene into p-cymene in a valorization process.
Conventionally, p-cymene is produced via Friedel-Crafts alkylation of benzene with methyl and
isopropyl halides, or toluene with isopropyl alcohol, catalyzed by acidic solutions of AlClz, BF3,
or H>SO4. This synthesis route presents several drawbacks due to the use of toxic reagents
(benzene, toluene, and strong acids). Logistically, it also involves issues of corrosion, acid disposal,
phase separation, and the generation of unwanted o- and m-cymene isomers [36,37].

Under this context, producing p-cymene from waste mining tires through catalytic pyrolysis
represents a valuable opportunity to generate high-added-value chemicals from industrial waste,

supporting the development of a sustainable circular economy.

1.2. Current state and research gaps

The pyrolysis of waste tires has been widely studied as a thermochemical route for the recovery of
hydrocarbons and chemical feedstocks. Extensive research has focused on understanding the
factors that determine the composition of the pyrolytic liquid, which mainly depend on the type of
tire, heating rate, and pyrolysis temperature [14,38,39]. Tires containing higher proportions of
natural rubber (NR) generally yield greater amounts of limonene since this compound originates
from the depolymerization of natural rubber [22,40,41]. In contrast, higher pyrolysis temperatures
and longer vapor residence times favor cracking and cyclization reactions, leading to extensive
chain fragmentation and higher formation of light unsaturated species—such as isoprene,
cycloalkenes, and alkenes—while reducing limonene and promoting the generation of aromatics.

A widely accepted mechanistic scheme describing the formation of limonene from natural rubber
has been established in the literature and it’s summarized in Figure 1.2 [21,41-44]. In this scheme,
thermal cleavage of the B-bond generates allylic radicals (A — B), which may undergo
intramolecular cyclization or depropagation to form limonene (L), 1,5-dimethyl-5-ethyl-
cyclohexene (C), and isoprene (I). Some authors have noted that steric hindrance can limit the
cyclization of radical A, favoring isoprene formation instead [41,43]. In addition, Diels—Alder
reactions between limonene and isoprene—or the reverse cleavage of limonene into two isoprene
units—have been proposed, although their relevance under pyrolysis conditions remains uncertain
[45,46]. At higher temperatures, 3-scission and ring-opening reactions undergoes to form alkatriene
intermediates (D). These alkatrienes subsequently cyclize into cycloalkenes (E—F), which then

evolve into BTX aromatics through dehydrogenation and dealkylation reactions.
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Figure 1.2. Reaction scheme proposed in literature for the formation of limonene from the
degradation of natural rubber [21,41-44]. (NR) natural rubber, (A) and (B) radicals, (C) 1,5-
dimethyl-5-ethyl-cyclohexene, (I) isoprene, (L) limonene, (D) alkatriene, (E) 5-ethyl-1,5-
dimethyl-1,3-cyclohexadiene, (F) 1,5,5,6-tetramethyl-1,3-cyclohexadiene, (G) 1,2,3-trimethyl-

benezene, (BTX) benzene, toluene, and xylenes.

Although this mechanistic reaction scheme has been proposed for the thermal decomposition of
waste tires, most kinetic models reported in pyrolysis research are primarily associated with solid-
phase decomposition, typically derived from thermogravimetric analysis [47,48]. These models
largely rely on iso-conversional or lumped global approaches aimed at estimating apparent
activation energies or overall yields [48], rather than resolving reaction rates of individual chemical
species. While operating conditions can influence the yield of the solid, liquid and gas fractions
from waste tire pyrolysis, the specific composition of these products can only be tailored by using
catalysts. The catalytic upgrading of tire-derived vapors has been widely explored as a route to

enhance the selectivity to valuable compounds such as monoaromatics [16,25,42,49], limonene
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[21,26,50], and to reduce S, N heteroatoms [8,27,51]. Numerous catalytic systems and reactor
configurations have been employed, including in-situ and ex-situ arrangements, the latter allowing
direct contact of the pyrolysis vapors with a downstream catalytic bed [14,28,52]. This
configuration facilitates the separate analysis of the thermal and catalytic stages, enabling better
control of the reaction environment and a clearer interpretation of catalytic effects.

Given that the formation of p-cymene from limonene involves isomerization step promoted by
Lewis’s acid sites, the selection of appropriate acid catalysts or support is critical. Among them,
zeolites (HZSM-5, HY, B, MOR, USY) have been the most extensively used, representing
approximately 46 % of 71 studies analyzed in the literature (Figure 1.3).

NT-Ti) AI203)5 03,5102
Ca(OH)2 __caC2
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Untreated char
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Figure 1.3. Distribution of supports used in studies on the catalytic pyrolysis of tire-derived
materials. Zeolites account for approximately 46 % of 71 studies, highlighting their

predominance as acidic support (Data source [14]).

However, controlling the presence and strength of Brensted acid sites in zeolites is challenging,
and excessive protonic strength often leads to over-cracking, poly-aromatization, and coke
deposition, resulting in rapid catalyst deactivation [14,53]. These limitations have motivated the
exploration of mixed-oxide catalysts, such as TiO>—ZrOz which exhibit exclusively Lewis’s acid
sites. In addition, their acid site density and strength can be tuned by modifying their composition

and metal-oxide ratio, offering a more controllable surface chemistry than zeolites [54-56].
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Given that the transformation of limonene into p-cymene requires not only Lewis-acid-driven
isomerization but also dehydrogenation steps commonly promoted by metallic sites. This
motivated the evaluation of metal-loaded catalysts in ex-situ pyrolysis studies. Osorio-Vargas et al.
[42] investigated the effect of Pd, Co, and Ni supported on inert SiO, and found that Co primarily
promoted cracking, yielding cycloalkenes and alkenes, whereas Ni led to aromatic products.
Importantly, Pd exhibited the highest selectivity toward p-cymene (15%) compared with only 3%
for Ni. Similar trends were reported by Yilmazoglu et al. [57] using Al2O3-based supported metals,
where Pd and Pt showed high p-cymene selectivity, with Pd outperforming Pt and reaching up to
80% yield. These results collectively indicate that Pd possesses a superior dehydrogenation
capability that favors the formation of p-cymene from isomerized limonene intermediates.

The incorporation of Pd nanoparticles onto Lewis-acid supports provides metallic sites capable of
catalyzing hydrogen-transfer and dehydrogenation reactions, enabling the selective conversion of
isomerization intermediates into p-cymene. However, despite existing studies employing Pd-
supported acidic catalysts [16,32], the literature offers incomplete conclusions regarding whether
Pd modifies the intrinsic acidity or the nature of the acid sites in the support. Metal-support
interactions may alter both the electronic environment and the distribution or strength of Lewis
sites. Therefore, understanding how Pd dispersion influences Lewis’s acidity—and how this
bifunctional synergy governs limonene upgrading—remains an open question.

Despite the growing number of studies on catalytic pyrolysis of tire-vapor upgrading, most efforts
have focused on optimizing operational variables and qualitatively assessing product selectivity,
rather than elucidating the mechanistic basis of the transformation. To place this gap into a broader
perspective, a bibliometric survey of 2,500 peer-reviewed articles published between 2018 and

2025 was performed using VOSviewer (Figure 1.4).
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Figure 1.4. Bibliometric co-occurrence map of pyrolysis research, based on keyword analysis
and Association Strength normalization, illustrating the main clusters and subdomains in 2,522

publications (2018-2025).

The co-occurrence network generated under the Association Strength normalization clearly
illustrates this imbalance: keywords related to waste tires—and even more notably limonene and
other terpenes intermediates—form distant and weakly connected clusters relative to terms such as
kinetic modeling, activation energy, reaction mechanism, and iso-conversional.

Notably, p-cymene does not appear as a recurrent keyword within the dataset, reflecting the
extremely limited number of studies that address its formation during pyrolysis and the absence of
a consolidated research field around cymene selectivity, reaction pathways, or kinetic modeling.
This spatial separation indicates that catalytic tire-vapor upgrading remains largely disconnected
from kinetic modeling. Moreover, the kinetic cluster itself is overwhelmingly dominated by solid-
phase TGA studies and iso-conversional methods (model-free and model approaches), whose
primary purpose is the estimation of apparent activation energies. While these approaches are
valuable for characterizing thermal decomposition, they offer limited insight into elementary steps,
competitive adsorption phenomena, or vapor-phase reaction pathways. Consequently, across
pyrolysis research as a whole—regardless of feedstock—there is a noticeable absence of kinetic

models grounded in reaction mechanisms. Within this broader context, research involving d,/-
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limonene and p-cymene as model compounds is particularly scarce, reflecting both the incipient
development of waste tires as a feedstock and the limited attention given to the reaction network

governing cymene formation.

1.2.1. Kinetic modeling approaches in pyrolysis systems

As evidenced by the preceding bibliometric analysis, most kinetic studies in the field of pyrolysis
are focused on tracking solid-phase degradation using thermogravimetric analysis (TGA). These
studies predominantly rely on iso-conversional methods—such as Kissinger—Akahira—Sunose
(KAS) and Flynn—Wall-Ozawa (FWO)—or on lumped solid-state reaction models, with the
primary objective of estimating global apparent activation energies under different operating
conditions and catalytic formulations.

Among the limited number of kinetic studies specifically addressing the catalytic pyrolysis of waste
tires, the work of Qu et al.[58] stands out. In this study, ZSM-5 and MnO; catalysts were evaluated
under different heating rates using a TG-MS system. Apparent activation energies were calculated
using both model-free iso-conversional methods (KAS and FWO) and solid-state reaction models,
including power-law, one-dimensional diffusion, and contracting geometry models. The authors
compared the resulting activation energies as well as the product selectivity obtained for each
catalyst. While this approach enables an energetic comparison between catalysts and provides
useful information regarding their influence on the overall thermal degradation behavior, it remains
intrinsically limited by its reliance on solid-phase kinetic models. As such, it does not directly
describe the fluid-phase environment in which secondary reactions of higher-value chemical
species are expected to occur. Along similar lines, Wang et al. [59] recently employed a TG—FTIR—
GC-MS system to investigate the catalytic pyrolysis of waste tires using low-cost catalysts such as
red mud and fly ash. In addition to calculating kinetic parameters using iso-conversional and
model-fitting approaches, the authors attempted to validate the kinetic description through
thermodynamic analysis and complemented their study by characterizing the composition of the
evolved gases, proposing possible catalytic reaction pathways. Despite this more comprehensive
experimental characterization, the kinetic framework adopted in this study remains fundamentally
rooted in solid-phase degradation models. As a result, it neither captures the mechanistic nature of
surface-mediated catalytic transformations nor enables the extraction of compound-specific
activation energies that could quantitatively describe how a catalyst promotes the formation of

targeted products in the vapor phase.
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Within the field of catalytic waste tire pyrolysis, only a limited number of studies have explicitly
addressed the reaction pathways of volatile compounds formed in the pyrolytic vapor phase.
Among these, the works developed by the Osorio-Vargas and Tavera-Ruiz research groups stand
out for their use of an ex-situ Py—~GC/MS configuration combined with metal-based catalysts
supported on acidic materials to investigate the formation of high-value aromatics, including BTX
compounds and p-cymene [16,25,42,60]. Focusing on the work by Osorio-Vargas et al. [25], a
power-law kinetic model was employed to quantitatively track the formation of individual volatile
compounds, including BTX aromatics and p-cymene, and to estimate apparent activation energies
under catalytic conditions using acidic catalysts with varying Lewis-to-Brensted acidity ratios.
However, the resulting kinetic description remains phenomenological, since it does not explicitly

account for surface adsorption phenomena, competitive interactions among vapor-phase species.

Taken together, these studies reveal a clear methodological gap in the kinetic description of
catalytic waste tire pyrolysis. Although solid-phase TGA-based and iso-conversional approaches
dominate the field, they do not capture the vapor-phase transformations responsible for the
formation of high-value products. Power-law models applied to individual volatile species
represent an important step toward compound-specific analysis; however, they remain
phenomenological and do not explicitly account for surface-mediated reaction mechanisms.
Consequently, kinetic modeling remains largely decoupled from catalytic vapor upgrading, as
evidenced by the scarce application of mechanistic formulations—such as Langmuir—Hinshelwood

models—to complex multicomponent vapor environments derived from waste tires.

Within this context, and particularly for the catalytic upgrading of pyrolytic vapors derived from
waste mining truck tires, these limitations clearly define the central motivations of the present
doctoral research: (i) to elucidate the bifunctional metal-support interactions governing the
catalytic upgrading of pyrolytic limonene to cymene, (ii) to propose a mechanistic reaction scheme
capable of describing the catalytic cycle, and (iii) to derive a kinetic model consistent with the
proposed mechanism. These motivations lead directly to the hypotheses and objectives presented

in the following section.
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1.3. Hypothesis and objectives

1.3.1. Hypothesis

The use of Pd-based catalysts supported on mixed oxides with a controlled density of Lewis acid
sites will induce a bifunctional effect that enhances both the yield and selectivity towards cymene
during the upgrading of pyrolytic vapors from waste tires. This improvement is attributed to the
sequential promotion of isomerization and dehydrogenation reactions occurring on support and

metal sites, respectively.

1.3.2. Objectives

General objective

To elucidate the bifunctional role of Pd/ZrO>—TiO; catalysts in the selective conversion of pyrolytic
vapors from waste mining truck tires into cymene, by correlating catalyst physicochemical
properties with reaction mechanisms governing isomerization and dehydrogenation under ex-situ

catalytic pyrolysis conditions.
Specific objectives

I. To determine the decomposition routes in the non-catalytic pyrolysis of waste mining tires
and their main polymeric components, and to establish the reaction conditions that favor the
formation of limonene as a precursor of cymene.

II. To evaluate and quantify the bifunctional acid—metal effect on p-cymene formation from the
pyrolytic vapors of waste mining tires, using Pd/Ti02-ZrO> catalysts with different densities
of Lewis acid sites.

III. To develop a reaction mechanism and construct a consistent kinetic model describing the
formation of cymene during the ex-situ catalytic pyrolysis of waste mining tires, supporting

the rational design of new catalytic valorization strategies for these residues.
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Chapter 2. Understanding the limonene synthesis from

waste tire pyrolysis.

Chapter reproduced from Poblete et al. (2024). https://doi.org/10.1016/j.jaap.2025.107207

This chapter addresses the specific objective I of the doctoral thesis and provides a comprehensive
analysis on the conversion of waste tires to produce pyrolytic limonene.

The pyrolysis of mining truck waste tires (MTWT) produces a multicomponent liquid abundant in
limonene and its derivatives, including cymene and single-ring aromatics, among others.
Nonetheless, although crucial for enhancing the chemical valorization of mining truck waste tires
(MTWT), the reaction pathways for the synthesis and subsequent transformation of pyrolytic
limonene remain insufficiently comprehended. This study introduces an innovative kinetic
methodology for analyzing limonene production during MTWT pyrolysis. The study combines
thermogravimetric analysis (TGA) and analytical pyrolysis (Py-GC-MS) to analyze the pyrolytic
behavior of MTWT and its constituent polymers, natural rubber (NR), butadiene rubber (BR), and
styrene-butadiene rubber (SBR). The results of Py-GC-MS experiments showed that limonene is
generated from natural rubber after C-C cleavage of polymeric chains followed by (i) an
intramolecular cyclization or (ii) a Diels-Alder reaction of two isoprene units. Thereafter,
limonene undergoes secondary reactions to generate cycloalkenes and aromatics. Our findings
show that the formation of isoprene from the cleavage reaction of NR has the lowest activation
energy (53.3 kJ/mol) within the reaction mechanism, while limonene conversion into tertiary
products like aromatics or cycloalkenes requires higher activation energies (219 kJ/mol). This
result suggests that catalytic materials, higher residence times or lower reaction temperatures are
required to control product distribution. The kinetic model presented in this chapter is further used
(Chapter 3) for interpreting ex-situ catalytic pyrolysis of pyrolytic limonene conversion into

cymene.
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2.1. Introduction

In Chile, around 178,000 metric tons of waste tires were generated in 2022, with Mining Truck
Waste Tires (MTWT) accounting for 37%. The unregulated disposal of MTWT and its limited
biodegradability causes significant environmental issues such as water and soil contamination from
leaching and the possibility of fire risk [4,5]. Consequently, Chilean Law 20920/2016 mandates
the recycling of 100% of MTWT by 2030 to mitigate these impacts [6]. Traditionally, the
revalorization of MTWT has been concentrated in mechanical processing for recovering steel and
pulverized rubber to be used as additive for concretes, asphalts and recreational parks [51,61].
However, in recent years, the focus has shifted towards chemical and energetic valorization through
pyrolysis. Pyrolysis is a thermochemical process taking place in an Oz-depleted atmosphere that
converts MTWT into three valuable fractions: (i) recovered carbon black (rCB), (ii) pyrolytic tire
liquid (PTL) and (iii) pyrolytic tire gas (PTG) [14,62] .In Chile, pyrolysis plants for the
revalorization of waste tires have already been established [11,12]. For instance, the company Kal
Tire has set up a pyrolysis plant for processing mining truck tires with a capacity of 7,200 metric
tons per year (11% of the estimated production in Chile). Since MTWT pyrolysis represents an
emerging business model in Chile, there exists a significant possibility to broaden the market for
pyrolysis products across several sectors, including fuels, engineering additives, solvents, and
others [11].

