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Resumen

La industria petroquimica desempefia un papel vital en la economia global, ya
que proporciona materiales esenciales para sectores como la energia, el
transporte, el embalaje, los textiles y la construccion. En el centro de esta
industria se encuentra la nafta, una fraccion de destilacion del petréleo crudo que
sirve como materia prima clave para la produccion de productos de alto volumen
como olefinas, aromaticos y precursores de polimeros. Sin embargo, los procesos
tradicionales para convertir la nafta, como el craqueo por vapor y el reformado
catalitico, son energéticamente muy demandantes y perjudiciales para el medio
ambiente. A medida que aumentan las presiones regulatorias y ambientales, surge
una necesidad urgente de soluciones cataliticas innovadoras que puedan reducir
las emisiones, mejorar la eficiencia y ofrecer una mayor flexibilidad en el uso de

materias primas.

Esta tesis se centra en el desarrollo y la evaluacion de tres métodos que utilizan
catalisis con metales nobles soportados para transformar de manera sostenible los
intermedios derivados de la nafta en productos quimicos valiosos. Cada método
esta disefiado para un sector especifico de la industria petroquimica: combustibles
para aviacion, materias primas para polimeros y monémeros aromaticos, mientras
se avanza en los objetivos de eficiencia de proceso, circularidad y
descarbonizacion. Se destaca el uso de sistemas cataliticos basados en paladio y
rutenio, que ofrecen alternativas energéticamente eficientes y con bajas emisiones

para estas transformaciones en el sector petroquimico.

El estudio comienza en el Capitulo 4, donde se investiga la mejora catalitica del
aceite KA, una mezcla de ciclohexanol y ciclohexanona derivada del benceno,
como una via prometedora para la produccion de combustible de aviacion
sostenible (SAF, por sus siglas en inglés). Utilizando un catalizador de paladio

sobre carbono (Pd/C), el proceso opera bajo condiciones suaves y sin disolventes
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mediante un mecanismo de transferencia de hidrégeno. Este proceso de
conversion genera hidrocarburos Cs—Cis adecuados para aplicaciones en
combustible para aviones, logrando una alta economia atémica y eliminando la
necesidad de fuentes externas de hidrégeno. La investigacion pone especial
énfasis en la selectividad de la reaccion, la minimizacién de subproductos y la
escalabilidad de este método dentro de las infraestructuras de refinerias
existentes. Ademas, en el Capitulo 5, el enfoque se desplaza hacia la purificacion
del etileno, un producto clave del craqueo por vapor, mediante la
semihidrogenacion selectiva de impurezas de acetileno. Este capitulo examina el
rendimiento de catalizadores bimetalicos de paladio (Pd) y paladio-oro (Pd—-Au)
soportados en zeolitas y marcos metal-organicos (MOFs). La incorporacién de
oro mejora la sintonia electronica y optimiza la estructura del soporte para reducir
la sobrehidrogenacién a etano, al tiempo que mejora la durabilidad del
catalizador. Este enfoque es crucial para las lineas de produccion de polietileno,
ya que incluso pequefias cantidades de acetileno pueden desactivar los
catalizadores de polimerizacion. Finalmente, el Capitulo 6 se dedica a la
isomerizacion y aromatizacion catalitica de olefinas terminales, especificamente
1-octeno, en benceno, tolueno y xilenos (conocidos colectivamente como BTX).
Estos compuestos aromaticos desempefian un papel fundamental en la
produccion de PET, poliuretanos y otros materiales de alta demanda. El proceso
emplea catalizadores basados en rutenio soportados en carbono y zeolitas,
utilizando una secuencia en un solo reactor que integra isomerizacion, ciclacion
y deshidrogenacion. Este enfoque proporciona una alternativa de baja
temperatura al reformado convencional de nafta, con una mayor eficiencia
energética, selectividad y modularidad del proceso. Se presta especial atencion a
la optimizacion de la estructura del catalizador para mejorar el rendimiento de

compuestos monoaromaticos y reducir la formacion de coque.
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En conjunto, estos catalizadores innovadores demuestran como los sistemas
dirigidos de metales nobles pueden hacer que la produccidn petroquimica sea mas
sostenible, modular y circular. Al combinar una alta selectividad con
compatibilidad para materias primas renovables y las infraestructuras existentes,
estos sistemas ofrecen soluciones practicas para reducir emisiones, mejorar la
eficiencia energética y mejorar el rendimiento econémico. Esto posiciona a la
catélisis como un elemento central en la transformacion hacia un futuro industrial

con bajas emisiones de carbono.
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La industria petroquimica exerceix un paper vital en I'economia global, ja que
proporciona materials essencials per a sectors com l'energia, el transport,
I'embalatge, els textils i la construcci6. En el centre d'aquesta industria es troba la
nafta, una fraccid de destil-lacio del petroli cru que serveix com a matéria prima
clau per a la produccié de productes d'alt volum com a olefines, aromatics i
precursors de polimers. No obstant aixo, els processos tradicionals per a convertir
la nafta, com el craqueig per vapor i el reformat catalitic, s6n energeticament molt
demandants i perjudicials per al medi ambient. A mesura que augmenten les
pressions reguladores i ambientals, sorgeix una necessitat urgent de solucions
catalitiques innovadores que puguen reduir les emissions, millorar l'eficiéncia i

oferir una major flexibilitat en I'ls de materies primes.

Aquesta tesi se centra en el desenvolupament i l'avaluacio de tres métodes que
utilitzen catalisis amb metalls nobles suportats per a transformar de manera
sostenible els intermedis derivats de la nafta en productes quimics valuosos. Cada
meétode esta dissenyat per a un sector especific de la indUstria petroquimica:
combustibles per a aviacid, matéries primes per a polimers i mondmers aromatics,
mentre s'avanca en els objectius d'eficiencia de procés, circularitat i
descarbonitzacid. Es destaca I'Us de sistemes catalitics basats en pal-ladi i ruteni,
que ofereixen alternatives energéticament eficients i amb baixes emissions per a

aquestes transformacions en el sector petroquimic.

L'estudi comenca en el Capitol 4, on s'investiga la millora catalitica de l'oli KA,
una mescla de ciclohexanol i ciclohexanona derivada del benzé, com una via
prometedora per a la produccié de combustible d'aviaci6 sostenible (SAF, per les
seues sigles en anglés). Utilitzant un catalitzador de pal-ladi sobre carboni (Pd/C),
el procés opera en condicions suaus i sense dissolvents mitjancant un mecanisme

de transferéncia d'hidrogen. Aquest procés de conversio genera hidrocarburs Cs—

Vi
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Cis adequats per a aplicacions en combustible per a avions, aconseguint una alta
economia atomica i eliminant la necessitat de fonts externes d'hidrogen. La
investigacid posa especial émfasi en la selectivitat de la reaccio, la minimitzacid
de subproductes i I'escalabilitat d'aquest métode dins de les infraestructures de
refineries existents. A més, el Capitol 5 s’enfoca a la purificacié de 1'etilé, un
producte clau del craqueig per vapor, mitjangant la semihidrogenacié selectiva
d'impureses d'acetilé. Aquest capitol examina el rendiment de catalitzadors
bimetal-lics de pal-ladi (Pd) i pal-ladi-or (Pd—Au) suportats en zeolites i marcs
metall-organics (MOFs). La incorporacié d'or millora la sintonia electronica i
optimitza l'estructura del suport per a reduir la sobrehidrogenacion a eta, al mateix
temps que millora la durabilitat del catalitzador. Aquest enfocament és crucial
per a les linies de producci6 de polietilé, ja que fins i tot Xicotetes quantitats
d'acetilé poden desactivar els catalitzadors de polimeritzacié. Finalment, el
Capitol 6 es dedica a la isomeritzacidé i aromatitzacié catalitica d'olefines
terminals, especificament 1-octé, en benzé, tolué i xilens (coneguts
col-lectivament com BTX). Aquests compostos aromatics exerceixen un paper
fonamental en la produccié de PET, poliuretans i altres materials d'alta demanda.
El procés empra catalitzadors basats en ruteni suportats en carboni i zeolites,
utilitzant una seqiiéncia en un sol reactor que integra isomeritzacio, ciclacio i
deshidrogenaci6. Aquest enfocament proporciona una alternativa de baixa
temperatura al reformat convencional de nafta, amb una major eficiéncia
energetica, selectivitat i modularitat del procés. Es presta especial atencié a
I'optimitzacié de l'estructura del catalitzador per a millorar el rendiment de

compostos monoaromaticos i reduir la formacié de coc.