Tires are generally made up of natural rubber (NR), butadiene rubber (BR) and styrene-butadiene
rubber (SBR). The proportion of these polymers dominates the mechanical performance; thus, tire
composition varies depending on the intended application (light or heavy vehicles), and the
manufacturer [63,64]. According to the United States Manufacturers Association, tires for trucks
contain 75% natural rubber in their polymeric fraction. On the other hand, light vehicles have 56%
of synthetic rubbers in their total polymeric fraction [64]. Rowhani et al. [63] found that tires from
heavy vehicles contain 65% natural rubber, while tires from smaller automobiles include 35%
natural rubber and a higher content of synthetic rubbers and additives. Thus, it is anticipated that,
natural rubber would be the primary polymeric component in mining trucks waste tires.

The pyrolysis liquids from waste tires hold the greatest commercial value and potential to be
upgraded to fine chemicals among pyrolysis products. PTLs contain aliphatic and aromatic
hydrocarbons, along with other chemical species which can be recovered as a fuel (HHV = 38-45

MJ/kg) [65], fractionated towards fine chemicals, as engineering additives and more [66,67].
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Limonene, one of the most abundant compounds in PTL, is a valuable industrial compound. It is
widely employed in the production of food additives, specialty chemicals (such as monoaromatics),
perfume additives, and pharmaceuticals [41,68]. This relevance has driven several studies focused
on its recovery and purification from PTL, as well as optimizing operational conditions to increase
its yield and selectivity [21,42—-45,69-72]. Zhang et al. [70,71] studied the recovery and separation
of limonene from PTL and proposed to epoxidize limonene upon oxidation to subsequently
separate it from the crude fraction through simple distillation utilizing polyoxometalate
immobilized on SBA-15 [71]. Despite advancements in purification strategies, most studies have
primarily focused on optimizing limonene formation under various pyrolysis conditions. Several
studies have explored the use of catalytic materials to enhance limonene selectivity and control its
conversion pathways. Menares et al. [26] investigated the effect of metal-supported catalysts (Ni,
Pd, Co, Fe) on limonene yield, reporting that Co/SiO- significantly increased limonene selectivity
at 370 °C and a 1:5 (tire:catalyst ratio). Furthermore, Qu et al. [ 73] employed acid-modified zeolites
to selectively convert limonene into monoaromatics, demonstrating that the acidity and pore
structure of the catalyst played a crucial role in directing the reaction pathways. However, these
authors did not provide a comprehensive discussion on the reaction pathways nor on the kinetic
relevant steps involved in limonene formation from waste tires. This information is paramount to
understand the intrinsic decomposition mechanisms of waste tires, while it also establishes a
baseline for designing catalytic systems focused on the functionalities of active sites.

Danon et al. [21] identified a direct correlation between the proportion of natural rubber in waste
tires and the yield of limonene and isoprene in PTL, although they did not explore the kinetic or
mechanistic explanations for this relationship. More recently, Osorio-Vargas et al. [16] further
investigated this correlation through micropyrolysis coupled to gas chromatograph/mass
spectrometer (Py-GC-MS) experiments with natural rubber, butadiene rubber, styrene-butadiene
rubber, and waste tires at 450 °C to pinpoint the primary source of limonene formation. Their
findings indicated that limonene and isoprene were the predominant products from natural rubber,
with selectivities of 56.5% and 19.6%, respectively. In contrast, butadiene rubber and styrene-
butadiene rubber primarily produced 4-vinylcyclohexene. This suggests that, under pyrolysis
conditions, limonene predominantly originates from NR, with minimal interactions or

contributions from styrene-butadiene rubber or butadiene rubber.
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To further investigate the influence of temperature and heating rate on limonene production Xu et
al. [43] performed fast pyrolysis experiments of bicycle tires using a Py-GC-MS system, analyzing
the effects of temperature (700-1000 °C) and heating rates on product distribution in the pyrolytic
vapors. Limonene showed a decrease when the temperature reached 800 °C, which was again
attributed to the production of aromatic compounds by secondary cyclization and aromatization
reactions. Similarly, Mkhize et al [40]. performed pyrolysis experiments of used truck tires, and
observed that the limonene yield peaked at 475 °C and 25 °C/min but sharply decreased at higher
temperatures, aligning with the trend reported by Xu et al. These findings are consistent with other
studies indicating that limonene acts as an intermediate that can further degrade into aromatic
compounds through cyclization and aromatization reactions at elevated temperatures [51]. In
addition to these reaction pathways, several authors have proposed that limonene can also degrade
into isoprene or form from isoprene through Diels-Alder reactions. For example, Menares et al.
[45] reported that at temperatures above 600 °C, the Diels-Alder reaction between limonene and
isoprene may reach equilibrium. Similarly, Kar et al. [46] reported a computational study of
isoprene dimerization, where limonene formation was controlled by kinetics at low temperatures.
These authors have proposed similar reaction pathways describing the pyrolysis of NR and the
formation of limonene (Figure 1.2), based on the correlation between pyrolysis temperature and
product distribution. While significant, these reaction pathways have not been systematically
validated through kinetic modelling.

Most kinetic studies in pyrolysis focus on solid degradation by employing both model-based
approaches (e.g., power-law, 1D, 2D, and 3D diffusion, contracting sphere) and model-free
methods (e.g., Friedman method, FWO, KAS) to interpret thermogravimetric data [74—77]. These
studies, typically conducted at low heating rates (< 100 °C min™"), provide limited insights into fast
pyrolysis reactions. Moreover, the reported kinetic parameters are restricted to the solid conversion
being very limited for explaining fast pyrolysis reactions in volatiles. Pioneering work by Osorio-
Vargas et al. [25], using Py-GC-MS, has demonstrated the potential for quantifying volatile species
like BTX and cymene. However, the kinetic model developed in this study does not derive from
elementary reaction steps, limit its applicability in defining specific reaction pathways and their
relative importance under varying conditions.

Given current limitations in our understanding of limonene formation and the kinetic behavior of

waste tires during pyrolysis, the goal of this research is to develop a novel kinetic approach based
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on elementary reaction steps for studying the formation and transformation of limonene during
waste tire pyrolysis. The model incorporates both solid and gas-phase phenomena, allowing for a
comprehensive analysis of the reaction network. This approach not only quantifies the formation
and conversion of limonene but also provides kinetic parameters that can serve for reactor design
strategies aimed at selective limonene recovery or controlled conversion to secondary products

such as isoprene, cycloalkenes, and aromatics.
2.2. Material and methods

2.2.1. Feedstock and Chemical reagents

Mining truck waste tires were provided as granules by a local pyrolysis company. In addition,
polyisoprene or natural rubber (NR, CAS 104389-31-3), with a molecular weight of 38000 g-mol
!, polybutadiene rubber (BR) and styrene-butadiene rubber (SBR) were purchased from Merck
(Chile). Elemental and proximate composition of mining truck waste tires, natural rubber,
polybutadiene rubber, and styrene-butadiene rubber were determined according to ASTM D3172
and ASTM D5291 standards [78,79] respectively (Table A-2.1). Moreover, D, L-limonene (>
95.0%, CAS Number 138-86-3) was acquired from Sigma-Aldrich (Chile). These materials were

utilized in their analytical grade without any further purification.
2.2.2. Thermogravimetric analysis (TGA)

The thermogravimetric analysis of waste tires, and individual polymers (NR, BR, SBR) was
performed in a thermobalance (Netzsch, model STA 409 PC). In a typical experiment, about 30 mg
of the sample was heated between 20 °C and 650 °C at 10 K-min™! under flowing nitrogen (50
mL-min™"). The resulting TG curves and their derivatives were used to elucidate major thermal

events taking place during the analysis.

2.2.3. Fast pyrolysis experiments (Py-GC-MS)

Fast pyrolysis experiments were performed in a micropyrolysis system (CDS 5200 Pyroprobe,
CDS Analytical, USA). The reactor was a quartz tube (25 mm long and 1.9 mm inner diameter)
inserted into a probe and electrically heated by a Pt coil. In typical experiment, 0.5 + 0.1 mg of
polymer or MTWT were placed in the reactor and supported with quartz wool. The heating rate of

filament for the experiments was fixed to 20000 °C-s!, while the solid residence time during
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pyrolysis was 20 s. In the reaction zone, a flow of He (99.996% purity) was maintained at 1 mL/min
to drive the pyrolysis vapors into the analytical zone (GC/MS). Before entering the GC, the
volatiles passed through a Tenax trap (Perkin Elmer pre-column) at 280 °C and a heated transfer
line (CDS Analytical) set at 280 °C and connected to the gas chromatograph. The separation system
consisted of an Elite 1701 column (30 m x0.25 mm x0.25 um) and He as the carrier gas at 1
mL-min"!. The GC column was heated from 45 to 280 °C at 2.5 °C-min’!. The compounds were
identified by their mass spectra in the m/z range of 30-600 Da. The MS spectra obtained were
compared with the standard spectra of the compounds in the NIST library. Moreover, area-related
selectivity criterion (Eq. 2.1) was applied to estimate product distribution in all the Py-GC-MS
experiments.

Area; 2.1

S ==———
n
i=1 AArea;

2.2.4. Proposal of a reaction map and kinetic modelling

The product distribution obtained from fast pyrolysis of MTWT and that from the natural and
synthetic rubbers, was assessed to propose a comprehensive reaction map describing limonene
formation. Then, the proposed reaction map was validated by considering experimental
observations and previous reports from the literature [16,21,45,49,80,81]. Thereafter, kinetic
measurements of NR (model of MTWT) at different solid residence times (2 — 40 s) and at three
temperatures (400°C, 450°C and 500°C) were carried out. The measurements were performed
following the same procedures as described in section 2.2.3.

Before the kinetic study, we confirmed the absence of heat transfer limitations by calculating
dimensionless numbers such as Py’, Py”, and Biot (Bi) [45,82]. These pyrolysis numbers (Py’ and
Py’’) describe the connection between the reaction kinetics for solid degradation and heat transfer,
including both conduction and convection (Egs. 2.2 and 2.3). Meanwhile, the Biot number
correlates intra-particle heat transfer through conduction to that of external heat transfer via

convection (Eq. 2.4).

Pyl = —— (2.2)

Pyl = ——— (2.3)
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h-L
{ = —— 24
Bi 7 (2.4)

there, p is natural rubber density [kg-m™3], C

» specific heat capacity of natural rubber

[J-kg™' - K™'], L is the length characteristic (considering sphere L = 1,/6) [m], A is thermal
conductivity of natural rubber [W - m~1 - K~1], h is heat transfer coefficient [W - m™2 - K™1], k is
reaction rate constant of solid degradation in pyrolysis [s™'], and 7, is radius of the spherical
particles of natural rubber. These physicochemical properties are provided in Table A-2.2. The
calculation and results of the dimensionless numbers is detailed in the Chapter 2 appendix, where
the conditions for a kinetically controlled regime are informed (Tables A-2.1 — A-2.4 and Figure
A-2.2).

The kinetic model for limonene formation from NR pyrolysis was performed under the following
assumptions: (i) The Py-GC-MS system is modeled as a constant volume isothermal batch reactor,
and (ii) The high heating rate minimizes a heating time delay, which allows considering that the
reaction starts when the pyrolysis temperature is reached. Furthermore, the quantification of
limonene was performed using standard calibration curves, following the method reported by
Klemetsrud et al. [83]. Four calibration curves were constructed for different concentration ranges
[umol - 10~*] with correlation coefficients in the range of 0.981 and 0.999 (See Table A-2.5 and
Figures A-2.3 — A-2.6).

The rate constants (k;) involved in all the reaction steps were modeled by the Arrhenius equation
(Eq. 2.5) where E,; and A; correspond to the activation energy and the pre-exponential factor of

the i-th elementary reaction step, respectively.

Ea;
k= A exp (- ox) (25)

The fitting of the rate constants for the multi-step model was performed using a code written in
Python. The scipy package was used along with solve ivp to solve the system of equations obtained
from the molar balances of each compound. Then, the mean squared error (Eq. 2.6, MSE) between
the experimental moles of limonene (measured by GC at specific residence times) and those

predicted by the model (Eq. 2.6), were minimized to obtain the kinetic parameters (4; and Ea;).
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(2.6)

MSE — i (NL,eXp (ti)n— ]\;L,mod(ti))z
i

where Ny ¢y (t) is the experimental moles of limonene, Ni moq(t)) is the moles of limonene
predicted by the model, n corresponds to the number of data points recorded for each temperature,
and j the number of rate constants to be fitted.
Furthermore, the reliability of the kinetic model was confirmed by examining the time-
depending degradation patterns of the solid. The NR content in the reactor was measured using an
ultra-microbalance (Perkin Elmer AD 6000) both before and after pyrolysis. To standardize the NR
mass measurements, the proportion of NR that was not converted was determined using Eq. 2.7
and considering char content to be negligible. Here myg (0) is the initial mass loaded into the
reactor mypg (t) is the mass measured after a reaction or pyrolysis time ¢. This equation was also

used to record the moles predicted by the kinetic model (Nyg).

myr(t)  Nygr(0) (2.7)

1-X® = myg(0) Bl Nygr(0)

In addition, to study the limonene content with respect to the converted mass of solid for each
reaction time at different temperatures, we used the concept of yield (Y},), which is defined by the
Eq. 2.8.

my(t) _ my(t) _ my(t) (2.8)
Myo(t)  myr(0) —myr(t)  X(t) - myg(0)

YL@ =

where m; (t) is the mass of limonene calculated for each pyrolysis time, my,(t) is the mass of

volatiles generated for each pyrolysis time, and X(t) is the degree of degradation of the solid.
2.3. Results and discussion

2.3.1. Thermal characterization of waste tires and individual polymers

Figure 2.1 displays the thermogravimetric analysis (TGA) and derivative thermogravimetry (DTGQG)
curves for MTWT, NR, BR, and SBR. The TG profile indicates that both NR and MTWT undergo
thermal degradation between 250 °C and 480 °C. Furthermore, the DTG curves of these materials

exhibit a decomposition peak with a maximum at 380 °C, followed by a shoulder-like secondary
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peak centered around 430 °C. The former is linked to the devolatilization process of natural rubber
and typically corresponds to the production of limonene and isoprene [81], while the latter is
associated to secondary degradation processes from the converted solid, such as cyclization,
aromatization and cracking reactions [21,43,80]. The main distinction between NR and MTWT is
in the mass that remains after complete conversion. NR has a residual mass of 3%, but MTWT has
a significantly higher residual mass of 38%, which is explained by the presence of carbon fixed,
and ashes formed from additives and the recovered carbon black (See Table A-2.1 for further
details). Although there is a quantitative difference between NR and MTWT TG profiles, both
exhibit comparable TG degradation trends, suggesting that mining tires include a significant
proportion of natural rubber and, furthermore, that the other constituents don’t appear to affect the

degradation of natural rubber. This notion is validated in the subsequent sections by an examination

of the pyrolytic behavior of these materials.
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Figure 2.1. Thermal characterization of MTWT, NR, SBR and BR. Thermogravimetric analysis
were performed with 30 mg of sample at 10 K/min under flowing nitrogen of 50 mL/min. The

inset figure shows the mass as a function of temperature.

The BR and SBR polymers experience thermal degradation within the temperature range of 330
°C to 500 °C. They exhibit two distinct peaks in their derivative thermogravimetric curves, with
one small peak centered at 375 °C and a second, large peak at 480 °C. According to literature, the
first peak is attributed to an initial breakdown of the polymeric structure by the fragmentation of
C-C bonds, which is then followed by the depolymerization of the BR and SBR (2" peak). This

behaviour aligns with reported TG experiments conducted for waste tires from light duty vehicles,
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which have larger proportions of BR and SBR [38,44,80]. Iwarere et al. [80] performed TG
experiments with waste automobile and truck tires at different heating rates. The results indicated
that at a heating rate of 10 °C-min’!, the TG profile of automobile tires showed two peaks (at 380°C
and 470°C), with the highest proportion at the higher temperature. This was attributed to a higher
BR and SBR content in this type of tire.

Based on TG data, we have determined that MTWT are mainly composed of natural rubber.

Consequently, natural rubber can serve as an appropriate model to describe the thermal degradation

of MTWT.

2.3.2. Analysis of limonene production by MTWT pyrolysis

Preliminary Py-GC-MS analyses were conducted on MTWT and specific polymers (NR, BR or
SBR) to examine the products distribution and determine the most significant limonene precursors.
The pyrolysis temperature was set to 450°C, inspired by previous publications on limonene

production in the pyrolysis of waste tires [16,49].
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Figure 2.2. Distribution of vapor-phase products from the pyrolysis of MTWT, NR, BR, and
SBR. These experiments were performed with 0.5 + 0.1 mg of sample at 450°C under a helium

flow rate of 1 mL/min.
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The main compounds generated after MTWT and NR pyrolysis are limonene, (cyclo-)alkenes and
isoprene with average selectivities of (35.5%), (36%) and (17.5%), respectively. A similar trend in
product distribution from MTWT and NR, is in line with our observations during TG experiments,
and is ascribed to the high proportion of NR in the MTWT (>70%). On the other hand, the pyrolysis
of the synthetic rubbers (BR and SBR) leads to a different products distribution being the 4-vinyl-
cyclohexene, and the cyclic- and linear alkenes the most abundant compounds. Remarkably, the
conversion of SBR also produced styrene as a major compound (25.5 wt.%). The Py-GC-MS
results confirmed that NR is precursor of limonene while SBR and BR do not lead to detectable
quantities of this compound, which confirm previous observations of our group [16,42,45,84].
Accordingly, NR is considered an appropriate solid model to describe limonene formation from
MTWT pyrolysis.

The compounds shown in Figure 2.2 provide a static picture of the reaction map presented in Figure
1.2. However, a time-dependent study would provide quantitative data on limonene production
during MTWT pyrolysis, providing valuable kinetic information on the actual chemical processes
taking place.

Figure 2.3 displays the time-dependent profiles for limonene yield (defined in Eq. 2.8) at
pyrolysis temperatures between 400 and 500 °C. From Fig. 2.3 it is evident that the yield of
limonene increases as residence time and temperature rise, which is ascribed to an increment in the
NR depolymerization. However, the raising of the temperature also produce a variation in the
temporal pattern of limonene yields, being linear at 400 °C and steeply transformed into a
parabolic-like curve at 500 °C. A maximum yield at 500 °C was observed at 30 s, consistent with
that reported in other papers on limonene formation from waste tires in the temperature range

studied [21,39,81].
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Figure 2.3. Limonene yield as a function of solid residence time at 400, 450 and 500 °C
measured in a Py-GC-MS system. Experiments performed with 0.5 mg of NR. Trend (dash line to
guide the eye) and experimental data (dots).

The decrease in the steepness of the trend curves for Yr after 30 seconds is due to the start of
secondary reactions (such as isomerization and dehydrogenation) that result in the production of
alkenes and cyclo alkenes at the expense of limonene (See Figure A-2.8). This observation supports
the reaction steps outlined in Table 2.1 and aligns with observations of Fig. 2.2, where alkenes and
cycloalkenes are shown to be the most prevalent compounds in the pyrolytic vapor at 450 °C.
Moreover, this behaviour demonstrates that limonene is an intermediary in the reaction mechanism

which is relevant to unravel the kinetic behaviour of NR transformation during MTWT pyrolysis.

2.3.3. Kinetic modeling analysis

The formation of limonene from the pyrolysis of natural rubber (NR) can be conceptualized
through a series of elementary reaction steps, which have been proposed based on mechanisms

reported in the literature (Figure 1.2).
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Table 2.1. Reaction steps and mole balance equations describing limonene formation from natural

rubber pyrolysis.
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The reaction initiates with the degradation of natural rubber, producing reactive intermediates that
subsequently undergo intramolecular cyclization to form limonene (Step 1); thereafter, (Step ii)
limonene is converted into a hydrocarbon pool (P). Parallelly, the natural rubber undergoes
unzipping and C-C breakdown to form two isoprene monomers (Step iii), which could form
limonene by an equilibrated Diels-Alder reaction (Steps iv and v). For kinetic modelling, these
pathways have been synthesized into five principal reaction steps involving natural rubber,
limonene, isoprene, and aromatics as the primary species (Table 2.1). Additionally, in modelling
this reaction scheme, the pyrolyzer was treated as a batch reactor, with the solid residence time
considered equivalent to the reaction time. The mass balance equations for limonene, isoprene, and
natural rubber (solid) are outlined in Equations 2.9 to 2.11.

The kinetic model successfully fitted the experimental data measured for limonene production as
confirmed by the calculated mean squared errors (MSE) of 5.54-10¢, 3.02-104, 1.01-10°, at 400
°C, 450 °C and 500 °C, respectively.
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Figure 2.4a shows a parity plot between the measured moles of limonene and those modeled from
the mass balances using the kinetic model described in Table 2.1. The model predicts the production
of limonene (Ni) with an average error of 20% and with an average 7 of 0.98. This result is
considered reasonably good considering that micropyrolysis itself is a technique implying

experimental errors and because the highest variabilities were found at high residence times.
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Figure 2.4. (a) Parity plot moles of limonene experimental and modelled. (b) Parity plot of

unreacted fraction NR experimental and modelled.

Moreover, the model's robustness was assessed to determine its ability to accurately describe solid
conversion. This was accomplished by comparing the measured mass fraction of unreacted NR
with the mass fraction predicted by the Model 1, namely during Steps i and iii (Fig. 2.4b). Since
the minimization of the target function was made based on the moles of limonene generated, proper
prediction of NR conversion is considered as an indirect corroboration of the model’s robustness.
The parity plots for the unreacted fraction of NR and limonene production confirm the model’s
robustness to provide a holistic understanding for coupling solid depolymerization with the
synthesis of limonene.

The Fig. 2.5a shows the moles of limonene generated after NR pyrolysis along with the trend curves
derived from the kinetic modelling of reaction steps (i) to (v) in Table 2.1, using Egs. 2.9 — 2.11.
The increment in the moles of limonene generated with rising temperature aligns with the
degradation, driven by the primary scission reactions of polyisoprene depolymerization, while the
shape of the curves at 77> 400 °C suggest its participation in secondary reactions (See Table A-2.6
and Figure A-2.8).
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Figure 2.5. (a) Comparison of kinetic Model 1 defined in Table 2.1 (lines) and experimental data
(symbols) for moles of limonene as a function of solid residence time at different temperatures.
(b) Comparison of unreacted fraction NR predicted by kinetic Model 1 defined in Table 2.1
(lines) and experimental data (symbols) as a function of solid residence time at different

temperatures.

Figure 2.5b shows the behavior of the unconverted fraction of NR (Eq. 2.7) measured as a function
of temperature and solid residence time and that predicted from the kinetic modeling of steps (i),
(i1), (iv) and (v). At first glance, Figure 2.5b indicates that the model exhibits greater limitations at
400 °C as the solid residence time increases. This behavior will be further discussed as the
individual reaction steps and results are analyzed in detail.

Moreover, the correlation of Figs. 2.5a and 2.5b allows inferring the relationship between limonene
production and NR conversion (primary reactions). Therefore, they represent a complementary
understanding of MTWT degradation and volatile’s formation during pyrolysis. For example, at
400 °C and t < 30 s, the unconverted fraction of NR (1-X) is >85% while the limonene production
(Np) results in a linear response. This implies that secondary reactions do not affect the process at
lower conversions, which is corroborated by the poor yield of aromatics (cymene, benzene, and
toluene), cycloalkenes and alkenes reported under these conditions (See Figure A-2.8).

On the other hand, at 500°C and t > 30 s, the NR conversion increased dramatically (X = 61%)),
while the limonene production rate stopped its linear behavior, implying that secondary processes
began to take precedence under this operating condition. However, from Fig. 2.5a and 2.5b it is

possible to conclude that limonene is not only formed from the degradation of the solid, but that
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there is a parallel reaction occurring at higher temperatures. This can be analyzed by considering a
constant unreacted fraction for the three temperatures in Fig. 2.5b. For example, if an unreacted
fraction of 80% is considered, this corresponds to times of 23 s, 12 s and 8 s for 400 °C, 450 °C
and 500 °C, respectively. Observing the moles of limonene produced at these times for each
temperature, it is observed that despite having the same solid conversion, limonene produced
increases with temperature (500 °C > 450 °C > 400 °C) (See Table A-2.7). This fact is consistent
with reaction steps (iii) and (iv) in which the isoprene formed from NR allows the formation of

limonene.

Table 2.2. Kinetic model fitting parameters for the moles of limonene generated by NR pyrolysis.

Step A; Ea; [k]/mol] r’[ -]
() 9.26 - 10° 179.5 0.99
(ii) 9.07 - 108 300.6 0.84
(iii) 8.41 37.63 0.93
(iv) 1.67 - 100 173.6 0.88
) 222101 304.1 0.93

12 correspond to fit Arrhenius equation.

The values of the rate constants for this model and the Arrhenius plots are provided in Table A-2.8
and Figure A-2.9, respectively.

Table 2.2 shows positive values for activation energies and the correlation coefficients (r?) of the
Arrhenius plots were between 0.84 — 0.99, for all the rate constants, suggesting a physicochemical
consistency of Ea from kinetic point of view. The lowest values of the activation energies indicate
that the step (iii) (degradation of NR to isoprene) and step (iv) (formation of limonene from
isoprene) are the most feasible reaction steps leading to limonene formation. Moreover, the
predicted values for Ea; and Eas; are in the same order as those previously reported for describing
the kinetic behavior of solid conversion during the pyrolysis of waste tires [21,39,45,74,80]. Such
results confirm the capacity of Model 1 to describe the NR conversion and limonene production
during fast pyrolysis. On the other hand, the higher activation energies observed for secondary

reactions (steps ii and v) suggest that these reactions will be strongly favored at high temperatures.
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This behavior is consistent with the inflection point observed at 500 °C, However, major
divergences of the model were found at high solid residence times (¢ >30 s) which coincide with
the limitations of the model to predict the behavior of secondary and higher-order reaction products
[83]. Moreover, the Ea>and Eay fit shows a 7> < 0.9 and a lower degree of fit for the conversion of
the solid at 400 °C and > 20 s.

Analyzing the activation energies for steps (iv) and (v), since Eas is significantly higher than Eay,
it can be concluded that this reaction is most likely far from equilibrium. This suggests that, under
pyrolysis conditions, the reaction mainly favors the formation of limonene from two isoprene
monomers. According to the above discussion, we have then discarded step (v) from the

mechanism, i.e., the Diels-Alder reaction to form limonene from isoprene is irreversible.
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Figure 2.6. (a) Comparison of kinetic Model 2 (lines) and experimental data (dots) for moles of
limonene as a function of solid residence time at different temperatures. (b) Parity plot moles of

limonene experimental and modeled.

After running the simulation excluding step (v) from the kinetic model (Fig. 2.6a and 2.6b), the
mean squared errors were 4.11-10°6, 2.6:104, 7.9-10 for 400 °C, 450 °C, and 500 °C, respectively.
These results show that there is a slight improvement in the mathematical prediction as compared
to the previous model, which is also confirmed by the values of 7 (0.99).

Although, no significant improvements are observed in the prediction of the synthesis of limonene
by considering the irreversibility in the Diels-Alder reaction, the modeling of the solid conversion
was drastically improved (Fig. 2.7a and 2.7b). The results now lead to a higher correlation factor

0.97 and to an improvement of the prediction capacity for temperatures of 450 °C and 500 °C, and
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t> 30 s. Despite both models being able to predict the experimental data of the unreacted fraction

of NR with similar accuracy, when the Diels-Alder reaction towards limonene formation is

irreversible, Model 2 reduced the overestimation of the limonene conversion by secondary

reactions.
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Figure 2.7. (a) Comparison of unreacted fraction NR of kinetic Model 2 (lines) and experimental

data (dots) as a function of solid residence time at different temperatures. (b) Parity plot of

unreacted fraction NR experimental and modeled.

The values of the rate constants and the Arrhenius plots for Model 2 are provided in Table A-2.9
and Figure A-2.10.

The calculated activation energies under this modelling condition yields values of the same order

as those previously discussed for steps (i) to step (iv). This also indicates that step (v) can be

considered obsolete in Model 1.

Table 2.3. Kinetic model fitting parameters for the moles of limonene generated by NR pyrolysis

discarding the reversibility of the Diels-Alder reaction (step v).

Step A; Ea; [k]/mol] r’[ -1
() 2.20-10° 1712 1.00
(ii) 1.06 - 101 218.8 0.94
(iii) 1.03 - 102 53.34 0.97
(iv) 3.06 - 10 120.2 0.98

*r2 correspond to fit Arrhenius equation.
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Model 2 shows better correlation coefficients (r?) from the Arrhenius plots than Model 1 (0.94 —
1.0). However, the trend of calculated activation energies is analogous to the Model 1, with the step
with the lowest energy barrier for the conversion of NR into two isoprene monomers (step iii). In
fact, the computed activation energy for this stage is in the same order of magnitude as that
previously estimated (53.3 kJ-mol™!). Furthermore, the computed activation energy for step (ii)
(218.8 kJ-mol™!) suggests that the production of aromatics and other hydrocarbons from limonene
is hindered at 77< 500 °C. This finding is consistent with previous literature reporting the product
distribution from waste tire pyrolysis [38,39,44,45]. The irreversibility of the Diels-Alder reaction
was also observed in the work of Osorio-Vargas et al. [49]. They performed fast pyrolysis of
limonene at 400 °C and analyzed the products generated by GC-MS. The main compounds detected
in the pyrolysis vapor were limonene, cymene, and p-cymenene with 76.6%, 13.8%, and 6.1%,
respectively, and the presence of isoprene was not reported. Those results confirm that limonene
does not convert back to isoprene at low temperatures (400 °C), and furthermore, the side reaction
of limonene (step ii) has a high energy barrier (Table 2.3), which would explain the higher presence
of unreacted limonene in the pyrolysis vapor as temperature decreases. Also, third kinetic
modelling approach was also inspected without considering step (iv), i.e. the irreversible Diels-
Alder reaction from limonene to isoprene (step (v)) (not shown). However, the rate constants of
this Model 3 did not follow the behavior of the Arrhenius equation, thus this model was discarded
(Table A-2.10 and Table A-2.11).

2.4. Conclusions

The kinetics for the formation of limonene in the fast pyrolysis of mining truck waste tires was
investigated and modeled, focusing on natural rubber (NR) as the primary precursor. NR pyrolysis
was explained by a multi-step mechanism which is well-interpreted by power law kinetics. The NR
degradation has the lowest activation energy (53.34 kJ-mol™!") while the conversion of limonene
into tertiary products was energetically hindered (218.8 kJ-mol!). These findings indicate that
maximizing limonene selectivity in the pyrolytic vapor requires fine-tuning of operating conditions
and/or the use of catalytic materials. The model is primarily tailored to NR-rich matrices such as
MTWTs, which may limit its applicability to more heterogeneous tire formulations with higher

BR/SBR contents. Moreover, it focuses on the main reaction pathways, potentially overlooking
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interactions between limonene and co-evolving volatiles, as well as side reactions (e.g., cyclization
and aromatization) that can become significant under different operating regimes.

Building on this baseline, the next chapter applies the kinetic framework in a tandem configuration
(Py-GC/MS coupled to a downstream catalytic microreactor) to upgrade pyrolytic limonene toward

selective cymene formation over Pd/Lewis bifunctional catalysts from a mechanistic point of view.
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Chapter 3. Mechanistic approach to the transformation of

pyrolytic limonene over bifunctional Pd/TiO:-ZrQO; catalysts.

Chapter reproduced from Poblete et al. (2025). Submitted to Chemical Engineering Journal.

This chapter addresses Objectives Il and Il of the doctoral thesis by studying the catalytic
upgrading of pyrolytic limonene into cymene over Lewis-acid supports (TiO,, ZrO»-TiOz) and
Pd/Lewis bifunctional catalysts.

This research explores the mechanistic role played by bifunctional catalysts (Pd/TiO2—ZrO2) in
the conversion of limonene to cymene. Supported-Pd(1 wt.%) catalysts exhibit different densities
of weak acid sites (quantified as Weak Lewis/Total Acid Sites), arranged in the following order:
TiO> < Pd/TiO> < ZrO>-TiO:z < Pd/ZrO>-TiO:. A two-stage microreactor configuration facilitated
sequential pyrolysis of natural rubber (model compound of mining truck tires) and ex-situ catalytic
upgrading. The reaction products were analyzed through Py-GC-MS/FID system. The limonene
conversion reaction occurs through three competing pathways: (1) isomerization of limonene
followed by dehydrogenation of terpinenes to cymene, (2) direct dehydrogenation of limonene to
p-cymenene; and (3) side reactions that produce alkenes and cycloalkenes. A Langmuir-
Hinshelwood kinetic model, which includes competitive adsorption of limonene and pyrolysis
byproducts, suggests that the dehydrogenation of terpinenes and the initial hydrogen abstraction
of limonene are the kinetically relevant steps for routes (1) and (2), respectively. This study
represents a novel approach that combines the mechanistic exploration with kinetic modeling of
the catalytic conversion of limonene to cymene from pyrolytic vapors, providing important insights

for the enhancement of waste-derived hydrocarbons.

3.1. Introduction

Mining trucks are equipped with massive off the road (OTR) tires, typically 2—4 m in diameter and
weighing over 3 tons, with relatively short lifespans. These tires represent not only a significant
operational expense but also a growing source of solid waste in the mining industry. Due to their

poor biodegradability and inadequate disposal, they pose severe environmental risks such as
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leachate contamination of soils and water bodies and fire hazards [85]. This challenge is
particularly critical in Chile, where mining activity is intensive and approximately 49,000 tons of
mining truck waste tires (MTWT) are generated annually, accounting for about 35% of the
country’s total waste tires [4]. According to the Chilean Recycling Industry Association (ANIR),
by 2022 only 13.1% of these tires were treated through conventional methods such as shredding,
retreading, or energy recovery, while the destination of the majority remained uncertain [86]. To
address this, Chile’s Extended Producer Responsibility Law (Law 20.920/2016) mandates 100%
recycling of MTWT by 2030, fostering the development of advanced valorization routes such as
pyrolysis, which is already being deployed at industrial scale [11,12].

Pyrolysis converts MTWT into recovered carbon black, pyrolytic gas, and pyrolytic oils. Pyrolytic
oils are especially attractive not only as a potential fuel but also as a source of engineering additives,
solvents and chemical building blocks [14,62]. Notably, when these oils are produced from mining
tires, they contain substantial amounts of limonene; a biodegradable terpene with broad industrial
use and potential as a platform molecule [21,39,87]. Among its derivatives, cymene is particularly
valuable for applications in fragrances, pharmaceuticals, solvents, and as a precursor for
terephthalic acid. Compared with petrochemical routes (e.g., Friedel-Crafts alkylation of benzene),
the limonene-to-cymene pathway offers a greener and more selective alternative [88]. This scenario
has led to increasing interest in catalytic strategies for limonene upgrading.