En conjunt, aquests catalitzadors innovadors demostren com els sistemes dirigits

de metalls nobles poden fer que la produccid petroquimica siga més sostenible,

Vil
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modular i circular. En combinar una alta selectivitat amb compatibilitat per a
matéries primes renovables i les infraestructures existents, aquests sistemes
ofereixen solucions practiques per a reduir emissions, millorar I'eficiéncia
energética i millorar el rendiment economic. Aix0 posiciona a la catalisi com un
element central en la transformacio cap a un futur industrial amb baixes emissions

de carboni.

VIl



Abstract

The petrochemical industry plays a vital role in the global economy, providing
essential materials for sectors such as energy, transportation, packaging, textiles,
and construction. Central to this industry is naphtha, a distillation fraction of
crude oil that serves as a key feedstock for producing high-volume products like
olefins, aromatics, and polymer precursors. However, the traditional processes
for converting naphtha, such as steam cracking and catalytic reforming, are both
energy-intensive and environmentally detrimental. As regulatory and
environmental pressures increase, there is a pressing need for innovative catalytic
solutions that can reduce emissions, enhance efficiency, and offer greater

feedstock flexibility.

This thesis focuses on developing and evaluating three methods that utilise
supported noble metal catalysis to transform naphtha-derived intermediates into
valuable chemical products sustainably. Each method is designed for a specific
sector of the petrochemical industry, jet fuels, polymer feedstocks, and aromatic
monomers, while advancing the goals of process efficiency, circularity, and
decarbonization. It highlights the use of palladium- and ruthenium-based catalytic
systems, which offer energy-efficient and low-emission alternatives for these

transformations in the petrochemical sector.

The study commences in Chapter 4, where the catalytic upgrading of KA oil, a
blend of cyclohexanol and cyclohexanone derived from benzene, is investigated
as a promising avenue for the production of sustainable aviation fuel (SAF).
Utilising a palladium-on-carbon (Pd/C) catalyst, the process operates under mild,
solvent-free conditions via a hydrogen-borrowing mechanism. This conversion
process generates Cs—Cis hydrocarbons suitable for jet fuel applications, while
achieving high atom economy and eliminating the necessity for external

hydrogen sources. The research places special emphasis on reaction selectivity,
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the minimisation of by-products, and the scalability of this method within existing
refinery infrastructures. Further, in Chapter 5, the focus shifts to the purification
of ethylene, a key product of steam cracking, through the selective
semihydrogenation of acetylene impurities. This chapter examines the
performance of palladium (Pd) and palladium-gold (Pd-Au) bimetallic catalysts
supported on zeolites and metal-organic frameworks (MOFs). Incorporating gold
improves electronic tuning and optimises the support structure to reduce over-
hydrogenation to ethane while enhancing catalyst durability. This approach is
crucial for polyethylene production pipelines, as even small amounts of acetylene
can deactivate polymerisation catalysts. Finally, Chapter 6 is devoted to the
catalytic isomerisation and aromatisation of terminal olefins, specifically 1-
octene, into benzene, toluene, and xylenes (collectively referred to as BTX).
These aromatic compounds play a vital role in the production of PET,
polyurethanes, and other materials in high demand. The process employs
ruthenium-based catalysts supported on carbon and zeolites, utilising a one-pot
sequence that integrates isomerisation, cyclisation, and dehydrogenation. This
approach provides a low-temperature alternative to conventional naphtha
reforming, resulting in improved energy efficiency, selectivity, and process
modularity. Special attention is given to optimising the catalyst structure to
enhance the yield of mono-aromatic compounds while reducing the formation of

coke.

Together, these innovative catalysts demonstrate how targeted noble metal
systems can make petrochemical production more sustainable, modular, and
circular. By combining high selectivity with compatibility for renewable
feedstocks and existing infrastructure, these systems provide practical solutions

for reducing emissions, improving energy efficiency, and enhancing economic
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performance. This positions catalysis as a central element in the transformation

toward a low-carbon industrial future.
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SaZetak

Petrokemijska industrija ima klju¢nu ulogu u globalnom gospodarstvu,
osiguravaju¢i temeljne materijale za sektore poput energetike, prometa,
ambalaze, tekstila i gradevinarstva. U srediStu ove industrije nalazi se nafta
(naphtha), frakcija dobivena destilacijom sirove nafte (crude oil), koja sluzi kao
osnovna sirovina za proizvodnju velikih koli¢ina olefina, aromatskih spojeva i
prekursora za polimere. Medutim, konvencionalni procesi prerade nafte, poput
parnog krekiranja (steam cracking) i kataliticke reformacije (catalytic reforming),
izrazito su energetski zahtjevni i Stetni za okoliS. U uvjetima sve strozih ekoloskih
i regulatornih zahtjeva, nuzna su inovativna kataliticka rjeSenja koja mogu
smanjiti emisije, povecati uc¢inkovitost i omoguciti vecu fleksibilnost u izboru

sirovina.

Ova disertacija bavi se razvojem i ispitivanjem triju postupaka koji koriste
katalizatore na bazi plemenitih metala za odrzivu pretvorbu meduprodukata
dobivenih iz nafte u kemijske proizvode. Svaka je metoda usmjerena na
konkretan segment petrokemijske industrije, zrakoplovna goriva (jet fuels),
sirovine za polimere (polymer feedstocks) i aromatske monomere (aromatic
monomers), Uz istovremeno promicanje ucinkovitosti procesa, kruznog
gospodarstva i dekarbonizacije. U srediStu istraZivanja nalaze se Kkataliticki
sustavi temeljeni na paladiju i ruteniju, koji nude energetski ucinkovite i

niskouglji¢ne alternative tradicionalnim metodama.

U cetvrtom poglavlju istrazuje se kataliticka nadogradnja tzv. KA-ulja, smjese
cikloheksanola i cikloheksanona dobivene iz benzena, kao potencijalnog izvora
za proizvodnju odrzivog zrakoplovnog goriva (sustainable aviation fuel, SAF).
Proces koristi paladij na uglji¢noj podlozi (Pd/C) i odvija se pod blagim uvjetima,
bez upotrebe otapala, putem mehanizma prijenosa vodika (hydrogen-borrowing

mechanism). Rezultiraju¢i Cs—Cis ugljikovodici prikladni su za upotrebu u

Xl
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mlaznim gorivima, uz visoku atomsku u¢inkovitost (atom economy) i bez potrebe
za dodatnim izvorima vodika. Poseban naglasak stavlja se na selektivnost
reakcije, smanjenje nusprodukata i moguénost integracije procesa u postojecu

rafinerijsku infrastrukturu.

U petom poglavlju paZnja se usmjerava na procis¢avanje etilena, kljucne sirovine
u proizvodnji  polietilena, selektivhom poluhidrogenacijom (selective
semihydrogenation) tragova acetilena. Analizira se uc¢inkovitost paladijevih (Pd)
i bimetalnih paladij-zlatnih (Pd—Au) katalizatora poduprtih na zeolitima i
metalno-organskim okvirima (metal-organic frameworks, MOFs). Uvodenjem
zlata poboljSavaju se elektronska svojstva katalizatora i optimizira struktura
nosaca, ¢ime se smanjuje prekomjerna hidrogenacija u etan i povecava trajnost
katalizatora. Ovaj je pristup kljucan za osiguranje kvalitete etilena, jer ¢ak i male

koli¢ine acetilena mogu deaktivirati katalizatore za polimerizaciju.