Several authors have demonstrated the feasibility of limonene-to-cymene conversion over
heterogeneous catalysts such as zeolites, clays, and metal oxides, under various conditions [89].
Tavera-Ruiz et al. [60], investigated the catalytic reforming of waste tire pyrolysis vapors in a
fixed-bed reactor using heteropolyacids supported on silica. They showed that catalysts richer in
Lewis sites (Mo- and V-based HPAs) favored cymene formation, while Brensted-rich systems (W-
based HPAs) mainly promoted cracking and gas formation, highlighting the role of acid site type
in controlling limonene conversion. Building on this, Osorio-Vargas and co-workers carried out a
series of catalytic fast pyrolysis studies of waste tires using micropyrolysis coupled with mass
spectrometry (Py—GC-MS) at temperatures between 400 — 500 °C. They first demonstrated that
Pd sites selectively promoted the formation of aromatics such as cymene, as compared to other
metal nanoparticles like Ni or Co catalysts, which led primarily to cracking products [42]. Later,
they examined Pd supported on halloysite nanotubes, where Pd located inside the lumen (gibbsite-

like surface AI-OH) increased acidity and doubled cymene selectivity relative to Pd supported
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outside (on siloxane-like surface Si—O-Si), evidencing a synergy between support acidity and Pd’
sites in limonene isomerization—dehydrogenation [16]. More recently, they compared
tungstophosphoric acid supported on CeO2, SiO, and TiO2, showing that catalysts dominated by
weak Lewis sites (e.g., 1%TPA/TiO;) favored cymene formation, whereas stronger Bronsted
acidity promoted C—C scission to BTX [25]. While these works linked acidity and metals to product
selectivity, they mainly relied on global trends and simplified kinetic models, leaving the
mechanistic roles of Lewis sites and Pd unresolved.

More recently, Wu et al. [52] and Zhang et al. [28] employed tandem micro-reactor systems to
simulate continuous pyrolysis—catalysis of waste tires operation. They reported cymene
selectivities up to 79% and nearly 100%, respectively, when using limonene as a model compound.
However, performance dropped with real pyrolytic vapors, revealing the complexity of competing
reactions and the limits of model-compound approaches.

According to the previous reports, catalysts that combines Lewis’s acidity with Pd
dehydrogenating capacity are particularly attractive for promoting the limonene-to-cymene
reactions. In this sense, mixed ZrO,—TiO; oxides are very attractive supports, as the dispersion of
Zr over TiO; modulates both the density and the strength of Lewis acid sites, as predicted by
Tanabe’s model [56], while simultaneously providing a stable anchoring sites for the uniform
dispersion of Pd nanoparticles [54].

Although previous catalytic pyrolysis studies have highlighted the potential of acid and Pd-based
catalysts for producing cymene from waste tire pyrolysis, they often rely on generalized kinetic
models. This simplification has led to limited understanding on the reaction mechanisms involved,
and on the roles of Pd and acid sites. Therefore, this study provides a novel approach to the kinetic
understanding of the catalytic transformation of pyrolytic limonene into cymene over Pd supported
on mixed oxides. To that aim natural rubber (NR) is used as a representative solid model of mining
truck tires to generate limonene-rich pyrolytic vapors, which are subsequently upgraded over a
catalytic bed placed in an ex-situ tandem reactor. The reaction performance is correlated with the
acid properties of the catalysts, and the role of Pd sites is also elucidated. Moreover, the activity
data is interpreted through a Langmuir—Hinshelwood kinetic model, describing three reaction

routes for limonene transformation into aromatics, cymene and other competing species.
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3.2. Material and methods

3.2.1. Feedstock and chemical agents

Polyisoprene (NR, CAS 104389-31-3) was acquired at its analytical degree (molecular weight of
38000 g/mol) and used for characterizations and pyrolysis without further treatment. Moreover,
D, L-limonene (>95.0%), p-cymene (99%, CAS 99-87-6), absolute ethanol (CoHsO, CAS 64-17-5),
PdCL (>99% purity, CAS-7647-10-1), Triethanolamine (TEA (>99.0%, CAS 102-71-6), and
zirconium butoxide (CAS 1071-76-7) were acquired from Sigma-Aldrich (Chile). In addition, the
titanium oxide (anatase, CAS 1317-70-0) used as catalyst support was purchased from Fisher
Scientific®.

3.2.2. Catalysts synthesis and characterization

A series of TiOz-based supports containing 0.5-15 wt.% Zr were synthetized to evaluate the
influence of zirconia loading on acidity and catalytic performance. The supports ZrO>—TiO> were
synthesized via wet impregnation of TiO, with (x)-Zr (x = 0.5, 3, 7, 10, and 15% wt). Zirconium
butoxide was added to a beaker containing 50 mL of ethanol, and the mixture was stirred using
ultrasound for 5 minutes to ensure proper homogenization. Then, pre-dried TiO> was sieved at
particle sizes between 125-210 um and added to the flask; thereafter the suspension was stirred
again for another minute. The resulting mixture was then placed in a rotary evaporator at 100 rpm
and 40 °C until complete solvent evaporation. The recovered solid was dried in an oven (Lab Tech,
LDO-150F) at 50 °C for 24 hours and subsequently calcined in flowing air (50 mL-min') at 500
°C for 2 hours (heating rate of 2 °C-min™') to obtain the mixed oxide support, hereafter referred to
as ZrO>-Ti0x.

The catalytic screening of supports was performed in the same micro-pyrolysis system described
in Chapter 2, using an ex-situ configuration in which the natural rubber (NR) sample (0.5 mg) and
the catalyst (5 mg) were separated by a plug of quartz wool inside the reactor (catalyst/NR mass
ratio = 10). All screening experiments were conducted at 400 °C with a solid residence time of 30
s. These conditions were selected based on the kinetic model developed in Chapter 2 to ensure that
the primary product in the vapor phase is pyrolytic limonene. Maintaining a limonene-rich vapor
stream allows a consistent assessment of the intrinsic activity of the supports toward cymene

formation under identical vapor—solid contact conditions.
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Finally, 1 wt.% Pd was incorporated onto both TiO> and ZrO,—TiO: supports via incipient wetness
impregnation, using appropriate volumes (determined from N> adsorption at 77 K on supports) of
a PdCl solution adjusted to pH ~1.5. Triethanolamine (TEA) was used to promote a uniform metal
distribution on the supports, following the procedure described by Soled et al [90]. Subsequently,
the materials underwent calcination at 500 °C for 4 hours to eliminate any remaining TEA and to
facilitate the formation of oxidized palladium species. The resulting solids were then treated in a
U-shaped quartz reactor (6 mm inner diameter) under a continuous hydrogen flow (40 mL-min™'),
at 2°C-min! until 400 °C with a dwell time of 2 hours to ensure complete reduction of the
palladium oxide.

X-ray diffraction (XRD) analysis of the ZrO,—TiO2 was conducted in a Bruker D4 Endeavor
diffractometer equipped with Cu Ka radiation (A = 0.154 nm), operating at 40 kV and 20 mA. Data
were collected over a 20 range of 3-90°, with a step size of 0.02 s™!. The crystalline structure was
identified through a search-match procedure utilizing the HighScore Plus software and the
Crystallography Open Database.

Bulk surface acidity was analyzed via ammonia temperature-programmed desorption (NH3-TPD)
in a Micromeritics 3Flex analyzer equipped with a thermal conductivity detector (TCD) and
coupled to a Pfeiffer Vacuum OmniStar GSD 320 mass spectrometer. In a typical analysis 100 mg
of sample (catalyst or support) were heated under flowing He (100 mL-min™! ) by heating to 350 °C
at a rate of 20 °C-min! and holding for 30 minutes to remove physiosorbed species. Thereafter, the
sample was cooldown to 100 °C, and ammonia was introduced via 0.5 cm? pulses at 10-minute
intervals until saturation. Following NH3 saturation, the system was purged with helium at
100 mL-min! for 30 minutes at 100 °C to remove weakly adsorbed ammonia and stabilize the
baseline. Subsequently, the temperature was increased to 500 °C at a rate of 10 °C-min’!. Desorbed
species, including NH3, H2O, and N2, were monitored using the mass spectrometer by tracking
their respective m/z fragments: 16, 18, and 28. Because m/z = 28 may also arise from CO, m/z =14
(N") was additionally recorded to confirm assignment to N». The desorption profiles and acid site
densities were normalized per gram of catalyst. The deconvolution of the TCD signal was
performed considering the mass signal m/z = 16, as the representative of ammonia, thus avoiding
possible interferences from adsorbed species resulting from NH3 decomposition at high
temperatures [91,92]. Acid site strength was classified based on the temperature of desorption:

weak acid sites were assigned to peaks appearing below 200 °C, medium-strength sites were
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defined within the range of 200—400 °C, and strong acid sites were considered those desorbing
above 400 °C [93,94].

The nature of the surface acid sites was studied through Fourier-transform infrared spectroscopy
with pyridine (IR-Pyridine). The measurements were carried out in a flow cell equipped with CaF;
windows placed in a Nicolet iS10 spectrometer (ThermoScientific) equipped with a DTGS detector
which was operated at 32 scans and 4 cm™! resolution. For each experiment, samples were pressed
into self-supported pellets (13 mm diameter, approximately 10 mg) which underwent thermal
treatment under vacuum (Pfeiffer HiCube Eco Turbo) at 400 °C for 12 hours to remove
physiosorbed species. Then the system temperature was reduced to 150 °C, and a reference
spectrum was recorded. Subsequently, pyridine vapor was introduced into the cell allowing
adsorption until saturation. Thereafter, sequential desorption was conducted at 150, 250, and
300 °C, each following a 30 min equilibration period, to assess the strength and stability of
Brensted and Lewis acid sites. For FTIR-derived weak-to-total ratios (W/TSir), the characteristics
Lewis band at 1605 cm™ was deconvoluted; W/TSr was computed as (A;sgec — A2s00¢)/A1s0°c-
(For cross-technique comparison, W/TS values from TPD and FTIR were normalized to each
technique’s maximum; the secondary y-axis in Figure 3.4b spans 0—1.)

The textural properties of catalysts and supports were investigated through N> adsorption—
desorption isotherms measured at 77K, utilizing a Gemini VII Surface Area Analyzer
(Micromeritics). Prior to measurements, samples were degassed at 200 °C for 4 hours to eliminate
adsorbed impurities. Specific surface areas were calculated using the Brunauer—Emmett—Teller
(BET) method. Pore volume of the supports used for incipient wetness impregnation synthesis was
also determined from this analysis.

The average Pd particle size was estimated by CO pulse chemisorption, assuming a stoichiometry
of CO/Pd = 1.5. This value reflects a mixture of linear (1:1) and bridged (1:2) adsorption modes of
CO on Pd and is recommended in the British Standard [95,96]. The analysis was carried out using
CHEMBET 3000 analyzer equipped with a thermal conductivity detector (TCD). Approximately
100 mg of catalyst was loaded into a U-shaped quartz sample tube and pretreated under flow of N
(30 mL-min') at 200 °C for 1 hour. After this step, the sample was cooled to room temperature,
and the gas was switched to 10% H/Ar. The catalysts were then reduced at 400 °C for 1 hour.
Upon completion of the reduction, N> flow was resumed while cooling the sample to room

temperature. Subsequently, CO pulses (5% CO/He) of 50 pL were injected every 2 minutes until a
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constant TCD signal was achieved, indicating surface saturation. The amount of CO adsorbed in
the support was considered negligible and the CO adsorption volume was used to calculate the
metal dispersion (D (%)) and estimate the mean particle diameter (dp) using the following

equations [97]:

D (%) :M.looo/ (3.1)
YTV W, - C 0 '
6-A-M

here, V, 4 is the CO adsorption volume cm?, and K is the stoichiometry factor which was equal 1.5
in this case. M is atomic weight of Pd (106.4 g-mol '), V,;, is molar volume of adsorbed gas (22,400
cm?-mol!), W; is the sample mass (g), and C represented the percentage content of Pd (%). A is
the surface atom density of Pd (1.27 x 10'° atoms'm), p is bulk density of Pd (12.02x10°¢ g-m™3)
and N is Avogadro’s number (6.02x10% mol).

Additionally, scanning transmission electron microscopy coupled with energy-dispersive X-ray
spectroscopy (STEM—-EDX) was performed simultaneously for structural and chemical analysis,
using a JEOL JEM-2010 TEM (200 kV) equipped with an Oxford Instruments XMax 80 detector,

to assess Pd dispersion and elemental distribution (Ti, Zr, Pd).
3.2.3. Kinetic modeling of the catalytic conversion of pyrolytic limonene into cymene

Pyrolysis experiments: Fast micro-pyrolysis experiments, both with and without catalysts, were
conducted using a tandem micro-reactor system (Rx-3050TR, Frontier Laboratories Ltd., Japan).
This system has two reactors connected in series: the first reactor (Reactor 1) performs the pyrolysis
of the natural rubber in a stainless-steel reaction cup (80 pL), while the second reactor (Reactor 2)
enables catalytic reactions in a tubular fixed bed (ID: 3 mm; L: 78 mm), as illustrated in Figure

3.1. The experiments were conducted in two modes:
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Figure 3.1. Scheme of experimental setup for coupled pyrolysis and ex-situ catalytic conversion

of pyrolytic vapors (Py-GC-MS/FID).

(i) Non-catalytic pyrolysis: These experiments were carried out to produce specific
concentrations of limonene in the pyrolysis vapors by controlling the reaction conditions in the first
reactor. This is a sine qua non condition to perform reliable kinetic analysis for catalytic limonene
conversion. In a typical experiment, specific quantities of natural rubber (230 — 300 mg) were
placed in the reaction cup and then were subjected to pyrolysis at different temperatures (350 — 500
°C), using flowing He (50 mL-min™') as the carrier gas. The pyrolysis products then passed through
the second reactor (filled with an inert SiC bed) and were subsequently analyzed using the
chromatographic system. The possibility of transforming limonene during the pass of the pyrolytic
vapors through the secondary reactor, was discarded by recording and comparing the pyrograms at
the inlet and outlet of Reactor 2. The mass of natural rubber, the reaction temperature, and solid
residence time in Reactor 1 were adjusted using the kinetic modeling approach described in Chapter
2 to achieve the desired concentration of pyrolytic limonene [87].

(i) Catalytic pyrolysis: The catalytic experiments were performed under ex situ mode. The

operation of Reactor 1 was the same as previously described for non-catalytic experiments, while
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the second reactor was loaded with catalytic material (TiO2, ZrO»-TiO,, Pd/TiO> and Pd/ZrO,—
TiO3). The temperature in the catalytic bed (300 — 500 °C) was controlled independently to the first
reactor. Residence time of pyrolytic limonene (t) was adjusted by varying the limonene feed from
Reactor 1, ranging from 0 to 9 s. In complementary tests, the catalyst mass was varied (1.1-8.3
mg) to probe intermediate formation along the fixed bed.

Products identification and quantification: The pyrolysis vapors generated during non-catalytic
and catalytic experiments were separated using gas chromatography (Trace GC Ultra) equipped
with a Restek Rtx-1701 capillary column (60 m % 0.25mm ID x 0.25 um film thickness) and
analyzed with a mass spectrometer (ISQ MS) and a flame ionization detector (FID), both from
Thermo Fisher Scientific. Gas flow and column pressure were regulated by a high-pressure flow
controller (HP-3050F, Frontier Laboratories Ltd.), maintaining the micro-pyrolyzer pressure at
0.4 MPa and the column head pressure at 0.14 MPa. High-purity helium (99.999%, Air Liquide,
Belgium) was used as the carrier gas at a flow rate of 50 mL-min™! for each experiment. The GC
injector temperature was set at 280 °C with a split ratio of 1:50. The mass spectrometer's transfer
line was maintained at 280 °C, the ion source at 250 °C, and electron ionization was performed at
70 eV, scanning m/z 29-300. The carrier gas and volatiles were split approximately equally
between the MS and FID detectors via a three-way splitter. The FID operated at 250 °C with an
ignition threshold of 0.5 pA. Product identification was based on retention times, manual inspection
of MS fragmentation patterns, and comparison with the NIST mass spectral library (version 2.3).
Quantification of target products such as limonene and cymene were carried out with the FID
detector, by using calibration curves (See Figure A-3.1) [29]. The other pyrolysis products were
quantified based on their effective carbon number (ECN) as outlined in the supplementary material
(Table A-3.1) [98].

Reaction performance metrics

To quantitatively evaluate the performance of the catalytic pyrolysis system, three key metrics
were defined: pyrolysis product yield, limonene conversion, and reaction rate. These parameters

enable the assessment of both the pyrolysis behavior and the catalytic effects.

m;j
Yp,i = m_NR - 100 (33)
X; = —gen Thout (3.4)

M gen
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(3.5)
T=Wiiy (3.6)

Ypi (%) is the yield of compound i (isoprene, limonene, and cycloalkenes & alkenes); limonene
was quantified by external calibration, whereas isoprene, cycloalkenes, and alkenes were estimated
using the ECN method. myg (pg) is the mass of Natural Rubber fed into the pyrolysis reactor

(Reactor 1). X; (a.u.) is the net conversion of compound i during the catalytic step; mi‘gen(ug) is

the mass of compound i generated from pyrolysis of Natural Rubber (ug) predicted by the kinetic

model validated in our previous work [87], and m; . (ng) is the mass of compound i at the outlet

of the catalytic reactor (i.e., the unconverted mass). Positive values of X; indicate net consumption;
negative values indicate net formation. r; is the rate of formation of compound 1 after catalytic
conversion of limonene (mol-s™!-mgcat!), n; denotes the moles of the compound i, and W is the
mass of the catalyst loaded into the reactor (mg). T (s) is the residence time, defined with the inlet

mass flow of limonene to Reactor 2, my, . (ug-s™).

Kinetic interpretations of reaction data

The kinetic interpretation of the catalytic transformation of pyrolytic limonene into cymene was
performed using the packed bed reactor model (PBR), neglecting pressure drop, and expansion

effects due to the dominance of the inert carrier gas:

W Xy dX
FLO 0 (_rL)

(3.7)

where W corresponds to the mass of catalyst (mg) in the catalytic bed, Fy, (umol-s) is the inlet
molar flow of limonene to Reactor 2, predicted from Reactor 1 operating conditions (temperature
and natural rubber mass) using the validated NR-pyrolysis kinetic model from our previous work
[87]. The reaction rate of limonene consumption per mass of catalyst (—ry,) was described using a
Langmuir—Hinshelwood-type expression that accounts for competitive adsorption among surface

species, as will be further elaborated in the next sections.
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The experiments were performed at different W/Fy, , values and at three different temperatures (300,

400, and 500 °C). The kinetic parameters were fitted by minimizing the objective function (OF)
defined in Eq. 3.8.

2
=H\FLo mod,i FLo exp,i

n-—j

OF =

(3.8)

where n denotes the number of experimental data and j represents the number of fitted parameters.
To compare the predictive performance of different kinetic models, the mean absolute percentage

error (MAPE, %) was employed, as defined in Eq. 3.9:

() -()
FLo exp,i FLo mod,i

(o)
FLo exp,i

MAPE = ¥,

100 (3.9)

Finally, the physicochemical consistency of the fitted model, was confirmed by the inspecting
following criteria: (i) adsorption processes must be exothermic (AH,qs < 0), (ii) the surface
reaction must present a positive activation energy (E, > 0); (iii) the fitted parameters were checked
against the guideline proposed in the literature [99]: 0 < —AS,4s < 12.2 — 0.0014 - AH, 4 (cal -
mol™1).

Although this section focuses on the general kinetics of limonene conversion, the Langmuir—
Hinshelwood framework also provides the basis for describing product selectivity. This is
particularly relevant for cymene, which constitutes the key compound in this study. Therefore, a
mechanism-oriented kinetic formulation and validation for limonene conversion into cymene over

Pd/ZrO,-TiO; is presented in the results and discussion section.
3.3. Results and discussion

3.3.1. Support characterization and screening

Before starting the study on the catalytic upgrading of pyrolytic vapors, a preliminary screening of
catalyst supports was carried out using TiOz and TiO> modified with (x)-Zr (x = 0.5, 3, 7, 10, and
15% wt). The objective of this pre-screening was to analyze how the modification of the acidic

properties of TiO2 with ZrO; would provide intrinsic activity of mixed support for pyrolytic vapor
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transformation. This first approach allows selecting a catalyst support for performing mechanistic

elucidations on the bifunctional effects of Pd/ZrO;-TiO».

(@) (b)
x10 150°C — 250 °C —— 350 °C
g T > L L L+B
11 10%Zr0,-TiO, [Ti()gi 4,61 pmol NH;-m ] . /le
T ° A\ 15%zr0./ A\
‘s o g NS Z A A
$10 15%Zr0,-TiO, X o‘l
b —_ A 10%zr0y
s 5 Y o\, _J q*x_
E 9 4 N I\
= 7%210,-TiO, 8 A 7.0%Zr0§\_j1:\
5 . E / N A /£ ‘ \\—‘
s -g \  3.0%Zr0,/ A\
\ X Ir 1\
“; % J/\ ° ZI%J:\\;
=7 A\ 9 /:\
2 S\ os%zo) i
3%2Zr0,-TiO, {1
6 ° 0.5%Z10,-TiO, N I
o £\ Tio h\
\_A 2 J N
T

24 32 4.0 48 5.6 6.4 7.2 8.0

T T T T
Acid density [umol NH;'m 2] 1650 1600 1550 1500 1450 1400

Wavenumber [cm™]

Figure 3.2. (a) Intrinsic cymene yield as a function of acid site density for Zr-modified TiO, supports
under ex-situ conditions (400 °C, 30 s, catalyst/NR ratio = 10). (b) IR spectra of pyridine adsorbed on the
TiO»-based supports with Zr loadings in the 0.5—15 wt.% range. Band assignments: L. = pyridine

coordinated to Lewis acid sites; L + B = coexistence of Lewis- and Brensted-bound pyridine.

Figure 3.2a shows the intrinsic cymene yield obtained over the Zr-modified TiO2 supports.
Notably, there is an increment in the yield to cymene as the support acidity decreases, which could
be associated with a lower rate of cracking reactions, usually favored on highly acid supports
(Figure A-3.2). Zirconia incorporation clearly alters the acidic properties of TiOz; increasing Zr
loadings is generally associated with higher surface Lewis’s acidity [54,56]. This is confirmed by
the pyridine-IR spectra in Figure 3.2b, which display only Lewis-related bands, indicating that
zirconia affects the density of acid sites without changing their nature. According to these results,
in the upcoming sections the mixed oxide containing 10% of Zr is selected as the support for Pd to

conduct subsequent catalytic upgrading of waste tire pyrolytic vapors.

3.3.2. Catalyst characterization

Table 3.1 summarizes the textural, metallic and acid properties of the Pd/ZrO,-TiO; catalysts. The
incorporation of zirconia on titania caused an increase in surface area of 6 m?-g’!, while the pore

volume decreased by 0.07 cm?-g’!. The increase in surface area is consistent with the high

57
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dispersion of ZrO», which may hinder TiO: crystallization and increase surface roughness, despite
the deposition of amorphous ZrO: onto the TiO; surface as confirmed by XRD diffractograms
(Figure A-3.3 shows no ZrO; peaks) [54,100]. After Pd impregnation, only minor changes in
textural parameters were observed (1 — 4 m?-g’! increase in surface area), which indicates that Pd
nanoparticles did not significantly modify pore structure. This is explained by the fact that Pd was
highly dispersed on both supports (=56% dispersion), corresponding to an average particle size of
~2 nm, as calculated from CO chemisorption. This high dispersion was also qualitatively confirmed
by STEM-EDX observations (Figure A-3.4). The N> adsorption—desorption isotherms (Figure A-
3.5) of all materials are Type IV profiles, characteristic of mesoporous materials, according to the
IUPAC classification [101]. TiO2> and Pd/TiO> show H1-type hysteresis loops, associated with
uniform mesopores. In contrast, ZrO>—TiO, and Pd/ZrO>-TiO; exhibit H2-type hysteresis,
suggesting more complex pore networks, likely due to partial pore blocking by highly dispersed
amorphous ZrO;.

Table 3.1. Physicochemical properties of the catalysts. Sgeris the specific surface area, V, is pore

volume, acid density and strength measured by NH3 thermal desorption.

SBET Vi Pore diameter Pd particle size" Acid density

em-2

Catalyst [m?g1]l  [em3-g] [nm] [nm] [pmoINH;-m™]
Weak Medium Total
TiO: 34 0.24 28.2 - .51  3.10 4.61
Zr0:-TiO: 40 0.17 17.0 - 1.11  1.89  3.00
Pd/TiO; 35 0.13 13.7 1.99 1.66 3.17 4.83
Pd/ZrO: -TiO: 44 0.12 10.9 1.98 .70 2.12 3.82

* Calculated from CO chemisorption.

NH3-TPD analysis (See Figures A-3.6 — A-3.7) revealed that ZrO> incorporation decreased the
contribution of both weak and medium-strength acid sites, consistent with the model proposed by
Tanabe [56] in which Ti-O—Zr bond formation can modify surface electron density and attenuate
acid centers. In both Pd-containing catalysts (Pd/TiO2 and Pd/ZrO,-TiO3), the main desorption
bands shifted to lower temperatures, indicating weaker acid strength (Figure A-3.7). This effect
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suggests that, beyond the overall decrease in acidity, Pd incorporation also modifies the relative
strength of surface sites, likely through TiO; surface distortions and/or electronic interactions zero-
valence Pd acting as an electron density acceptor, thereby favoring the formation of weaker Lewis’s
acid sites [102,103]. Furthermore, mass spectrometry coupled to TPD further revealed the
formation of Ny (m/z = 28) and H>O (m/z = 18) above 250 °C in these catalysts (See Figures A-3.6
and A-3.7), providing additional evidence that Pd can act as a dehydrogenating site through its z-
backbonding capacity, weakening the N-H bond and promoting NH3 decomposition [42,91,104—
107]. Because m/z = 28 could also arise from CO, we verified that m/z = 14 (N*) mirrors the m/z
28 profile; therefore, the 28 signal is assigned Na.

(a) TiO, (b) Zr0, - TiO,

B L L B L+B L B L L B L+B L

150°C

150°C

250°C

Absorbance (a.u.)
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3
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Figure 3.3. IR spectra of pyridine adsorbed on (a) TiO», (b) ZrO,-TiO», (c) Pd/TiO», and (d)
Pd/ZrO»>—Ti0,, after brief outgassing at the indicated temperatures. Band assignments: B =
pyridinium ion (Brensted acid sites); L = pyridine coordinated to Lewis’s acid sites; L + B =

coexistence of both species.

In Figure 3.3, the IR spectra of adsorbed pyridine for all catalysts show well-defined bands at 1445,
1575, and 1605 cm™, which are characteristic of pyridine coordinated to Lewis’s acid sites. A

weaker band at 1490 cm™ is also detected, which is generally assigned to pyridine interacting
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simultaneously with Lewis and Bronsted acid sites. However, in the present case, the contribution
arises exclusively from pyridine coordinated to Lewis’s acid sites. On the other hand, the bands at
1550 and 1650 cm™, typically associated with pyridine interacting with Brensted acid sites, are
absent in all recorded spectra. The progressive decrease in Lewis band intensity with increasing
desorption temperature reflects the predominance of weak-to-medium sites, consistent with NHs-
TPD results. Thus, surface acidity in all catalysts can be ascribed mainly to Lewis centers of

variable strength, further modulated by ZrO> and Pd incorporation.
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Figure 3.4. (a) Distribution of Lewis acid site strength from NH3-TPD, showing the fractions of
weak and medium sites for each catalyst. (b) Normalized ratio of weak-to-total surface Lewis
acid sites (Weak/TS) obtained from NH3-TPD and IR-pyridine. Both methods confirm

enrichment of weak Lewis sites with ZrO» and Pd.

The quantitative effect of ZrO> and Pd on acidity is summarized in Figure 3.4. Both NH3-TPD and
pyridine-IR analyses revealed a progressive increase in the fraction of weak acid sites relative to
the total acidity (Weak/TS), following the sequence TiO2 < Pd/TiO2 < ZrO»>-TiO> < Pd/ZrO>-TiO».
The good agreement between the two techniques (See Figure 3.4b) confirms that catalyst
modification systematically enriched the surface in weak Lewis’s acid sites, which is particularly
relevant for the proposed mechanism of limonene transformation into cymene [25,60].

In summary, textural parameters were very similar among the catalysts, and Pd mean nanoparticle

size resulted similar (=2 nm) on both supports. The main differences arose from surface acidity:
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ZrO; incorporation reduced total acidity but maintaining Lewis’s character, while Pd increased the
density and the fraction of weak sites and conferred a more pronounced dehydrogenating character.
The Pd/ZrO>-TiO: catalyst exhibited the highest weak-to-total site ratio (W/TS), highlighting the
bifunctional synergy expected to govern limonene conversion to cymene. This aligns with literature
assigning the double-bond isomerization limonene on Lewis’s acid sites (weak), followed by Pd-

catalyzed dehydrogenation to cymene [16,49].

3.3.3. Production of pyrolytic limonene from Natural Rubber.

The formation of cymene from natural rubber involves two coupled steps: the pyrolytic generation
of limonene and its subsequent catalytic transformation. Since limonene is the precursor of cymene,
controlling its production during pyrolysis is critical to ensure its availability for catalytic
conversion.

Primary pyrolysis of NR produces a complex mixture of compounds derived from competitive and
sequential reactions such as depolymerization, intramolecular cyclization, and cracking (see Figure
1.2). The qualitative analysis of Py-GC-MS data yielded as most abundant products from NR
pyrolysis were limonene (85.5-33.0%), isoprene (2.0-47.6%), cycloalkenes (11.3-7.3%) and
alkenes (7.4%) regardless the reaction temperature (Figure A-3.8). With increasing temperature,
abundance (as area %) decreased, while isoprene, alkenes, and cycloalkenes became more
prominent. This shift reduces the limonene available for catalytic conversion and may introduce
competitive adsorption effects in the catalytic bed. Interestingly, rather than decreasing linearly, the
limonene yield exhibited a maximum at 450 °C. This is consistent with the proposed kinetic model
and other previous reports [21,26,41], which indicates the onset of secondary limonene reactions
at higher temperatures, leading to the formation of additional cycloalkenes (e.g., Cyclohexene, 1-
methyl-5-(1-methylethenyl)-(R)-, 9-(1-Methylethylidene)-bicyclo[6.1.0]nonane, and y-Elemene)
as well as isoprene and monoaromatics such as xylenes and toluene.

To derive these trends and predict limonene availability, the kinetic model developed in the Chapter
2 was applied [87]. The model correlates the limonene concentration with the NR mass and
pyrolysis temperature through a series of pseudo-first order Power Laws applied to four elementary
reaction steps: (i) NR degradation via intramolecular cyclization to limonene (L), (ii) conversion
of limonene into cycloalkenes, alkenes, and aromatics (C), (iii) direct degradation of NR to
isoprene monomers (I), and (iv) secondary formation of limonene through a Diels—Alder reaction

between two isoprene molecules [87]. The corresponding mole balances are summarized in Table
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3.2. The model was evaluated using the kinetic parameters summarized in Table 2.3, which were

gathered from previous chapter [87].

Table 3.2. Reaction steps and mole balance equations describing limonene formation from

natural rubber pyrolysis considering a batch reactor model, present in the previous Chapter.

NR=L=C
N T
21
Reaction Steps Mole balances
k1 (1) dNNR
NR - L dt :_kllNNR_k3.NNR
k2 (11) dNL
L->¢C T:kl'NNR_kZ'NL_i'kAL'NIZ
K
NR S 2I (i) N, _ ks - Nyg — Ky - N2
dt
L9} (iv) dN¢
21 - L T = kZ ' NL

NR: Natural Rubber, L: Limonene, I: Isoprene, and C: Alkenes and cycloalkenes.

One of the major drawbacks in micro-pyrolysis systems is associated with the poor reproducibility
of experimental data from one set-up to another. Therefore, the model developed in Chapter 2
(using the CDS Pyroprobe 5200 Analytical Setup) must be validated before its application on the
tandem Rx-3050TR Frontier system, which is used for the catalytic tests. To validate the
applicability of the kinetic model beyond the calibration data, and to confirm its use for estimating
the limonene feed to the catalytic bed, we developed a series of non-catalytic experiments and
compared model predictions against independent pyrolysis experiments performed in these two

configurations.
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Figure 3.5. Parity plot of modeled vs. experimental limonene yield, Yp jimonene[18/1gNR]. Colors
denote temperature (400, 450, 500 °C); markers denote reactor system: o CDS Pyroprobe 5200,
m Pyrolyser Rx-3050TR. Dashed line is y = x; shaded band indicates +25% deviation.

Figure 3.5 shows that the model captures the non-catalytic generation of limonene with errors
largely within +25% across both pyrolysis reactors (Pyroprobe 5200 and Rx-3050TR). This
agreement is consistent with the mechanistic model of Chapter 2 and summarized in Table 3.2,
validates the model’s transferability and supports its use to prescribe Yp jimonene @ the inlet
specification to the continuous catalytic bed.

The model reproduced the experimental distribution of limonene, isoprene, and cycloalkenes under
isothermal conditions (350-500 °C) at fixed NR mass (~250 pg) in Rx-3050TR, with deviations
only at 500 °C where isoprene was slightly overestimated (Figure 3.6). This discrepancy may be
attributed to the no-consideration of secondary isoprene reactions, such as Diels—Alder

condensations [45,46,108].
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Figure 3.6. Yield of main compounds generated from the pyrolysis of Natural Rubber, relative to
the mass of Natural Rubber fed, at different pyrolysis temperatures in Rx-3050TR. Experimental

data (points) and kinetic model (line).

In addition, for practical application in catalytic experiments, the modeled limonene yield was
correlated to pyrolysis temperature through a polynomial expression (Eq. 3.10, r* = 0.9), enabling

prediction of limonene concentration at the inlet of the catalytic reactor.
Ypi(T,) = —1.945-107¢ - T3 + 1.677 - 1073 - T, — 0.2947 (3.10)

Finally, control experiments were conducted between 300 and 500°C using second reactor empty.
No additional secondary products or cymene were detected under these conditions, confirming that
cymene formation requires specific catalytic active sites and is not formed upon thermochemical

reactions only (Figures A-3.9 and A-3.10).
3.3.4. Bifunctional role of Pd/TiO:-ZrO: during the conversion of pyrolytic limonene
Regardless of the catalyst employed, the main compounds generated during the catalytic pyrolysis

of pyrolytic limonene were cymenes, cymenene, monoaromatics (e.g., xylenes, and toluene), and

isomerized intermediates such as terpinenes and terpinolene (see Figure. A-3.11 for conventional
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stacked-bar plots at 300, 400, and 500 °C). These distributions are consistent with previous studies,
where noble metals such as Pd or Pt promote dehydrogenation reactions to form monoalkylated
aromatics [16,42,109]. Under acidic conditions, cymene and cymenene may undergo further
dealkylation to lighter aromatics at >500 °C [25,110], and even at 450 °C when Pd is supported on
acidic oxides such as TiO> [49].