Zavr$ni dio petog poglavlja posvecen je katalitiCkoj izomerizaciji i aromatizaciji
terminalnih olefina, posebice 1-oktena, u benzen, toluen i ksilene (benzene,
toluene, xylenes — BTX). Ovi aromatski spojevi klju¢ni su za proizvodnju PET-a
(polyethylene terephthalate), poliuretana (polyurethanes) i drugih trazenih
materijala. Proces se temelji na katalizatorima s rutenijem, poduprtima na ugljiku
i zeolitima, i odvija se u jednoj reakcijskoj posudi kroz sekvencu izomerizacije,
ciklizacije 1 aromatizacije. Time se postize energetski ucinkovitija,
niskotemperaturna alternativa konvencionalnoj reformaciji nafte (naphtha
reforming), uz vecu selektivnost i modularnost procesa. Posebna paznja
posvecuje se optimizaciji katalizatora kako bi se pove¢ao prinos monoaromatskih

spojeva i smanjilo stvaranje koksa.
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Sveukupno, ovi inovativni kataliticki sustavi pokazuju kako ciljana primjena
plemenitih metala moZe unaprijediti odrzivost, fleksibilnost i kruznost
petrokemijske proizvodnje. Visoka selektivnost, kompatibilnost s obnovljivim
sirovinama i moguénost primjene u postojecoj infrastrukturi ¢ine ih iznimno
pogodnima za smanjenje emisija, povecanje energetske ucinkovitosti i
poboljsanje gospodarske isplativosti. Kataliza se na taj nain potvrduje kao
kljuéni ¢imbenik u prijelazu prema industriji s niskim emisijama ugljika (low-

carbon industrial future)
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Chapter 1. Introduction

1.1. Introduction

The global chemical industry finds itself at a crucial crossroads. With the
intensification of climate change and rapid depletion of natural resources,
traditional fossil-based industrial models are being subjected to urgent
reevaluation. The chemical sector, especially petrochemicals, continues to serve
as a cornerstone of the global economy, providing essential inputs for polymers,
fuels, pharmaceuticals, fertilisers, and numerous materials integral to everyday
life. However, it is also one of the largest industrial contributors to greenhouse

gas emissions and a significant consumer of energy and water.%-2

According to the International Energy Agency (IEA), petrochemical production
represents approximately 10% of global final energy demand and is expected to
emerge as the largest driver of oil demand by 2030.3 Despite its economic
significance, the environmental externalities associated with petrochemical
operations have prompted widespread calls for decarbonization, material
circularity, and innovative processes. These challenges are further exacerbated
by growing public pressure, increasingly stringent regulations, such as the EU
Emissions Trading Scheme* and U.S. Clean Energy Incentives®, and evolving
investor expectations concerning Environmental, Social, and Governance (ESG)

performance.®

In response to evolving market demands, leading chemical manufacturers are
redefining their growth strategies. Prominent global corporations such as BASF,
Dow?®, SABIC®, LyondellBasell®, and Shell Chemicals'! have set ambitious
sustainability targets, including carbon neutrality, renewable feedstock
integration, and electrification of production processes. Furthermore, new market

entrants and clean-tech startups are emerging with the intent to commercialise
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groundbreaking technologies, including CO- utilisation, bio-based monomers,
and the depolymerisation of waste plastics.’? Investment in green chemical
technologies has experienced significant growth, with over $60 billion USD
directed toward sustainable materials and low-emission chemicals from 2020 to
2024. Notably, bio-based fuels and specialty catalysts are identified as key
growth segments within this investment landscape.®*? Petrochemical activities
are also associated with significant air and water pollution, including the emission
of volatile organic compounds (VOCs), particulate matter, and heavy metals,

which have direct impacts on human health and ecosystems.314

In the context of these structural shifts, catalysis has evolved from a supportive
tool to a pivotal force enabling the industry’s transition. More than 90% of
chemical manufacturing processes utilise catalysts, which play a vital role in
improving energy efficiency, selectivity, and reducing emissions.*> These
processes can lower reaction temperatures, eliminate hazardous reagents,
minimise waste, and unlock new reaction pathways not achievable with
traditional methods.'” Such capabilities are essential for creating economically
viable and environmentally sustainable manufacturing platforms. These
attributes are essential for the development of next-generation manufacturing

platforms that are both economically viable and environmentally sustainable.
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1.1.1. Greenand Sustainable Chemistry: Principles and Context

As industrial systems move toward greater environmental responsibility, the role
of chemistry, especially catalysis, has evolved into a key driver of sustainable
innovation. Green catalysis has emerged as a vital approach, enabling efficient
and selective chemical transformations with minimal environmental harm.® It
encourages the use of safer reagents and solvents, lowers reaction temperatures,
and enhances atom economy while reducing energy consumption.'® Unlike
traditional methods that address waste after it is generated, green catalysis strives
to eliminate waste at the source by incorporating sustainability principles in the
design of both molecules and processes.?® This proactive approach is essential for
the future of the chemical industry. The focus of green catalysis is to improve
molecular transformations while minimising waste and hazardous inputs, while
also optimising energy and material use right from the outset. This strategy aligns

with broader ecological and societal goals.!*?°

The theoretical and practical foundations of green catalysis are anchored in the
12 Principles of Green Chemistry (see Figure 1-1), formulated by Paul Anastas
and John Warner in 1998.2222 These principles offer a comprehensive framework
for constructing environmentally sustainable chemical processes. They
encompass the entire lifecycle of a chemical process, addressing aspects such as
feedstock selection, reagent choice, energy input, product design, degradation,
and end-of-life considerations. Since their introduction, these principles have
received widespread acclaim in academic, regulatory, and industrial sectors as
both evaluative benchmarks and strategic designs for sustainable chemistry. Far
from being a static checklist, the principles of green chemistry are increasingly
recognised as interconnected guidelines that embody a systems-level perspective.

The prevention of waste (Principle 1) is a cornerstone of green chemistry,
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emphasising the importance of optimising processes at the outset rather than
relying on remediation. Atom economy (Principle 2) underscores the necessity of
maximising the incorporation of all materials into the final product, thereby
enhancing efficiency and minimising raw material consumption. Furthermore,
these principles advocate for the use of less hazardous chemical syntheses
(Principle 3), the design of safer chemicals (Principle 4), and the reduction or
elimination of auxiliary substances, such as solvents (Principle 5). In the realm
of industrial energy demands, Principle 6 underscores the importance of energy
efficiency by promoting processes that function at ambient temperature and
pressure whenever feasible. This strategy effectively reduces the environmental
impacts associated with heating, cooling, and pressurisation. Principle 7
advocates for a shift away from depleting fossil resources towards renewable
feedstocks, such as biomass or materials sourced from waste. Additionally,
Principle 8 recommends avoiding unnecessary derivatisation steps, such as the
use of protecting groups, which often increases chemical waste and energy usage.
Principle 9 emphasises catalysis as a preferred method of activation, enabling
reactions to occur with fewer reagents, generating fewer by-products, and
achieving improved selectivity. Furthermore, the integration of real-time
analytical techniques, as outlined in Principle 11, enhances process control and
safety. Finally, Principle 12 promotes the concept of inherently safer design,
advocating for the use of materials and conditions that minimise the risks of

explosions, fires, or toxic releases.?
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Inherently Safer Prevention
Chemistry for T Atom Economy
Accident Prevention |

' ) . Less Hazardous
Real-time Analysis : : Chemical Syntheses

Design fo! Designing Safer
Degradation Chemicals
Use of 1 Safer Solvents
Degradation and Auxiliaries
Energy Efficiency

Use of Renewable
Feedstocks

Design for
Degradation

Figure 1-1 Schematic representation of the Twelve Principles of Green Chemistry as
defined by Anastas and Warner.?

The emergence of sustainable chemistry represents a significant conceptual and
practical evolution of green chemistry, extending its focus beyond process-level
efficiency to encompass full-system considerations such as lifecycle assessment,
economic feasibility, regulatory alignment, and resource circularity.?® This
broadened perspective reflects a shift toward integrating environmental, social,
and economic dimensions within chemical innovation.?* Rather than emphasising
harm reduction alone, sustainable chemistry promotes the design of regenerative
systems, those capable of renewing resources, minimising waste, and maintaining

resilience under shifting industrial and ecological conditions.?> 2

Central to this framework is the adoption of strategies that simultaneously support
environmental stewardship and economic performance. These include the

valorisation of biomass and waste-derived inputs, the selection of recyclable or
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renewable feedstocks?+?’, and the design of catalysts that are robust, selective,
and readily regenerable.?® By increasing reaction selectivity and reducing
auxiliary inputs, such systems enhance material and energy efficiency while
mitigating the generation of hazardous by-products. In this regard, catalysis
continues to play a pivotal role, not merely by accelerating reactions but by
enabling entirely new pathways that align with sustainability targets. Its capacity
to operate under mild conditions, facilitate multi-functional transformations, and
support process intensification renders it indispensable to sustainable chemical

manufacturing.