Based on the literature, three main pathways have been proposed for cymene formation from
limonene: (i) disproportionation, (ii) hydrogenation/dehydrogenation, and (iii) isomerization to
terpinene/terpinolene followed by dehydrogenation [37,109,111]. In the present study, the third
pathway is considered predominant, as no menthenes, typical intermediates of the first two
pathways, were detected. This interpretation is supported by the acid—metal nature of the catalysts,
where Lewis’s acid sites favor limonene isomerization to terpinene/terpinolene [25,60], and highly
dispersed Pd enables their subsequent dehydrogenation. Two Pd-related dehydrogenation routes
can therefore be envisaged: (i) dehydrogenation of terpinene/terpinolene to cymene, which
dominates under the studied conditions used in this work, and (ii) partial dehydrogenation of
limonene to cymenene, a pathway that may become more relevant at higher temperatures due to
the increased participation of Pd’s dehydrogenating function [16].

Finally, it is important to consider that, despite the formation of valuable products such as cymene
and monoaromatics, limonene can also follow the previously mentioned parallel pathways in the
absence of a catalyst, leading to the formation of compounds such as isoprene, alkenes, and
cycloalkenes [42,112]. All possible transformation pathways of pyrolytic limonene are summarized
in Figure 3.7. To identify which of these pathways are favored under the studied conditions, the
following section focuses on the role of surface acidity in directing limonene conversion into

cymene.
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Figure 3.7. Simplified reaction scheme of the transformation of limonene to cymene, showing the
predominant reaction pathways and the catalysts that most favor each step. (A) Limonene, (B) Cymene,
(C) Cymenene, (D) Terpinolene, (D) Terpinenes, (E) p-Xylene, (J) Toluene, (F) Cycloalkenes, (G)

Alkenes, and (I) Isoprene. Green arrow (acids-support), Brown arrow (palladium site).

Catalytic experiments were performed with a constant inlet molar flow of limonene (6.01 pmol/s),
generated from NR pyrolysis at 450 °C, and a catalytic bed temperature of 400 °C was selected as
a balance between activity and stability. A nominal catalyst loading of W = 5.1 mg (£0.2 mg run-
to-run variation) was used for each catalyst studied. All catalysts predominantly exhibited Lewis’s
acidity, as confirmed by pyridine-IR, with the main differences arising from the strength
distribution of these sites. For this reason, the analysis was focused on the proportion of weak-to-
total acid sites (W/TS), rather than on the absolute acid site density, since no correlation was

observed between limonene reactivity and total acidity (Figure A-3.12).
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Figure 3.8. Effect of the proportion of weak acid sites (W/TS) on catalytic performance at 400 °C
on: (a) Limonene conversion normalized by mass of catalyst; (b) Formation rate of cymene, (c)
Formation rate of cymenene. Each x-axis value is the W/TS of a given catalyst, obtained from

NH;-TPD by peak deconvolution for each catalyst. The numbers above each data point
correspond to the following catalysts: (1) TiOz, (2) ZrO>-TiO, (3) Pd/TiO», (4) Pd/ZrO,-TiOs.
Error bars represent standard deviations from duplicate experiments for selected samples. These

plots complement the conventional views provided in Figure A-3.11.

Figure 3.8 summarizes the effect of the proportion of weak acid sites (W/TS) on catalytic
performance. Limonene conversion (Figure 3.8a) remained nearly constant at 150 mgca’,
indicating that acid strength distribution does not directly control limonene reactivity but rather
product selectivity. The cymene generation rate (Figure 3.8b) increased linearly with W/TS, from
10 to 14.5 pmol-mgc.'+s7!, consistent with the proposed scheme (Figure 3.7). This suggests that
relative abundance of weak Lewis sites (W/TS) promotes the isomerization of limonene to
terpinene/terpinolene, which are subsequently dehydrogenated to cymene on metallic Pd sites. A
higher surface proportion of weak Lewis sites (higher W/TS) favors double bond migration or
proton exchange without excessive stabilization of intermediates, in line with the Sabatier’s
principle. By contrast, stronger acidity can lead to undesired cracking, as reported for zeolites and
other Brensted-rich oxides [14,60]. Cymenene generation (Figure 3.8¢) was 4—10 times lower than
cymene, with rates of 3.2-3.7 pumol'mgc'-s™', on Pd- and Zr-containing catalysts and ~1
umol-mgc. '-s7!, on TiOs. This indicates limited direct dehydrogenation of limonene, enhanced

only slightly by ZrO>—TiO>, and strongly promoted by Pd. The preference for cymene suggests that
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limonene adsorption occurs predominantly via the exo-cyclic double bond rather than the ring,
facilitating isomerization reaction and subsequent dehydrogenation [16,32,42].

The role of Pd was further isolated by comparing Pd/TiO; and TiO., which have similar acid site
densities (4.83 vs. 4.61 pumoINHs-m™2) and W/TS ratios (0.34 vs. 0.33). Differences in selectivity
can therefore be attributed to Pd. Additional results (Figure A-3.13) show that while Pd moderately
increases cymene formation, it strongly enhances cymenene and monoaromatic yields (xylene,
toluene). This behavior indicates that Pd introduces parallel dehydrogenation pathways: (i) from
isomerized limonene (terpinene/terpinolene) to cymene which can subsequently convert to
aromatics, and (ii) directly from limonene to cymenene. Given its high dispersion, Pd interacts
closely with Lewis’s acid sites, and its electronic configuration enables n-backbonding interactions
that mimic the electron-acceptor character of Lewis centers while conferring a markedly higher
dehydrogenation capacity. Thus, instead of two independent functions, the catalyst surface can be
regarded as an integrated active ensemble, where acid-like and metallic properties converge to
selectively promote the transformation of limonene into cymene. This perspective will serve as the
basis for the mechanistic proposal in the following section.

To provide additional evidence for the proposed pathways (Figure 3.7) and to confirm the role of
terpinene and terpinolene as intermediates for cymene formation, the evolution of products was
studied at different space times 7(s) over Pd/ZrO>—TiO: at 400 °C. For this purpose, the mass of
natural rubber (290 pg) and the pyrolysis temperature in Reactor 1 (T, = 450 °C), were kept

constant allowing for a steady limonene mass flow rate (1, ) to the catalytic Reactor 2, while the

catalyst mass (W) was varied to adjust residence time (t = W/, ).
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Figure 3.9. (a) Molar flow of the main products: cymene (green), cymenene (grey), terpinenes +
terpinolene (magenta), and p-xylene + toluene (cyan); and (b) Limonene conversion (Xr) as a
function of residence time (t) during the catalytic transformation of pyrolytic limonene over

Pd/ZrO>-TiO; at 400 °C. Dashed curves are trend lines. Residence time: T = W/my, (s), where W

is the catalyst mass (g), and my, the inlet mass flow of limonene (g-s™).

Figure 3.9a shows that terpinene and terpinolene reach a maximum molar flow at intermediate
residence times (~2s), followed by a gradual decrease as space time increases. This behavior is
characteristic of transient intermediate species that are formed and subsequently consumed in
downstream reactions. In parallel, cymene and monoaromatic compounds increase steadily with
space time, consistent with their formation through consecutive reactions, particularly Pd-assisted
dehydrogenation of limonene isomers. In contrast, cymenene is produced at a much lower rate (ca.
six times lower than cymene) and remains nearly constant, reinforcing that the bifunctional catalyst
preferentially promotes the acid—metal pathway (isomerization - dehydrogenation) rather than
direct limonene dehydrogenation. Figure 3.9b, which shows limonene conversion (X;) as a
function of 7, confirms that the catalytic system remains active throughout the studied interval,
reaching conversions close to 100% at 6s. Additionally, the most significant change in conversion
occurs during the initial segment (0-2 s), which coincides with the peak formation of terpinene and
terpinolene. This suggests that the first step in the transformation of limonene is dominated by an
isomerization reaction catalyzed by acid sites.

Finally, to further test the proposed scheme shown in Figure 3.7, the reactivity of other pyrolysis-

derived compounds was examined (Figure 3.10). Cycloalkenes exhibited a net conversion of
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~50%, indicating strong interaction with the catalyst and likely competition with limonene for
adsorption on Lewis’s acid sites, due to the presence of double bonds in cyclic structures such as
cyclohexene, 1-methyl-5-(1-methylethenyl)-(R). In contrast, both isoprene and alkenes showed
negative conversions, demonstrating that they were formed during the catalytic stage. These trends
can be explained by limonene degradation to isoprene via retro Diels—Alder-type reactions and by
cracking of cycloalkenes into alkenes, processes typically promoted by acid—metal catalysts,

respectively [14].

0.50 - 0.47
0.251
3
= 0.001
=3
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Figure 3.10. Net conversion (X;) of isoprene, alkenes, and cycloalkenes from the pyrolytic
vapors after passing through the Pd/ZrO,—TiO> catalytic bed. Results correspond to a pyrolysis
temperature of 450 °C and a catalytic bed temperature of 400 °C. Positive values indicate

consumption; negative values indicate formation.

These results highlight once more that (i) terpinene and terpinolene are key intermediates for
cymene formation, (ii) cymene is the dominant product due to the bifunctional synergy of Lewis
sites and Pd, and (iii) competitive adsorption of cycloalkenes must be considered when developing
a kinetic model. This validates the reaction scheme proposed in Figure 3.7 and emphasizes the need
to account for side-compound, particularly from cycloalkenes, when interpreting catalytic

performance.
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3.3.5. Mechanistic interpretation of Limonene-to-Cymene conversion

Based on the proposed reaction scheme (Figure 3.7) and the results discussed above, the following
hypotheses were considered for the formulation of a Langmuir—Hinshelwood-type kinetic model

describing the catalytic transformation of pyrolytic limonene and the cymene generation:

(1) The pyrolysis vapors stream passing through the fixed-bed catalytic reactor (Reactor 2)
consists primarily of limonene (A), along with by-products derived from NR pyrolysis (P),
such as isoprene, alkenes, and cycloalkenes, among which cycloalkenes are the only species

explicitly treated as competitive adsorbates for active sites.

(2) In the kinetic formulation, only the cycloalkene fraction of P contributes to the competitive
adsorption terms, due to their potential adsorption via exposed double bonds on both

metallic Pd and Lewis acid sites.
(3) By-products from surface dealkylation reactions are considered undesired compounds.

(4) Desorption of all key products (B = cymene, C = cymenene, D/D’ = terpinolene/terpinenes,

E+J = aromatics, F+I = undesired products) is assumed.

(5) The rate-determining step (RDS) for each pathway corresponds to a unimolecular surface

reaction.

(6) Asingle type of active site is considered, representing the bifunctional acid—metal character
of the catalyst. Here, (*) denotes a vacant site; for any species i, i* denotes the adsorbed

species.

Adsorption equilibria

Ka

Limonene: A+ (x) = A, 0p =K -Fa-0,
Kp

Pyrolysis byproducts: P+ (x) = P, Op =Kp - Fp- 0,

Where 6; y 6, are the fractional coverages of species i1 and vacancies, respectively. K; is the

adsorption equilibrium constant; and F; is the molar flow rate of species 1i.
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Reaction pathways of limonene transformation

Route 1 — Isomerization/Dehydrogenation to cymene

Isomerization steps

Ky

(1.1) Limonene to terpinolene: A* = D*, Op =
K>

(1.2) Terpinolene to terpinenes: D* = D", Op, =

Dehydrogenation steps

(1.3) 1° Dehydrogenation (RDS): p'* 4 (%) kL} BH* + H*,

(1.4) 2° Dehydrogenation: BH* + (%) 112, B* + H*,

Possible secondary routes of adsorbed cymene (B*):

(1.5) Dealkylation: B* + (*)IE,E* +R,
(1.6) Desorption: B* lﬂ B+ (%),

Desorption of by-products and other reactions:

(1.7) Hydrogen desorption: IH* Kug 2(x) + H,,
(1.8) Xylene desorption: E* ki? E+ (%),
(1.9) Toluene formation: E* kLZ J* + R},
(1.10) Toluene desorption J* ki’} ]+ (%),

(1.11) By-product dealkylation desorption: 2 (R! lﬂi R+ (%) ,

Given that the first dehydrogenation of terpinenes was proposed as the rate-determining step

(RDS), the rate expression for Route 1 can be written as:

K; - 04

Kz - 0p

ri; =Kgq-0p -0,

ri; =Kygp - Oy - 0,

ri3= ki3-05-0,

4= Ki4-0p

ris = Kys - 05
rie = Ky - 0g
ri; =Kq7 - 0g
rig = Kyg- 0

19 =Kqg- O,
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(—r1)=k1,1-9Dr-9*=k1'K1-K2-KA~FA~Gf

In addition to the main pathway (Route 1), the kinetic model includes the other two reaction
pathways: direct Pd-assisted dehydrogenation to p-cymenene (Route 2) and competitive
transformations of limonene into other products such as isoprene and cycloalkenes (Route 3).

Route 2 — Direct Dehydrogenation to cymenene

This pathway proceeds via sequential H-abstraction steps on adsorbed limonene; the first

dehydrogenation is the rate-determining step (RDS):

k
A+ (%) —2>CH§ + H*, (—r2) =Kk 6,6,

Subsequent dehydrogenations and cymenene (C) desorption are detailed in Table A-3.2.

Route 3 — Side reactions to isoprene and cycloalkenes

Generation of isoprene and cycloalkenes from adsorbed limonene is considered as alternative

pathways:

k. k.
A+ () BT+ 17, A"+ (x) SF +R}, ry =kz -0, -6,

With full stepwise schemes provided in Table A-3.2.

Considering all three pathways, the overall rate of limonene consumption can be expressed as:

(=1a) = (=11 + (=) + (=13)
(ra) = () (1472 + (ra)

where 1, /r; represents the formation rate ratio between cymenene and cymene, which varies with

the temperature of Reactor 2. Substituting the kinetic expressions, the overall rate becomes:

(—rp) = (kg - Ky Ky - Kp - Fp - ®(T) + k3 - Ky - Fp) - 62
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where ®(T) = 1 + r,/r;, and the values calculated for each temperature are reported in Table A-
3.3.

The fraction of vacant sites (0,) was calculated using two alternative site balance formulations
(Table 3.3): (i) including only limonene adsorption, and (ii) including competitive adsorption of
pyrolysis by-products. Comparison of these models provides insight into the potential inhibitory

effect of pyrolysis by-products on the catalytic transformation of limonene.

Table 3.3. Global rate expressions and parameter mapping for Models I and II describing

limonene consumption considering alternative site-balance formulations.

Parameters
Model Rate of limonene, (—1,4) Parameter mapping
fitted
a (T)
I — Only limonene O(T) - a-Fy +B-Fy B (T)
adsorption (1+Kjy-Fp)?
O(=k1'K1-K2'KA I(A
B=ks-Ka
P(T) =1+ry/1y a (T)
IT — Adsorption of
i ; O(T) - a-Fp +B-Fp B(T)
imonene an
(1+KA'FA+KP'FP)2 KA
pyrolysis by-products
Kp

* @(T) in the expressions is obtained from the experimental rate ratio r, /r;, (Table A-3.3).

Figure 3.11 compares the parity plots of Model I and Model II at 300, 400, and 500 °C. In both
cases, the shaded area indicates a £25% deviation between experimental and calculated values.
Model II shows improved agreement with experimental data across all conditions, particularly at
300 °C. At this temperature, Model I exhibits a mean absolute percentage error (MAPE) of 30.2%,
whereas Model II achieves 10.3%. This improvement is attributed to the inclusion of competitive
adsorption of pyrolysis by-products generated in Reactor 1. The stronger effect at lower
temperature is consistent with the exothermic nature of adsorption processes, which become more

relevant at 300 °C.
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Figure 3.11. Parity plots comparing experimental and calculated values of W/Fy, for the catalytic

conversion of pyrolytic limonene using (a) Model I — considering only limonene adsorption, and (b)
Model II — including competitive adsorption of pyrolysis by-products. Data points correspond to
experiments at 300 °C (blue), 400 °C (orange), and 500 °C (red). The shaded area represents a +25%

deviation from the ideal 1:1 line (solid line).

Additional models considering hydrogen coverage (8y) from the dehydrogenation steps of Routes
1 and 2 were also tested. However, despite the inclusion of an additional adjustable parameter,
these models did not significantly improve the fitting compared with Model I. This confirms that
the better performance of Model II arises not from over-parametrization, but from the more realistic
consideration of competitive adsorption of pyrolysis by-products. Their details and relative errors
are presented in the appendix of Chapter 3 (Table A-3.4).

Considering that Model II best represents the conversion of pyrolytic limonene over the catalyst, it
was selected as the baseline model to expand the study and obtain a global kinetic description
capable of predicting both limonene conversion and product selectivity towards cymene. This step
is critical to connect the kinetic model with the experimentally observed selectivity trends, since
the catalytic system does not only convert limonene but also distributes it among cymene (B),
cymenene (C, via a competitive pathway), and aromatics such as xylene (E) formed through
cymene dealkylation. To achieve this, the adsorption constants (K,, Kp) obtained from the
previous optimization were fixed, ensuring consistency with the description of limonene

consumption. The parameters a and [ were re-estimated together with two additional constants
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(ky3, ky4) associated with the formation and consumption of cymene, this time using the
experimental cymene molar flow as the objective function for parameter estimation.
The system of differential equations describing the conversion of limonene (X) into cymene and

the distribution towards the other relevant products is given by:

X (@M -a+p)-(1-X)

WKy B A% 2Ky Fp) D

% - BT ﬁ (-r)  (3.12)

%ZFZ =0 Fp (1 =X (@M -1)-62 (3.13)

ddFVT,Z =rg+2-1, (314

with: 8. = 1 and ®(T) defined previously as the experimental rate ratio

1+Ka-Fa,-(1-X)+Kp-Fp’
between Routes 1 and 2.

Here, r; and r, correspond to the rates of cymene and cymenene formation, respectively, while the
contribution of Route 3 is lumped in the parameter § and thus does not appear explicitly in the
system. Equation (3.12) accounts for both the formation of cymene via Route 1 and its consumption
by dealkylation, while Equation (3.13) describes the direct formation of cymenene as a competitive
pathway. The detailed derivation, including the treatment of surface intermediates and site
balances, is provided in the appendix of Chapter 3.

The system of differential equations (Eqs 3.11 — 3.14) was integrated in Python with SciPy
(solve_ivp, stiff solver BDF) using mass of catalyst (W) as the independent variable. The resulting
predictions were compared with the experimental data (Figure 3.12). The quality of the extended
model was first evaluated through parity plots, which allow a direct visualization of the agreement
between calculated and experimental values for molar flow cymene, as well as for limonene

conversion, cymenene, and hydrogen.
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Figure 3.12. Parity plots comparing experimental and model-predicted values for (a) limonene
conversion and the outlet molar flow rates of: (b) cymene, (c) cymenene, and (d) Hz at 300 °C
(blue), 400 °C (orange), and 500 °C (red). The shaded area corresponds to a £25% deviation from
the ideal 1:1 agreement (dashed line).

Figure 3.12 shows that the extended model reproduces the experimental data well across the three
studied temperatures, with about 80% of the points falling within the + 25% deviation band across
all plots. This level of accuracy is generally considered acceptable in heterogeneous catalytic
systems and has even been reported in kinetic studies of reactions with lower intrinsic variability
than the present system [113—115], highlighting the robustness of the proposed model. In Figure
3.12a, a slight underestimation of limonene conversion is observed at 300 °C, which may be related
to the stronger effect of competitive adsorption of pyrolysis by-products explicitly included in the
model. It should also be noticed that the model assumes that all pyrolysis by-products (P) interact

with the surface in the same manner (single Kp) an intentional lumping that likely contributes to
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this residual bias. At 500 °C, in contrast, the model tends to overestimate conversion, suggesting
that additional inhibitory effects not captured in the current formulation (e.g., surface blocking by
dealkylation products) may become relevant at high temperature. With respect to cymene (Figure
3.12b), the largest deviations appear at 300 °C, which can be attributed to the variability at low
temperature due to the presence of other pyrolysis-derived compounds. At 400 °C the agreement
between predicted and measured data improves, and the amount of cymene generated increases;
however, no clear systematic trend is observed in the residuals. At 500 °C, the model slightly
underestimates cymene formation, and its overall yield decreases compared to 400 °C. This
behavior is consistent with the onset of dealkylation of cymene to aromatic compounds, as
described in previous studies of tandem reactors where a decrease in cymene yield has been
observed at >400°C [28]. In addition, higher temperature favors the direct dehydrogenation
pathway to cymenene (Route 2), reducing the relative contribution of cymene.

For cymenene (Figure 3.12c) and hydrogen (Figure 3.12d), the model predictions do not show a
fully systematic trend, yet clear temperature effects are evident. Cymenene consistently increases
with reactor temperature, reflecting the favored sequence of dehydrogenation steps, while
hydrogen formation also rises from 300 to 400 °C, consistent with the endothermic nature of the
dehydrogenation reactions, but levels off at 500 °C. The plateau in H> production suggests a
limitation imposed by surface coverage or by-product desorption, which constrains the extent of
dehydrogenation at higher temperature.

The kinetic and thermodynamic parameters were derived to ensure the physicochemical
consistency of the model, according to the criteria defined in Section 3.2.3. The resulting
parameters are reported in Table 3.4, and their implications are discussed in the following
paragraphs.

The adsorption parameters in Table 3.4 were obtained from van’t Hoff plots with coefficients of
determination of r?=0.98 (See Figure A-3.14). The calculated enthalpies are physically consistent,
confirming the exothermic nature of the adsorption process; -73.5 kJ-mol™ for limonene and -104.2
kJ-mol™ for the lumped pyrolysis by-products. The more negative value obtained for the by-
products, representative of alkenes (e.g., isoprene, hexene) and cycloalkenes (e.g., cyclohexene, 1-

methyl-5-(1-methylethenyl)-(R), y-elemene), indicates stronger adsorption compared to limonene.
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Table 3.4. Thermodynamic and kinetic parameters obtained from the mechanistic model (Model

IT) for limonene conversion and product distribution over Pd/TiO>—ZrO> catalysts.

Effect of
Parameter Description Kinetic parameters
temperature
Adsorption  equilibrium AH,, [K] - mol~1] = —73.50
Ka constant of limonene (A)| Decrease with T

on the active sites. AS, [J-mol™t - K™1] = —118.6

Adsorption equilibrium
. -1 = _
constant of pyrolysis by- ‘ AHp [K] - mol™ ] 104.2
Kp , Decrease with T
products (P) competing for ASp [ - mol- - K-1] = —193.7

sites.

Rate constant for the
lumped side reactions of
ks adsorbed limonene to Increase with T Ea, [K] - mol~1] = 109.2

undesired products (Route

3).
Rate constant for

ki3 dealkylation of adsorbed | Increase with T Ea,, [k] - mol~1] = 19.8
cymene.

Desorption rate constant of ‘ )
K4 Increase with T E,,, [k - mol™?] = 12.32
cymene. '

This trend is consistent with the experimental data and with the need to include an adsorption
parameter for these compounds in the site balance, particularly at 300°C, where adsorption

phenomena exhibit greater influence. Moreover, the calculated enthalpies fall within ranges
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reported in literature; infrared spectroscopy and DFT studies have shown adsorption enthalpies of
limonene on TiO2 of -71 & 11 kJ-mol™ [116], while larger unsaturated molecules such as olefins
and cycloalkenes tipically adsorb more strongly, with values between -80 and -130 KJ-
mol~1[117,118]. On the other hand, the adsorption entropies were also negative, as expected for
molecules immobilized on the catalyst surface, reflecting the loss of translational and rotational
degrees of freedom upon adsorption. The fitted values were -118.6 J-mol'-K™' for limonene and -
193.7 J-mol'-K 'for the pyrolysis by-products. Both values are physically meaningful and satisfy
the empirical correlation between -AH and -AS proposed by Vannice, which, for the obtained
enthalpies, sets upper bounds of 154 and 197 J-mol™-K™" for limonene and the by-products,
respectively. Moreover, these entropies values fall within the range typically reported for olefins
and aromatics adsorbed on other oxides [117], further supporting the validity of the adsorption
parameters obtained in this study. Consistently, the corresponding gas-phase molar entropies for
similar olefins/aromatics are on the order of ~300-360 J-mol'-K™', according to NIST SRD-69, so
| —AS,qs| < S°gas as expected.

The parameters associated with cymene formation provide direct evidence of the competition
between its stabilization and secondary consumption. The desorption step (k; 4) showed the lowest
activation energy (12.3 kJ-mol™), consistent with a facile process that enables cymene to leave the
surface once formed. This suggests a weak interaction with the catalytic surface, which is in line
with the molecular structure of cymene and with its exclusion from the site balance; unlike
limonene, cymene lacks an exocyclic double bond that could engage in stronger m—Lewis’s
interactions, thus favoring facile desorption once formed. In contrast, the dealkylation pathway
(kq,3) exhibited a slightly higher barrier (19.8 kJ-mol™) indicating that while this process becomes
more relevant at elevated temperatures, it is less favorable than direct desorption. Moreover, the
activation energy obtained for this process is consistent with values reported in the literature for
the formation of aromatics from alkyl-aromatics over acidic catalysts such as zeolites [119]. This
balance rationalizes the experimental trends; cymene is the dominant product at moderate
temperature, whereas its yield decreases at 500 °C due to both partial conversion into aromatics
and the increasing contribution of the direct dehydrogenation pathway of limonene to cymenene.
On the other hand, the side reactions of adsorbed limonene, represented by the rate constant ks
displayed a much higher apparent activation energy (109.2 kJ-mol™). This confirms that, among

the considered pathways, this route is the least favored by the catalyst and becomes significant only
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at higher temperatures. Moreover, this value lies within the range reported in the literature for
simplified kinetic models describing sequences of parallel and/or consecutive reactions (cracking,
cyclization, and aromatization) [25,120,121], reinforcing the physical consistency of the kinetic
scheme. All three parameters (K 3, Ky 4, and k3) were obtained from Arrhenius correlations with
coefficients of determination close to unity confirming the robustness of the fitted kinetic constants.
In addition to the physicochemical consistency of the fitted parameters, a verification was carried
out by comparing model predictions with independent experimental profiles at 400 °C, obtained
by varying the catalyst mass in Reactor 2 under constant limonene feed from Reactor 1 (Figure

3.13).
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Figure 3.13. Independent validation of the extended kinetic model at 400 °C under constant feed
conditions from Reactor 1 (limonene: 6.73 pmol/s; pyrolysis by-products: 17.0 umol/s) and
varying catalyst mass in Reactor 2 (W). (a) Limonene conversion; (b) molar flow of cymene,

cymenene, hydrogen, and xylene. Symbols represent experimental data (including error bars for

selected points), while solid lines correspond to model predictions.

Figure 3.13a shows that the model fairly reproduces most of the limonene conversion profile,
although a deviation is observed at the reactor inlet, where the model does not fully capture the
initial sharp increase in conversion. In contrast, Figure 3.13b demonstrates that the model
successfully predicts cymene as the dominant product, reproducing both its stabilization at
intermediate catalyst loadings and its partial consumption via dealkylation, as evidenced by the
progressive formation of xylene. The accurate description of cymene’s trajectory, together with the

consistent prediction of secondary products such as cymenene and hydrogen, highlights the
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robustness of the proposed kinetic scheme. Most importantly, this validation confirms cymene
selectivity as the central descriptor of the catalytic performance, strengthening confidence in the

mechanistic interpretation proposed in this work.

3.4. Conclusions

This study provides a mechanistic interpretation of the catalytic transformation of pyrolytic
limonene into cymene over Pd/ZrO>—TiO; catalysts. The combination of Lewis acidity and highly
dispersed Pd (~56%) enabled cymene to be the dominant product, while cymenene and
monoaromatics appeared only as minor species. A Langmuir—Hinshelwood kinetic model,
explicitly considering the competing adsorption of limonene and pyrolysis-derived species,
reproduced the experimental conversion trends with reasonable accuracy. The adsorption
parameters for limonene (AHp = —73.5kJ-mol™’; AS, =-118.6 Jmol"-K™) are
physicochemically consistent and similar to previous literature reports. The calculated activation
energies for cymene formation (E,,, = 12.3KJ - mol™) and for its dealkylation to aromatics

(E,, . = 19.8 k] - mol ') were also in line with values previously reported. The results support a

41,3
pathway in which limonene is first isomerized to terpinene/terpinolene on Lewis sites and
subsequently is dehydrogenated on metallic Pd, with parallel but less significant routes leading to
cymenene and aromatics. Even with the necessary assumptions in compound quantification and
the limonene feed from natural rubber pyrolysis to the second reactor, this study advances prior
pyrolysis work by directly coupling experimental evidence with a surface-reaction kinetic model,
capturing the observed trends robustly. Overall, this mechanistic approach establishes a validated
scheme for pyrolytic limonene upgrading to cymene and paves the way toward the intelligent
design of bifunctional catalytic reactors for the selective transformation of limonene-rich pyrolytic

vapors, such as those derived from mining truck waste tires, into fine chemicals and value-added

products.
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Chapter 4. Conclusions and Outlook
4.1. General Conclusions

This doctoral research addressed the valorization of mining truck waste tires through the catalytic
transformation of pyrolytic limonene into cymene over bifunctional Pd/ZrO>-TiO2. The work
integrated the synthesis and characterization of catalysts, with micro-pyrolysis experimentation to
elucidate the relationship between metal—acid cooperation and the reaction mechanisms controlling
the formation of cymene from pyrolytic limonene. Collectively, the results contribute to the
comprehensive understanding of the chemical reaction pathways and the catalytic phenomena,
underlying the conversion of tire-derived vapors into high-value chemical compounds such as
cymene.

The formation of pyrolytic limonene from waste tire pyrolysis was studied in an analytical system
(Py-GC-MS) using waste tires and natural rubber. The results confirmed that limonene is formed
from natural rubber after C—C bond cleavage of polymeric chains, followed by either (i)
intramolecular cyclization or (ii) a Diels—Alder reaction between two isoprene units. Thereafter,
limonene undergoes secondary reactions yielding cycloalkenes and aromatics. Moreover, the data
recorded for different reaction conditions enabled the development of a detailed kinetic model
which accurately predicted the evolution of limonene and the formation of secondary compounds
over a wide temperature range, validating the mechanistic consistency of the model. This kinetic
framework provided a strict control over limonene formation and other pyrolysis by-products,
which is crucial for controlling the feed composition for subsequent catalytic studies.

Building upon this kinetic foundation, during the second stage of the thesis (specific objectives 2
ad 3) the catalytic conversion of pyrolytic limonene over Pd/TiO,-ZrO> catalysts with different
densities of Lewis acid sites was investigated. The impregnation of TiO> with of zirconia modified
the electronic structure of titania surface, altering the strength and distribution of acid sites.
Pyridine-FTIR spectra indicated the predominant presence of Lewis acid centers, while NHs-TPD—
MS profiles revealed the presence of medium-strength acidity.

Catalytic testing was carried out for TiO2-ZrO> supports containing different loadings of Zr,
demonstrating that those supports with 10 %wt of zirconia holds intrinsic activity for producing
cymene precursors via isomerization. The impregnation of Pd onto TiO>—ZrO> support resulted in

a high Pd dispersion while preserving the predominantly Lewis acidic nature of the surface. The
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Pd particle size was measured by CO-chemisorption and STEM-EDX analyses, both yielding a
metal dispersion close to 50%. Moreover, Pd addition generates slightly quantitative changes in
the density and distribution of surface acid sites, affecting both the total acidity and the weak-to-
total site Lewis’s ratios.

Catalytic evaluation of these catalysts for pyrolytic limonene conversion demonstrated that cymene
formation is favored on materials exhibiting a higher proportion of weak-to-medium acid sites.
This behavior was consistent with the Sabatier principle, suggesting that excessively strong acid—
molecule interactions can promote bond cleavage, whereas moderate Lewis’s acidity provides the
optimal balance for selective isomerization and dehydrogenation routes.

The Langmuir—Hinshelwood kinetic model describing the catalytic transformation of pyrolytic
limonene into cymene over Pd/TiO>—ZrO> incorporated competitive adsorption of pyrolysis by-
products and successfully reproduced experimental selectivity trends at different temperatures. The
findings confirmed that Pd sites catalyze the dehydrogenation of limonene to cymenene, whereas
weak Lewis’s acid sites promote isomerization and subsequent conversion to cymene, validating
the proposed bifunctional mechanism.

Integrating all these outcomes, this thesis establishes a mechanistic framework connecting the non-
catalytic formation of pyrolytic limonene with its catalytic upgrading to cymene. The combination
of novel experimental methodologies and mechanism-oriented modeling approaches revealed how
catalyst composition, acidity, and metal dispersion collectively govern product distribution and
reaction pathways. Overall, this work lays the foundation for designing catalytic micro-pyrolysis
experiments that enable a quantitative interpretation of catalyst performance. Moreover, it provides
a conceptual and methodological basis for advancing a mechanism-driven understanding of

catalytic pyrolysis beyond traditional empirical interpretations.

4.2. Outlook

Future work should focus on extending the kinetic model developed in this thesis under more
realistic conditions, particularly by applying it to the pyrolysis of mining truck waste tires
(MTWT), where the coexistence of natural and synthetic rubbers may introduce polymer—polymer
interactions that deviate from the current predictions. Applying the model under these conditions
and at a larger scale, e.g., pilot, will allow assessment of its predictive robustness and of the
achievable yields and selectivities. On the catalytic side, further investigation is also required to

get insight into of metal-acid synergy and surface chemistry. Complementary techniques such as
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in situ X-ray photoelectron spectroscopy (XPS) could help determine the oxidation states of Pd,
Ti, and Zr and elucidate electronic interactions within the bifunctional interface.

The long-term stability of Pd/TiO,—ZrO; catalysts should also be explored, focusing on the
evolution of surface acidity and the mechanisms of coke deposition during repetitive cycles of
reaction and regeneration.

Moreover, future studies should aim to identify and quantify surface intermediates under relevant
reaction conditions. While true operando-DRIFTS may be challenging under pyrolytic
atmospheres, in-situ spectroscopic approaches—such as transmission FTIR with limonene vapor
feeds or temperature-programmed surface reactions coupled to mass spectrometry—could help
clarify the adsorption and transformation pathways. Dedicated experiments using pure limonene
could help elucidate how adsorption modes—particularly at the exocyclic double bond—govern
the isomerization pathway, while Pd sites may activate C—H bonds and drive the parallel
dehydrogenation route to cymenene.

Additionally, performing catalytic pyrolysis in the presence of hydrogen could reveal whether H
suppresses or enhances cymene formation, providing deeper insight into the balance between
hydrogenation and dehydrogenation reactions. Ultimately, extending this research toward pilot-
scale catalytic upgrading may pave the way for sustainable aromatic production from mining tire

waste within a circular industrial framework.
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APPENDICES



Appendix: Chapter 2

A-2.1. Elemental and proximate composition of MTWT and physicochemical properties of

natural rubber.

Table A-2. 1. Physicochemical properties of mining truck waste tires, natural rubber, butadiene

rubber, and styrene-butadiene rubber.