This integrative approach holds particular significance in petrochemical refining
and downstream production, where entrenched reliance on fossil feedstocks, high
thermal demands, and complex separations present persistent environmental and
economic challenges. In these high-impact domains, catalysis serves as a
transformative platform for implementing green chemistry principles at scale.
Strategic catalyst development, coupled with judicious feedstock selection and
advanced reaction engineering, enables a shift away from resource- and energy-

intensive practices toward cleaner, more circular models of production.?’

The catalytic systems examined herein, spanning biomass upgrading, acetylene
hydrogenation, and aromatic hydrocarbon synthesis, exemplify how these
concepts can be operationalised. Each system reflects a deliberate alignment with
sustainability metrics, not as an add-on, but as an intrinsic element of the reaction
design process. By integrating performance optimisation with environmental
responsibility, these case studies highlight the feasibility of embedding
sustainable chemistry principles into the foundations of modern industrial

practice.?®
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Recent developments indicate a significant redefinition of chemical innovation.
The field is increasingly defined not just by maximising output, but by a systemic
approach that emphasises durability, adaptability, and ecological compatibility.
In this context, sustainable chemistry is no longer optional; it has become an
essential scientific methodology for advancing technological progress within the
limits of our planet.®® This transformation is most effectively expressed through
the lens of catalysis, which offers a pathway to align industrial productivity with

environmental integrity in an era marked by constraints and complexity.

1.1.2. Catalysis

The term "catalysis" was introduced in 1835 by Swedish chemist Jons Jacob
Berzelius. A clearer definition emerged in 1894 when Professor Wilhelm
Ostwald described it as "the acceleration of a slow chemical process by an
external material,” known as a catalyst.>* This substance remains unchanged
during the reaction and does not affect the overall stoichiometry. Ostwald's
groundbreaking work earned him the Nobel Prize in Chemistry in 1909,

recognising his contributions to both catalysis and chemical equilibria.®?

Following these early developments, catalysis began to be recognised as an
independent scientific discipline in the early 20th century.® Its importance has
since expanded significantly. Today, catalytic processes are employed in the
majority of industrial chemical transformations. It is estimated that approximately
95% of chemical products produced by the industry are synthesised using

catalysts, which contribute to nearly 80% of the sector's total added value.?*

In a catalytic reaction, a catalyst enables an alternative pathway that has a lower

activation energy barrier (E,). As illustrated in Figure 1-2, this function is
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achieved by decreasing the energy required to reach the transition state, thus
accelerating the reaction rate without altering the system's thermodynamic
properties. This principle facilitates the effective conversion of reactants into
products under milder conditions than would otherwise be necessary, enhancing
both the selectivity and speed of chemical transformations.®%

A

Transition state

Reactants

AG
Products

Potential Energy

>

Reaction Coordinate

Figure 1-2 Schematic representation of the catalytic effect on reaction energy profile,
illustrating the reduction in activation energy (E.) through an alternative pathway with a

catalyst.

The introduction of catalysts has not only made previously unattainable reactions
possible but has also significantly improved the efficiency, selectivity, and
sustainability of chemical processes. These advancements have resulted in
reduced costs, minimised waste, and enhanced compliance with environmental

regulations in industrial operations.
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Catalytic processes can be categorised based on the energy source employed to
drive the reaction. Traditionally, they are classified as thermocatalytic,
electrocatalytic, or photocatalytic, depending on whether thermal energy,
electrical input, or light serves as the driving force.3” Additionally, catalysis can
be distinguished by the physical phase relationship between the catalyst and the
reactants. In homogeneous catalysis, both the catalyst and the reactants exist in
the same phase (typically liquid). In contrast, heterogeneous catalysis involves a
catalyst that is in a different phase (usually solid) from the reactants. Biocatalysis
refers specifically to catalytic processes mediated by enzymes, representing a
biologically derived subset of homogeneous catalysis characterised by highly
specific activity under mild conditions.?” These classifications not only illuminate
mechanistic differences but also inform catalyst design, process engineering, and
the selection of suitable operating conditions for implementation at both
industrial and laboratory scales. A more detailed discussion of these catalytic

modes will follow in the subsequent sections.

1.1.2.1. Homogeneous vs Heterogeneous Catalysis

Catalytic processes are commonly classified according to the physical state of the
catalyst relative to the reactants. The two primary categories, homogeneous and
heterogeneous catalysis, differ in their mechanisms, operational benefits, and
practical limitations. Each type offers distinct advantages depending on the

specific application and scale of the process.®

In homogeneous catalysis, the catalyst and reactants exist in the same phase,
typically in a liquid medium. This arrangement promotes efficient interactions,

leading to faster reaction rates and better product formation. The uniform
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distribution of the catalyst minimises mass transfer limitations, allowing for
precise control over reaction rates by adjusting factors like ligand environments
and solvent polarity. This type of catalysis is especially useful in fine chemical
synthesis and pharmaceuticals, where controlling enantioselectivity and
regioselectivity is crucial.®® However, challenges include the difficulty of
separating and recovering the catalyst from the mixture, which can be complex
and costly on an industrial scale. Additionally, some homogeneous catalysts may
lack stability during prolonged use or at high temperatures, affecting their

reusability and long-term effectiveness.>%

Heterogeneous catalysis involves catalysts and reactants that exist in different
phases, typically with solid catalysts interacting with liquid or gaseous
substrates.®® This arrangement offers several operational advantages, including
simplified catalyst separation, enhanced thermal and mechanical stability, and the
ability to reuse catalysts across multiple cycles. Consequently, heterogeneous
catalysis is often the preferred method for large-scale industrial processes such as
hydrocracking, steam reforming, and catalytic oxidation.** However, the
effectiveness of heterogeneous systems may be influenced by surface
phenomena, including limitations in mass transport, accessibility of active sites,
and catalyst deactivation caused by sintering or fouling. Factors such as surface
morphology, particle size, and the porosity of the catalytic material play crucial

roles in determining the efficiency and selectivity of these reactions.*?

The choice between homogeneous and heterogeneous catalysis is influenced by
various factors, including the type of reaction, the desired product, production
scale, and economic considerations. Homogeneous systems typically offer
enhanced precision and finely tuned reactivity. In contrast, heterogeneous

catalysts are recognised for their superior processability and long-term

14



Chapter 1. Introduction

operational stability. Furthermore, there is a growing interest in hybrid
approaches, such as supported molecular catalysts or phase-transfer systems, that
aim to integrate the benefits of both catalysis types. This integration broadens the
applicability of catalytic science in the pursuit of sustainable chemical

production, 374344

1.1.2.2. Supported Catalysts in Heterogeneous Catalysis

In heterogeneous catalysis, the properties of catalyst supports play a crucial role
in the performance of active metal species. The effectiveness of a catalyst,
measured by its activity, selectivity, and resistance to deactivation, relies heavily
on the support material as well as the catalytic phase. Therefore, catalyst design
increasingly focuses on optimising support characteristics, such as porosity,
surface area, acidity, and thermal stability, to meet the needs of specific
reactions.*>*6 Various support architectures, including activated carbon, different
oxides, zeolites with defined microporosity (like FAU and MFI topologies), and
metal-organic frameworks (MOFs), are implemented to enhance the performance
of noble metals such as palladium, gold, and ruthenium.*’=*® These materials are
utilised in diverse applications, including sustainable fuel synthesis, olefin
purification, and aromatic compound production. Importantly, no single support
material can fulfil all catalytic requirements. Each class of support presents
distinct properties that can be strategically leveraged based on the particular

reaction environment and desired outcomes.

Activated carbon has traditionally been selected for applications requiring a
chemically inert and redox-neutral platform. Its impressive thermal conductivity

and wide pore distribution render it effective for facilitating transformations
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under relatively mild conditions. However, its structural confinement is
somewhat limited, and the absence of acid-base functionalities restricts its
effectiveness in reactions that benefit from protonic activity. Despite these
drawbacks, activated carbon remains a valuable resource in hydrogen-borrowing
and condensation systems, where suppressing side reactions and ensuring

uniform metal dispersion are critical >3

Zeolites are utilised when precise structural and acidic characteristics are
required.> Their crystalline frameworks impose selective size and shape
constraints on reactant molecules, facilitating highly specific interactions with
active sites. The solid architecture of zeolites provides excellent thermal stability,
and their Brgnsted acid sites enable a diverse range of proton-mediated reactions.
However, this acidity may also lead to unwanted side reactions, particularly in
hydrothermal environments or under conditions prone to coking. As a result, it is
crucial to carefully manage process parameters and implement effective

regeneration strategies.> >’

Metal-organic frameworks (MOFs) have recently emerged as a highly versatile
alternative to conventional supports, thanks to their structural tunability. By
modularly assembling organic linkers and metal nodes, MOFs offer remarkable
flexibility in designing both pore environments and local electronic structures.
Their ability to incorporate single atoms or bimetallic dimers within defined
cavities facilitates atomic-level control over active site behaviour. While earlier
generations of MOFs were prone to moisture and thermal sensitivity, recent
advancements in framework design, especially those that involve zirconium
clusters, have significantly improved their stability, allowing these materials to

withstand the rigorous demands of catalytic processing.*®-°
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When evaluating these materials across various criteria, the distinctions between
them become more apparent. Activated carbon is commonly preferred for its high
surface area and inertness, though it provides limited control over reaction
microenvironments. Zeolites, on the other hand, offer a balance of thermal
resilience and shape selectivity, but may require optimisation to minimise coke
formation and catalyst degradation. MOFs, which are still under extensive
development, provide the greatest degree of architectural tunability. This allows
for site-specific catalysis and the integration of hybrid functionalities that are
difficult to achieve with inorganic supports alone. (A comprehensive comparison

is available in Table 1-1., and Figure 1-3)
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Table 1-1 Comparative Properties of Common Catalyst Supports®® 6% 62
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As the complexity of catalytic processes increases, encompassing not only
activity and selectivity but also integration, renewability, and scalability, the
imperative for rational support design becomes more critical. There is a notable
transition towards hybrid supports that amalgamate the benefits of various
support classes. Advanced materials, including carbon-coated MOFs,
hierarchical zeolite frameworks, and mesoporous composites, are being
meticulously engineered to combine the chemical inertness, structural definition,
and tunable functionalities that individual supports often lack. These innovations
in supported catalysts are poised to address the rising challenges in sustainable

and high-performance chemical manufacturing.®-%°

The interfacial chemistry between the metal and its support is fundamentally
influential in shaping catalytic performance. Key factors such as support polarity,
pore architecture, and surface functionalization significantly affect electron
transfer dynamics, metal particle size, and resistance to sintering
phenomena.®® ¢ For instance, palladium-gold (Pd-Au) systems supported on
MFI zeolites exhibit superior electronic communication, effectively lowering
activation energy barriers in acetylene conversion.®”% In contrast, palladium on
carbon (Pd/C) systems primarily rely on uniform dispersion and accessibility to

active sites.°

When employing ruthenium, non-acidic oxide supports have been strategically
utilised to balance redox activity with thermal stability, facilitating low-

temperature aromatisation while mitigating coke formation.”®"
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Activated
Carbon

Zeolites MOFs

Figure 1-3 Schematic Overview of Key Supports in Heterogeneous Catalysis

Future developments in heterogeneous catalyst design are expected to focus on
hybrid supports that combine the best characteristics of current systems. New
composite materials, including carbon-coated MOFs, mesostructured oxides, and
hierarchical zeolites, are being developed to address issues related to stability,
selectivity, and effective metal anchoring.”>”® These advancements aim to
prolong catalyst lifespan and improve atomic efficiency by allowing
configurations of single atoms or dimers, especially important for noble metal
catalysts, given the need for resource conservation.”*” Despite these
advancements, heterogeneous catalytic systems still encounter significant
challenges that limit their industrial application. Catalyst deactivation from coke
buildup, metal leaching, and insufficient stability under high-temperature or high-
pressure conditions are persistent issues.” In processes like olefin aromatisation,
the creation of oligomeric by-products can block active sites, complicating the
reaction. Additionally, scaling up these systems raises practical challenges in heat
and mass transfer, reactor compatibility, and process consistency. Recent
progress in synthesis techniques and regeneration methods is aimed at

overcoming these obstacles. By optimising support morphology and
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incorporating dopants, researchers are enhancing the stability and reusability of
catalysts.”® This makes supported metal catalysts essential for developing
sustainable heterogeneous catalysis, providing a framework for environmentally
friendly and economically viable chemical processes. These solid supports not
only improve catalyst performance but also affect reaction pathways, promoting
mechanisms such as hydrogen transfer and isomerisation.”®”’ Heterogeneous
catalytic systems are particularly valued for their resilience in harsh industrial
settings, such as catalytic cracking, and their compatibility with various

feedstocks, including biomass and olefin-rich streams.®

1.1.3. Catalysis in Modern Petrochemical Refining

Modern petrochemical refining encompasses a series of interconnected catalytic
processes that transform crude oil into fuels and valuable chemical intermediates.
The process commences with atmospheric distillation, wherein crude oil is
separated into distinct fractions based on their boiling ranges. Key outputs from
this distillation include light gases, naphtha, kerosene, and light gas oils.™
Naphtha, a light distillate with a boiling range of approximately 30-200 °C, is an
essential feedstock due to its diverse molecular composition and reactivity. It
serves as a precursor for two critical transformations: steam cracking, which
yields light olefins” and catalytic reforming, which produces aromatic
hydrocarbons (BTX: benzene, toluene, xylenes).”8 The conversion of these
fractions, particularly those that generate ethylene, BTX aromatics, and
cyclohexanol/cyclohexanone (KA oil), is crucial for minimising the
environmental impact of the chemical industry and meeting low-carbon

regulations.
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1.1.3.1. Selective Hydrogenation of Acetylene: Catalytic Precision in

Ethylene Purification

In the broader context of modern petrochemical refining, the production of
polymer-grade ethylene is a fundamental aspect of global chemical
manufacturing. Ethylene is primarily produced through the steam cracking of
naphtha and serves as the essential building block for a wide variety of
downstream products, such as polyethylene, ethylene oxide, and polyvinyl
chloride.®* With annual global demand exceeding 200 million tons, the purity of
ethylene streams is vital for maintaining the integrity of polymerisation processes

and ensuring the quality of the final products.5283

The steam cracking process operates at temperatures of approximately 800 °C,
involving the thermal decomposition of light hydrocarbons extracted from the
upper portion of the atmospheric distillation column.88* This process produces
light olefins, such as ethylene and propylene.® However, a significant challenge
arises from the co-production of acetylene, which typically occurs in
concentrations below 1%. While its quantity is minimal, acetylene's high
reactivity and strong adsorption affinity present serious issues. It has the potential
to irreversibly deactivate polymerisation catalysts, promote the formation of
undesirable oligomeric by-products commonly known as "green oil," and create
localised hot spots due to its exothermic reaction characteristics. To address these
risks, a selective hydrogenation step is employed to convert acetylene into
ethylene or ethane, depending on the specific process conditions and economic
priorities. Although this purification step involves only a small volume, it plays
a crucial role in maintaining the continuity and safety of large-scale ethylene
production. The success of this step depends on the catalytic system's ability to

balance activity and selectivity, achieving a high conversion rate of acetylene
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while minimising over-hydrogenation to ethane, which could otherwise reduce

product yield and economic viability.8687

Historically, palladium-based catalysts supported on porous carriers such as
alumina or carbon have been utilised for this purpose. While these catalysts
demonstrate effectiveness, they often encounter selectivity limitations,
particularly under front-end conditions where hydrogen partial pressures are
elevated. Excessive hydrogenation can lead to the undesired formation of ethane,
diminishing atom efficiency and increasing the load on downstream separation
units. Furthermore, frequent regeneration of these catalysts is required due to
deactivation caused by coke deposition or metal sintering, adversely affecting

overall process economics.®-

Recent advancements have highlighted the potential of bimetallic Pd—Au alloy
catalysts, which offer substantial enhancements in selectivity and stability. The
addition of gold modifies the electronic properties of palladium, influencing
hydrogen adsorption strength and inhibiting deep hydrogenation pathways. These
improvements increase the selectivity of acetylene to ethylene, decrease ethane
formation, and prolong the catalyst's lifespan.®192 Moreover, supports such as
zeolites and MOFs have been explored to further refine reaction environments
through shape selectivity and metal confinement.®*** These innovations not only
boost performance but also resonate with several Principles of Green Chemistry.
Enhanced selectivity and minimised over-hydrogenation relate to Principle 1
(Waste Prevention) and Principle 2 (Atom Economy). The preference for
catalysts over stoichiometric reagents exemplifies Principle 9, while reduced
hydrogen and energy requirements support Principle 6 (Energy Efficiency).
Additionally, the use of operando techniques, such as in situ transmission electron

microscopy (TEM) and X-ray absorption spectroscopy (XAS), has yielded real-
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time insights into active site dynamics, aligning with Principle 11 (Real-Time
Analysis for Pollution Prevention) and promoting the rational design of
catalysts.?:%

From an industrial and economic perspective, optimising the hydrogenation of
acetylene is essential. Improved catalyst performance not only reduces hydrogen
demand but also lowers operating temperatures and extends maintenance
intervals due to enhanced durability. Collectively, these factors increase plant
throughput, decrease operational costs, and elevate profit margins, outcomes that
are especially critical in light of rising energy prices and increasingly stringent
environmental regulations.®* Although the selective hydrogenation of
acetylene is relatively modest in scale compared to the overall volume of ethylene
production, it is a vital component of petrochemical operations, as poor control
can result in operational problems, catalyst poisoning, and costly process
interruptions.®® The ongoing refinement in this area illustrates how advancements
in catalyst technology, grounded in a thorough understanding of molecular
mechanisms and sustainability principles, can transform a necessary purification
step into a platform for process optimisation, energy efficiency, and
environmental stewardship.®**®® As demand for ethylene continues to grow
alongside global urbanisation and industrialisation, the strategic enhancement of
this catalytic process will remain central to the competitiveness and sustainability

of the polymer value chain.®":1%
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1.1.3.2. Aromatic Hydrocarbon Production

Aromatic hydrocarbons, benzene, toluene, and xylenes, collectively referred to
as BTX, are pivotal to the global chemical economy. These compounds serve as
vital intermediates in the production of a range of materials, including
polyethylene terephthalate (PET), polyurethanes (PU), styrenics, and high-octane
fuels. For instance, p-xylene is oxidised to yield terephthalic acid, a key monomer
in PET production. In addition, toluene and benzene act as precursors for the
isocyanates essential for manufacturing polyurethanes, specifically toluene
diisocyanate (TDI) and methylene diphenyl diisocyanate (MDI).2%%1%2 The global
demand for these materials is significant: annual benzene production exceeds 50
million tons, while ethylbenzene (used for styrene) and p-xylene (for PET) add
approximately 47 million tons and 30 million tons, respectively.%21% This scale
of production highlights the economic and strategic importance of BTX,
particularly within industries such as packaging, automotive, textiles, and

construction.

The naphtha fraction, obtained from the midsection of the atmospheric distillation
column (with a boiling range of approximately 30-200 °C), has historically been
the primary feedstock for catalytic reforming, the predominant industrial method
for producing BTX aromatics.'%1% This process involves a series of reactions,
including dehydrogenation, isomerisation, cyclisation, and aromatisation, all
catalysed by platinum supported on chlorinated alumina, and takes place at
temperatures between 480 and 520 °C under moderate pressures.'® Despite its
long-standing efficiency and high throughput, catalytic reforming presents
notable sustainability and operational challenges. The significant energy input
leads to considerable CO- emissions, while the use of chlorinated supports raises

concerns of corrosion and necessitates frequent catalyst regeneration due to coke
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formation. These factors not only complicate operations but also increase the
environmental impact, highlighting the need for more sustainable alternatives. A
parallel method known as Friedel-Crafts alkylation produces BT X derivatives by
alkylating benzene with light olefins. While early implementations relied on
liquid acid catalysts such as aluminium chloride (AlCls) or hydrofluoric acid
(HF), modern systems have shifted to solid acid zeolites, including H-ZSM-5 and
H-Beta.’” These solid catalysts offer advantages such as shape selectivity,
reusability, and a cleaner waste profile. However, these systems are not without
their challenges. They require high-purity feedstocks and operate under harsh
conditions, typically at temperatures between 200 and 400 °C and at elevated
pressures.’®” Furthermore, catalyst deactivation can occur due to coke
accumulation and olefin polymerisation within the micropores. Additionally,
both reforming and alkylation processes are primarily optimised for fossil-
derived hydrocarbons, posing integration challenges as the industry increasingly
transitions  toward bio-based, olefin-rich, or oxygenate-containing

feedstocks,10%:108.109

To tackle these constraints, research is increasingly shifting towards alternative
catalytic platforms that provide enhanced feedstock flexibility, improved energy
efficiency, and better alignment with green chemistry principles. One of the most
promising strategies involves the direct aromatisation of long-chain a-olefins,
such as 1-octene, using ruthenium-based catalysts supported on carbon or oxide
materials (for example, SiO. and Al.Os) or bifunctional zeolites like
HZSM-5.110111  These olefins, which can be sourced from ethylene
oligomerisation, Fischer—Tropsch synthesis, or renewable biomass streams,
undergo isomerisation, cyclisation, and dehydrogenation in a single reactor step

at moderate temperatures (approximately 300 °C).110112-114 ynlike traditional
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reforming methods that require multiple steps and significant energy input, the
Ru-catalysed approach presents a coke-resistant, halogen-free, and regenerable
alternative. Crucially, this process produces mono-alkyl aromatics that can be
selectively adjusted (for instance, to yield either toluene or xylene) based on the
catalyst structure and reaction conditions. This versatility enables targeting
specific downstream markets, such as TDI for polyurethane foams or PET for
packaging applications.

From a mechanistic standpoint, Ru catalysts enable a "cascade reaction," where
terminal alkenes first isomerise into internal alkenes, followed by cyclisation and
aromatisation, often generating hydrogen gas as a byproduct.**>¥” This process
operates efficiently without the need for Brgnsted acids, chlorinated promoters,
or multi-stage reactor designs, thereby reducing environmental risks and
streamlining process integration. These advancements provide significant
benefits in terms of sustainability, economic viability, and process adaptability.
Lower operational temperatures lead to decreased furnace usage and CO:
emissions, extending catalyst lifetimes and reducing the frequency of
regeneration. The absence of corrosive additives is in line with Principles 4 and
5 of green chemistry (Designing Safer Chemicals and Safer Auxiliaries), while
atom-efficient pathways and the potential for hydrogen co-generation uphold
Principles 1, 2, and 6 (Waste Prevention, Atom Economy, and Energy
Efficiency).?® Moreover, the capability to process unconventional or renewable
feedstocks makes Ru-based aromatisation particularly attractive in a
decarbonising economy, where diversifying raw material sources is both a
technical and regulatory imperative.!*3119 Operationally, these systems can either
be retrofitted into existing aromatics production infrastructure or deployed in

modular units located near bio-feedstock sources. This decentralisation lowers
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capital intensity and facilitates on-site production of aromatics, minimising
logistical and environmental constraints. From a market perspective, this
modularity supports the sustained growth of aromatic demand within both
traditional fossil-based and emerging green chemical value chains.

1.1.3.3. Catalytic Upgrading of KA QOil: A Pathway to Sustainable

Aviation Fuel

In the realm of modern petrochemical reforming, there is an increasing emphasis
on the strategic revaluation of intermediates that are already produced in
significant volumes within the chemical supply chain. One notable candidate in
this regard is KA oil, a mixture of cyclohexanol and cyclohexanone, which is
primarily used in the production of adipic acid for nylon-6,6.12>12* KA oil can be
derived from the oxidation of cyclohexane, an output of benzene hydrogenation,
or through the processing of cycloparaffins within the kerosene distillation
range.*?124125 \With global production exceeding 8 million tons annually, KA oil
is not only abundant but also logistically accessible and chemically versatile.!?
As the aviation sector faces increasing pressure to reduce carbon emissions, given
that it accounts for approximately 2—-3% of global CO. emissions, attention has
shifted toward Sustainable Aviation Fuels (SAFs) as a promising alternative to
fossil-derived jet fuels.'?® The International Air Transport Association (IATA)
suggests that SAFs could contribute up to 65% of the total emissions reductions
needed to achieve net-zero aviation by 2050. However, current production of
SAFs remains minimal compared to the anticipated demand of over 400 million
tonnes per year, highlighting the urgent need for scalable, renewable, and

economically viable production solutions.'?":128
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In this context, the upgrading of KA oil via hydrogen-borrowing condensation
(HBC) catalysed by palladium on carbon (Pd/C) has emerged as a promising
approach. This redox-neutral mechanism features internal hydrogen transfer
steps, thereby eliminating the need for external hydrogen gas and aligning with
Principle 6 (Energy Efficiency) and Principle 2 (Atom Economy).'?*13° During
the process, the alcohol component of KA oil undergoes dehydrogenation to form
a carbonyl. This is followed by C-C bond formation through aldol-type
condensation, after which the compound is rehydrogenated using the “borrowed”
hydrogen, yielding only water as a by-product.®**%3! This method effectively
minimises waste and eliminates the need for additional oxidants or reductants,
adhering to Principle 1 and Principle 8 (Reduce Derivatives). The reaction occurs
under mild conditions, around 130 °C, and is solvent-free, using liquid reactants
that enhance safety and reduce the need for auxiliary inputs, aligning with
Principle 5 (Safer Solvents and Auxiliaries). Additionally, incorporating
biomass-derived alcohols like ethanol, n-butanol, and furfuryl alcohol as co-
reactants promotes the use of renewable feedstocks, supporting Principle 7.3
Catalytic performance can be adjusted through ligand engineering on the Pd
surface, particularly using electron-rich phosphines, which influence
dehydrogenation rates and product distribution. This adaptability aligns with
Principle 9 (Catalysis), favouring catalytic methods for better selectivity and
efficiency.® The ability to control the product profiles, including linear,
branched, or cyclic hydrocarbons, ensures compliance with Jet A-1 fuel

specifications.

In practical terms, the Pd/C catalyst system is recyclable and maintains its activity
over multiple reaction cycles, improving both catalyst life and process

economics.®*® Furthermore, gram-scale demonstrations confirm the process's
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scalability and reproducibility in industrial settings. The industrial implications
are considerable. Repurposing KA oil, an already abundant feedstock, provides
nylon producers and chemical manufacturers with a new opportunity to enter the
SAF market. This strategy can diversify revenue streams and enhance asset
flexibility. Additionally, since KA oil can be sourced from bio-based benzene or
through biochemical pathways to produce adipic acid, transitioning to SAF via
this route could ultimately facilitate net-zero carbon fuel cycles.'** Moreover, the
process necessitates minimal adjustments to the current infrastructure. The
compatibility of KA oil upgrading with existing refining and distribution systems
allows for swift integration, low capital investment, and modular implementation.
This makes it particularly attractive for regions that have well-established

petrochemical operations but limited renewable fuel infrastructure.*

1.1.3.4. Converging Catalytic Innovations for a Low-Carbon

Petrochemical Future

The catalytic systems discussed in Sections 1.1.3.1 to 1.1.3.3 (see Figure 1-4)
represent a unified strategic approach to modernising petrochemical
manufacturing. Though each process addresses a distinct sector within the
chemical value chain, they converge in both purpose and design: to enable high-
performance chemical transformations with reduced environmental impact.
Central to this integration is the deliberate use of noble metals, such as Pd, Ru
and Au, which collectively offer tunable reactivity, high selectivity, and thermal
resilience under industrial conditions.'?® A defining feature across these systems
is their sophisticated handling of hydrogen dynamics. In acetylene

hydrogenation, hydrogen is selectively activated to remove trace impurities
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without degrading valuable ethylene. In the conversion of KA oil to jet fuel,
hydrogen is internally cycled in a redox-neutral environment to drive C—C bond
formation, eliminating the need for external hydrogen. In olefin aromatisation,
controlled dehydrogenation is employed to generate aromatic hydrocarbons, with
hydrogen emerging as a useful co-product. These differing roles, activation,
borrowing, and release, demonstrate the catalytic precision required to manage
hydrogen pathways effectively across diverse chemical environments.
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Cl - C4 Ci—Cs gases (methane, ethane, propane, butane) )) ae )) Ethylene
G Petroleum gas / LPG (liquefied petroleum gas) FLIAY Chapter 5
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Medium-range hydrocarbons:
Gasoline (Cs—Cr2) Jet Fuel
Kerosene (Jet fuel)
Diesel (Ci2—Cz0) >) » >> Chapter 4
Light cycle oil
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Fractional Fuel ol i BTX A i
.. . Lubricating oil & romatics
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Figure 1-4 Conversion of Naphtha into Jet Fuel Precursors, Ethylene, Acetylene, and
BTX

Beyond the intricacies of reaction mechanisms, each of these catalytic platforms
presents a reimagined valuation of intermediate feedstocks. KA oil, traditionally
limited to nylon production, is now being redefined as a renewable precursor for
SAF. Acetylene, previously considered a contaminant, is recognised as a valuable
component that can be chemically upgraded to yield polymer-grade ethylene.

Long-chain a-olefins, often viewed as low-value byproducts from refinery
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processes or synthetic gas conversions, are emerging as promising starting
materials for BTX aromatic production, thereby eliminating the necessity for
high-temperature naphtha reforming. Collectively, these transformations redefine
the hierarchy of feedstocks and underscore the vital role of catalysis in converting
underutilised streams into strategic assets.

It is crucial to consider the compatibility of these processes with existing
infrastructure. Each system has been designed with modularity in mind,
facilitating seamless integration into current facilities with minimal disruption.
Pd-Au catalysts can be effectively employed in existing hydrogenation reactors,
while Pd/C systems for KA oil upgrading align well with downstream refinery
units.12%135 Furthermore, Ru-based aromatisation modules can be retrofitted into
or operated alongside reformers. This design approach minimises capital
investment and accelerates commercial adoption, an essential advantage in an
industry marked by tight margins and stringent environmental regulations. The
industrial synergy of these catalytic technologies becomes even more compelling
when viewed in light of global market trends. Ethylene, BTX aromatics, and
aviation fuels serve as the backbone of major sectors such as packaging,
transportation, textiles, and construction. Recent forecasts suggest that the SAF
market is projected to reach USD 131 billion by 2040, driven by decarbonization
mandates within the aviation sector. Additionally, the polyethylene market is
anticipated to exceed USD 267 billion by 2032, with polymer-grade ethylene
purification playing a vital role. Simultaneously, BTX derivatives, which are
essential for PET and styrenics, are expected to surpass USD 534 billion by
2034.13%-138 These projections underscore the economic necessity of scaling up
catalytic systems that can meet the growing demand while keeping environmental

costs in check. From a market perspective, these catalytic solutions are in
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alignment with significant growth sectors. These figures reflect not only the
economic importance of these products but also the scale at which clean
technologies must operate. Table 1-2 illustrates the global demand projections
anticipated by the year 2040:

Table 1-2 Projected Market Value and Demand for Key Catalytic Processes in

Sustainable Petrochemical Production

Market Annual
Catalytic Process Size Demand Key Products Year
(USD B) (MT)
. Sustainable Aviation
KA Oil to Jet Fuel 131 400-500 Fuel 2040
Ethylene
Purification 267 >150 Polyethylene 2032
(Pd-Au)
. PET, Styrene, High-
BTXfrom Olefins 534 ~150-200 Octane Fuel 2034

(Ru-Catalysed) Components

In addition to their market relevance, these systems undergo thorough lifecycle
assessments (LCA) and techno-economic evaluations to validate their
effectiveness. When compared to traditional methods, they offer enhanced
environmental and economic performance. For instance, hydrogen-borrowing
with Pd/C and related systems has been recognised as a powerful approaches that
avoid the direct use of molecular hydrogen, improves atom economy, and
minimises waste, offering significant synthetic, economic, and environmental

advantages over classical methods.!?® The borrowing hydrogen (BH) principle is
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highlighted for its ability to combine dehydrogenation, intermediate reaction, and
hydrogenation steps, often with water as the only by-product, thus reducing
greenhouse gas emissions and improving process efficiency.!?1% Furthermore,
transition metal-catalysed hydrogen-borrowing systems, including those
involving Pd and Ru, are praised for their high selectivity, catalyst stability, and
adaptability to both fossil-based and renewable feedstocks, supporting circular
carbon strategies and supply chain resilience. The use of earth-abundant and
noble metal catalysts in these processes is discussed in the context of both
economic and environmental performance, with recent reviews emphasising their
role in sustainable chemical synthesis and the potential for broad application

across diverse intermediates and feedstocks.13%:140

The strategic advantage of these systems extends beyond immediate efficiency
gains; they also offer long-term resilience through feedstock flexibility. Each
platform is capable of processing both fossil-based intermediates and renewable
alternatives, such as lignin-derived aromatics, ethanol-based ethylene, and bio-
based a-olefins. This compatibility with circular carbon sources encourages
diversification and ensures that chemical supply chains are better positioned to

withstand raw material volatility and regulatory changes.**

Recent advancements in catalyst design are significantly enhancing their
capabilities. Innovations like single-atom catalysts, regenerable supports, and
intelligent reactor controls are expected to boost scalability and
performance.**>143 This evolution positions noble metal catalysis as a key
component of the future of sustainable chemical manufacturing. Moreover, noble
metal-based catalysis has transformed into a vital force for industrial change,
moving beyond simply refining reactions. Each catalytic system now acts as both

a chemical solution and a modular tool that aligns production with sustainability
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objectives. By optimising waste streams, improving process selectivity, and
promoting the use of renewable resources, these catalytic strategies are leading
the charge toward a future characterised by low carbon emissions and high

efficiency in petrochemical manufacturing.#

Taken together, the convergence of these systems marks a significant shift in
petrochemical strategy. The traditional model of centralised, high-temperature
processing reliant on fossil fuels is being replaced by a modular, adaptive, and
catalyst-driven framework. In this new paradigm, catalytic innovation is not just
an enhancement; it acts as a unifying force that promotes decarbonization,
operational flexibility, and economic resilience. As industry stakeholders grapple
with increasing climate obligations, heightened market competition, and the
demand for more sustainable products, the advantages of noble metal catalysis
become increasingly apparent. Its adoption will be essential for shaping a
petrochemical sector that remains globally competitive while advancing towards

carbon neutrality, feedstock circularity, and sustainable growth.
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Chapter 2. Objectives

2.1. Objectives

The principal objective of this thesis is to investigate, develop, and integrate
advanced catalytic technologies that enhance the sustainability, efficiency, and
decarbonization of the petrochemical industry. This research is focused on three
interrelated catalytic processes that facilitate the conversion of hydrocarbon
intermediates obtained from naphtha distillation into high-value chemical

products. Specifically, the processes examined include:

1. The transformation of KA oil (a mixture of cyclohexanol and cyclohexanone)
into precursors for jet fuel.

2. The selective semihydrogenation of acetylene to purify ethylene for polymer

applications.

3. The isomerisation and aromatisation of terminal olefins, such as 1-octene, to

yield BTX (benzene, toluene, and xylenes) aromatics.

These processes target different downstream markets, sustainable aviation fuel,
polymer feedstocks, and aromatic base chemicals, but they are unified by their

reliance on naphtha as a common feedstock and noble metal catalysis.

This thesis adopts an integrated perspective, viewing these catalytic systems as
interconnected components within a broader framework of hydrocarbon
valorisation. This approach highlights the significance of process continuity,
mechanistic synergy, and relevance to industrial applications. To achieve this
comprehensive objective, the research is organised around the following specific

goals:
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Chapter 4: To establish a catalytic pathway for the sustainable
production of jet fuel from KA oil

This project focuses on the development and optimisation of a palladium on
carbon (Pd/C) catalytic system designed to convert cyclohexanol and
cyclohexanone into high-density hydrocarbon fuels. This transformation is
achieved through mechanisms such as deoxygenation, hydrogen borrowing, and
hydrocarbon coupling. The process is intended to operate under mild conditions,
specifically, at low temperatures and atmospheric pressure, to minimise energy
consumption and eliminate the need for solvents, adhering to green chemistry
principles. A key objective is to produce drop-in jet fuels that are fully compatible
with existing aviation infrastructure, all while significantly reducing lifecycle

greenhouse gas emissions in comparison to fossil-derived jet fuels.

Chapter 5: To design and evaluate Pd- and Pd-Au-based catalysts for

the selective semihydrogenation of acetylene

The aim of this research is to selectively convert acetylene, an undesirable
impurity in ethylene streams, into ethylene while avoiding overhydrogenation to
ethane. This process is designed to yield polymer-grade ethylene that is suitable
for polyethylene manufacturing. The study focuses on catalyst composition,
particularly bimetallic Pd—Au systems, and explores the role of support materials
such as MOFs and zeolites. These aspects are examined to enhance selectivity,
improve catalyst stability, and increase resistance to deactivation. This research
addresses a crucial industrial need, as acetylene poisoning can impair the
efficiency and economic viability of polymerisation catalysts used in

polyethylene production.
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Chapter 6: To develop a catalytic process for converting terminal
olefins into BT X aromatics using Ru-based catalysts

This research explores a one-pot transformation process that efficiently converts
1-octene and related linear olefins into benzene, toluene, and xylenes through a
series of tandem steps, including isomerisation, cyclisation, and
dehydrogenation. The study emphasises the use of ruthenium-supported
catalysts, investigating how factors such as support acidity, pore architecture, and
metal dispersion influence catalytic performance. This method offers a more
energy-efficient alternative to traditional catalytic reforming of naphtha for
aromatic production and represents a promising strategy for valorising olefin-rich

streams derived from steam crackers or bio-based sources.

The three catalytic systems are not merely isolated case studies; they form
essential components of a broader, interconnected framework for hydrocarbon
valorisation. Each process is derived from the naphtha fraction obtained during
crude oil distillation, which enhances feedstock continuity and supports the
development of modular catalytic platforms. Moreover, the employment of noble
metals, specifically palladium, ruthenium, and their alloys with gold, provides a
cohesive mechanistic and functional foundation. By merging the principles of
catalysis science with process engineering, this thesis contributes to the vision of
a circular petrochemical economy. The systems explored in this research
facilitate lower carbon footprints through minimised energy inputs, one-pot
processing, and the potential adaptation to bio-derived feedstocks. Additionally,
this work underscores the significance of catalyst design, especially through
alloying and support tailoring, in unlocking new reactivity pathways and

improving operational sustainability across diverse industrial sectors. In
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conclusion, the objective of this thesis is to present an integrated catalytic
framework that demonstrates how targeted innovations in noble metal catalysis
and reactor design can transform petrochemical processes to align with the
sustainability imperatives of the 21st century.
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3.1. Materials

Unless otherwise noted, all reagents, solvents, and catalysts were used as received
from commercial suppliers without any additional purification. These compounds
were primarily sourced from Merck Life Science S.L., TCI Europe N.V., and
Fluorochem, with typical purities ranging from 95% to 99%. Consumable
laboratory materials necessary for the experimental work were procured from
suppliers such as ViciLab, Vidra Foc, Agilent Technologies, and Biotage®. A
certified gas cylinder containing a custom blend of 1% acetylene in ethylene was
provided by Linde and was used as received. Cylinders of deuterium gas (D2 2.8,
99.8%) and carbon dioxide (CO-) were also obtained from Abell6 Linde and used

without further purification.

Compounds that were not commercially available, including starting materials,
intermediates, and catalytic systems, were synthesised following established or
modified procedures, as detailed in this chapter. The characterisation of these
compounds was conducted using standard analytical techniques, including gas
chromatography (GC), gas chromatography-mass spectrometry (GC-MS),
nuclear magnetic resonance spectroscopy (NMR), ultraviolet—visible

spectroscopy (UV-Vis), and X-ray diffraction (XRD), among others.
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3.2. Experimental Techniques

A comprehensive set of experimental and physicochemical techniques was
employed to characterise the synthesised materials and analyse their properties
and catalytic behaviour. The following subsections describe each technique used
in this work, detailing instrumentation, experimental conditions, and application

purpose:

a) Elemental analysis (E.A.)

The contents of nitrogen, carbon, and hydrogen (N, C, H) were determined using
a CNHS EA3000 elemental analyser (Eurovector), calibrated with

sulphanilamide standard from Elemental Microanalysis.

b) Inductively coupled plasma spectrometry (ICP-AES)

This technique was utilised to determine the metal content of solid catalysts
following complete dissolution via acid digestion. The catalysts were initially
treated with aqua regia (a combination of hydrochloric acid and nitric acid in a
3:1 ratio) to dissolve the metals. Next, they underwent treatment with a Piranha
solution (sulfuric acid mixed with a few drops of hydrogen peroxide at 100 °C)
to oxidise and remove any organic components. Hydrofluoric acid (HF) was
added, as necessary, to ensure the complete dissolution of any remaining residues.
After digestion, solutions were diluted with Milli-Q water, centrifuged, and
filtered to remove any carbonaceous residues, particularly for carbon-supported
noble metal catalysts. Metal quantification was carried out using either a Varian
715-ES or an iCAP PRO XP inductively coupled plasma atomic emission

spectrometer.
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¢) Thermogravimetric Analysis (TGA)

This technique was employed to study the decomposition and desorption of
molecules from solid materials as the temperature increased. Measurements were
conducted using a Netzsch STA 449F3 