Proximate analysis (wt.%) Ultimate analysis*
Samples o Volale ,  Fixed | C__N H S O

OBWIC  atter  ° Carbon | (%) (%) (%) (%) (%)
Natural

0.93 99.19  0.59 0.22 8597 0,0 1027 0.0 3.76
Rubber
Butadiene
Rubber 0.45 100 0.0 0.0 88.51 0.0 9.89 0.0 1.60
Styrene-
Butadiente

0.65 100 0.0 0.0 87.15 0.0 890 0.0 3.95
Rubber
Mining Truck 0.99 67.20 13.10 18.71 76.50 044 7.10 1.50 14.46
Waste Tires

*Dry basis, ash-free.
** Oxygen content was calculated by difference from the measured elemental composition

The higher heating value (HHV) of the Mining Truck Waste Tires was reported as 33.5 MJ/kg.




Table A-2. 2. Physicochemical properties of natural rubber.

Physicochemical properties Value References
p [kg - m~3] 920 )
Cp [J-kg™'-K™] 440
[122]
A[W- m™1.K™1] 0.150
h[W-m™2-K™1] 2000 [45]

A-2.2. Transport limitations during pyrolysis of NR

To elucidate the rate constant (k) associated with solid decomposition, various kinetic models were

investigated across a range of temperatures. The best model fitting to the data was 1-D diffusion

da_k ( 1 )
dt 2

Here, a corresponds to the conversion of natural rubber and is calculated as the fractional weight

model:

difference between the initial mass of natural rubber (m,) and the mass remaining after pyrolysis
(m(t)):

m, — m(t)
= m

And the rate constant (k):

Eq
k=10 exp(~5)

Where (E,) is the activation energy and 4, is the pre-exponential factor.



This model was implemented in MATLAB® to solve the differential equation analytically, and
rate constants were subsequently estimated using the Isqcurvefit function, which minimizes the

following error function.

_ 2
error = (@i moger — “i,exp)

i

Table A-2. 3. Fitting model parameters with corresponding correlation coefficients

Parameters Values R?

k (400°C) 0.0010 0.8420
k (450°C) 0.0044 0.9644
k (500°C) 0.0102 0.9602
E,, [kJ/mol] 99.69 0.9872"

*Coefficient correlation in Arrhenius plot
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Figure A-2. 1. Kinetic model and experimental data for solid degradation NR by pyrolysis.
The information regarding the numbers as Py', Py!, and Biot can be graphically represented. This
graph allows for the differentiation of various zones corresponding to the regime that controls the

pyrolysis process [123]. In Figure A-2.2, Py!, Py',, and Biot were calculated, considering the
Natural Rubber properties presented in Table A-2.3 and the calculated k(500°C).

e Py (500°C) e Py'(500°C)

10* @

Kinetically controlled regime

Pyrolysis Number

Convection Conduction
. | c— -
controlled regime controlled regime

10° 10 10 10

Biot number

Figure A-2. 2. Thermal mapping of Py-GC/MS experiments at 500°C.



Table A-2. 4. Values were calculated for the dimensionless number at each temperature.

Temperature
Dimensionless Number
400°C 450°C 500°C
Bi 1.125
Pg, 56944 11827 5107
Pg,’ 50617 13305 5745

A-2.2. Calibration curves

Table A-2. 5. Calibration curves for limonene with respective concentration range and correlation

coefficient.
Range moles of limonene [umol - 1074] R? [—] Figure
1.16 - 5.82 0.981 A-2.2
5.82-58.2 0.999 A-23
58.2-291 0.996 A-2.4
291 - 1,454 0.990 A-2.5
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A-2.4. Analysis of limonene generation by fast pyrolysis of NR
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Figure A-2. 7. Chromatogram obtained by Py-GC/MS at 500°C - 40s and 500°C - 8s under a

helium flow rate of 1 mL/min.

Table A-2. 6. Selectivity values obtained for limonene, isoprene, Cyclo- and alkenes at 400°C -

40s and 500°C - 30s.

Temperature [°C] Time [s]

Selectivity [%]

Limonene Isoprene

Cyclo- and alkenes

400 40 65.82 14.50

19.67

500 30 46.14 21.34

32.52
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Figure A-2. 8. Chromatogram obtained by Py-GC/MS at 400°C - 40s and 500°C - 30s under a

helium flow rate of 1 mL/min.

Table A-2. 7. Moles of limonene generated for an unreacted fraction of 80% at 400°C, 450°C y

500°C.
1-X Temperature [°C] Time [s] Np [nmol]
400 23 0.01137
0.8 450 12 0.03147
500 8 0.08796

A-2.5. Kinetic Models

Table A-2. 8. Values of rate constants calculated for Model 1.

Rate constants 400°C 450°C 500°C
k1 1.14-107* 8.96-107*% 7.30-1073
kz 9.75-107° 2.98-107% 1.15-1071




k3 9.48-1073 1.85-1072 2.24-1072
k4 8.42-107% 2.03-1073 4.94 1072
ks 9.45-1075 8.06-107* 1.15-1071
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Figure A-2. 9. Arrhenius plot for Model 1.
Table A-2. 9. Values of rate constants calculated for Model 2.
Rate constants 400°C 450°C 500°C
k1 1.12-107% 1.01-1073 5.83-1073
k, 8.03-107* 3.42-1072 1.20-1071
k3 7.02-1073 1.63-1072 2.39-1072
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Figure A-2. 10. Arrhenius plot for Model 2.

Table A-2. 10. Reaction steps and mole balance equations for Model 3.

Reaction Steps

Mole balances

k - dN
NR S5 L M % = —k; - Nyg — K3 Nw
Lk Gy  dN

dt

=k "Nyr —kz "N, —

ks - N




k
NR - 2I

k
L - 21

(iii)
v)

dN,

—— =Kz *Nyg + ks - N,

dt

Table A-2. 11. Values of rate constants calculated for Model 3.

Rate constants 400°C 450°C 500°C
k, 1.86-107* 1.42-1073 4.46-1073
k 1.86-107* 6.06-10"14 2.70-1073
ks 6.41-1073 1.58-1072 2.52-1072
ks 1.85-107* 8.04-1071° 3.85-1073




Appendix: Chapter 3

A-3.1. Calibration curves and quantification of products
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Figure A-3. 1. Calibration curves for limonene (orange) and p-cymene (blue) obtained by GC—
FID. The peak area (arbitrary units) is plotted against injected mass (p1g). Linear regression
equations are displayed for each compound, showing excellent correlation (R? = 1.0). These

calibration functions were used for the quantitative determination of limonene and p-cymene in

pyrolysis—catalysis experiments



Table A-3. 1. Slopes from calibration and effective carbon number (ECN) assignments used for
quantification of limonene, cymene, and other pyrolysis products. Response factors (F) were

calculated from the ECN method considering the contribution of different carbon types.

Slope F Aliphatic | Aromatic | Olefinic | Acetylenic | Carbonyl | Carboxyl 1° 2°
Compounds ECN
(Area/mass) (R-Molar) carbon carbon carbon carbon carbon carbon Alcohol | Alcohol
Limonene
31602542 9.8 1 6 0 4 0 0 0 0 0
(Standard)
1,3-Cyclohexadiene, 1-
methyl-4-(1- 31602542 9.8 1 6 0 4 0 0 0 0 0
methylethyl)-
Cyclohexene, 3-methyl-
) 31602542 9.8 1 6 0 4 0 0 0 0 0
6-(1-methylethylidene)-
Cyclohexene, 1-methyl-
31602542 9.8 1 6 0 4 0 0 0 0 0
4-(1-methylethylidene)-
y-Terpinene 31602542 9.8 1 6 0 4 0 0 0 0 0
Isoprene 15478796 4.8 2.04 1 0 4 0 0 0 0 0
Cyclohexene, 1-methyl-
31602542 9.8 1 6 0 4 0 0 0 0 0
5-(1-methylethenyl)-
Bicyclo[4.1.0]heptane,
31925017 9.9 0.99 8 0 2 0 0 0 0 0
7-(1-methylethylidene)-
Cymene
37816421 10 1 4 6 0 0 0 0 0 0
(Standard)
p-Xylene 30253136.8 8 1.25 2 6 0 0 0 0 0 0
Toluene 26471494.8 7 1.43 1 6 0 0 0 0 0 0
p-Cymenene 37438256.8 9.9 1.01 2 6 2 0 0 0 0 0




A-3.2. Supports screening and catalyst characterization
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Figure A-3. 2. (a) Product distribution obtained during the ex-situ catalytic upgrading of
limonene-rich pyrolytic vapors over Zr-modified TiO supports. (b) Selectivity to alkenes, used
as a diagnostic marker for acid-catalyzed cracking pathways, plotted as a function of acid density
of supports. All experiments were conducted under identical ex-situ conditions (400 °C, 30 s,

catalyst/NR = 10).
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Figure A-3. 3. XRD patterns of TiOz, Pd/TiO2, ZrO; —TiOz, and Pd/ZrO>—TiO: catalysts.

Characteristic peaks of anatase TiO; are indicated for comparison.



(a) Electron Image 5 (b) Electron Image 16

S0nm

Figure A-3. 4. STEM-EDX elemental mapping of (a) Pd/ZrO»—TiO> and (b) Pd/TiO: catalysts.

The images confirm the homogeneous distribution of Pd nanoparticles over the oxide supports.
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Figure A-3. 5. N2 adsorption—desorption isotherms of (a) TiO; and Pd/TiO,, and (b) ZrO,-TiO»
and Pd/ZrO,-TiO,. All samples exhibit type IV isotherms with Hz-type hysteresis loops,

characteristic of mesoporous materials.
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Figure A-3. 6. TPD — NH3 results for TiO: (left column: (a) and (¢)) and ZrO,—TiO> (right
column: (b) and (d)) catalysts. The first row shows the TCD signal as a function of temperature,
while the second row combines the TCD signal with the mass spectrometric responses for NHs,
H:0, and N.. Vertical dashed lines indicate characteristic temperature regions corresponding to

weak (T <200°C), medium and strong (T > 200°C) acid sites.
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Figure A-3. 7. TPD — NH3 results for Pd/TiO: (left column: (a) and (¢)) and Pd/ZrO>—TiO> (right
column: (b) and (d)) catalysts. The first row shows the TCD signal as a function of temperature,
while the second row combines the TCD signal with the mass spectrometric responses for NHs,
H:0, and N.. Vertical dashed lines indicate characteristic temperature regions corresponding to

weak (T <200°C), medium and strong (T > 200°C) acid sites.



A-3.3. Pyrolysis of natural rubber without catalyst
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Figure A-3. 8. Distribution of vapor-phase products from the pyrolysis of NR at different

temperatures (Tp). For these experiments, the temperature of the empty catalytic reactor (T¢) was

kept at 300°C.
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Figure A-3. 9. GC-MS chromatograms of pyrolysis vapors from NR at 400 °C, followed by a
second inert reactor at 300 °C (blue) and 500 °C (orange).
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Figure A-3. 10. Distribution of products Distribution of vapor-phase products from the pyrolysis
of natural rubber at TP = 400°C and temperature of the empty catalytic reactor (Tc) at 300°C and
500°C.



A-3.3. Catalytic pyrolysis
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Figure A-3. 11. Vapor-phase products distribution from pyrolysis of Natural Rubber (T, = 450°C)
in tandem with a catalysts bed operated at 300, 400 and 500 °C. (a) Effect of catalyst supports
TiO2 and ZrO»-TiO:. (b) Distribution of products for catalysts Pd/TiO, and Pd/10%ZrO,-TiO; at

different catalytic temperatures (Tc).
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Figure A-3. 12. Effect of total acid site density on catalytic performance at 400 °C. (a) Limonene

conversion normalized per gram of catalyst, (b) cymene formation rate, and (c) cymenene

formation rate. Numbers indicate catalysts: (1) TiO2, (2) ZrO>—TiO, (3) Pd/TiO, and (4)

Pd/ZrO>—TiOs. Error bars represent standard deviations from duplicate experiments.
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Figure A-3. 13. Reaction rates of cymene (black), cymenene (red), and aromatics (blue) over

TiO; and Pd/TiO; catalysts on catalytic performance at 400°C.




A-3.3. Kinetic modeling

Table A-3. 2. The mechanism of reaction for alternative routes of limonene transformation. Route

2: direct dehydrogenation to p-cymenene. Route 3: side reactions leading to undesired by-

products.

Surface reaction pathways of pyrolytic limonene

Route 2 — Direct dehydrogenation

A - C+2H,

Route 3 — Side reactions

A - 2]
A->F

Mechanism of surface reactions

k
A" + (¥) S CH; + H* (RDS)

Isoprene . k31 . .
formation A"+ () =T +1
_ CH; + (x) - CH; +H"
Dehydrogenation
steps CH; + (x) » CH® +H"
Cycloalkenes i} k3z .
formation A"+ (x) = F +Rj
CH* + (x) > C"+H"
Desorption of products
. Isoprene 21" = 21+ 2(%)
Cymenene C - C+(%)
Cycloalkenes F* - F+ (%)
Hydrogen 2(2H" > Hy +2(9) Radicals Ri - R; + ()
Expression of rate reaction
I‘2=k2'eA'9* r3:k3'eA'9*

Table A-3. 3. Temperature dependence of the ratio r, /7; and the corresponding correction factor

@(T) used in the kinetic analysis.

Temperature [°C] | 1,/17 [-] o(T) [-]
300 0.294 1.294
400 0.275 1.275
500 0.578 1.578




Table A-3. 4. Summary of kinetic models tested. Dual-site and single-site Langmuir—
Hinshelwood formulations were evaluated under different adsorption assumptions. The mean
absolute percentage error (MAPE) at 300, 400, and 500 °C is reported together with the

physicochemical consistency check.

RDS Model Temperature MAPE Physicochemical
ode
Route 3 [°C] [%o] criterion
I 300 30.22
400 10.32 Checked
Only limonene adsorption
500 10.31
) I 300 10.28
z Limonene and by-products of 400 7.92 Checked
=
a pyrolysis adsorption 500 11.63
I 300 86.88
Limonene and Hydrogen 400 4.29 Checked
adsorption 500 20.83
300 29.56
v
400 9.61 Checked
& Only limonene adsorption
@ 500 10.30
D
Eﬂ \% 300 10.37
z Limonene and by-products of 400 7.43 X
pyrolysis adsorption 500 15.39
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Figure A-3. 14. Arrhenius-type plots for the kinetic parameters used in the Langmuir—
Hinshelwood model. (a) Temperature dependence of the rate constants for limonene
isomerization (ki), cymene formation (kz), and cymenene formation (ks). (b) Adsorption
equilibrium constants for limonene (K},) and pyrolysis by-products (Kp,), showing opposite

temperature dependence trends.

Derivation of system of differential equations for cymene (B) generation

If rate of consumption of limonene is:

&) a-F,+pB-F,

(—1ma) = 2
(1+Ky-Fy+Kp, - Fp,)
where:
a=k; Ky K, K,
B =ks- Ky

(M) =1+nr/n

The cymene (B) generation can be expressed:

Tg =Ty 4 =ki4-0p

where 65 can be expressed in function of limonene flow in vapor pyrolytic (F4) assuming steady state

approximation (SSA):



doy 0
—=0=r,-—nr3 —r
dt 11~ 113 ~Ta

0=r,1—ki3-0p-0,—kis-0p

ki3-0p 0. +kiq 0p =111
Op (k1,3 -0, + k1,4) =711

11
93 ==
(k1'3 * 9* + k1‘4)
Substituting 85 in 1z function:
1,1
T = Kqyy4-

(k1,3 * 9* + k1'4)

Finally, substituting 7, ; =13 = a - Fy - 62:

k a‘FA'Q*Z
g = .
B 14 (k1,3 * 9* + k1'4)
o= K14 a-Fpy-(1-X)
- = .
ks k) Q+KFy - (1=X) +Kp - Fp)*
(1+Ky Fay-A—X)+Kp-Fp) *

Also, for cymenene (C), the rate generation is can expressed as:
Te=T1,
where: 1, =17 - (®(T) — 1):
Te=a-Fy 0% - (®(T)—1)

@ Fy - (1=X) - (@) — 1)
r, =
(4K Fy (=X + K Fp)

Moreover, for Hydrogen (H,), the rate generation is can expressed as:

TH2=TB+2‘1‘C



ki, a-Fpy-(1-X)

T'H M
’ ks ik ) (Q+KiFy-(1=X)+Kp - Fp)’
1,4
(14Ky-Fay-(1—X)+Kp - Fp) '

- Fy - (1=X) - (@) — 1)
(1+KyFay- (1= X) +Kp - Fp,)°

+2

The system of equations for limonene conversion, cymene (B), cymenene (C) and hydrogen (H,) for PBR

reactor:
dF,
aw ~
dFg
aw ~ '
dF,
aw ~ ¢
dFy, _
aw TH2

Considering than Fy = Fy, - (1 — X), dFy = —F, - dX:

dX oM -a-(1-X)+F 1-X)
aw (14K, - Fy+Kp, - Fp,)”

Finally, expanding all equations:

dX oM -a-(1-X)+F 1-X)
aw (14K, - Fy+Kp, - Fp,)”

dFB k1‘4 a‘FAO'(l_X)

) 2
dw ki3 ke (1+ Ky Fay-(A1—X)+Kp - Fp))
(1+Ky-Fay-(1—X)+Kp - Fp,) ’

dF, - Fa - (1—X) - (®(T) — 1)
AW (14K, Fy - (1= X)+Kp - Fp))




) 2
aw ki3 ke (1+ Ky Fay-(A1—X)+Kp - Fp,)
(1+Ky-Fay-(1—X)+Kp - Fp,) ’

- Fy - (1=X) - (@(T) — 1)
(1+Ky-Fay- (1= X)+Kp - Fp,)’

+2




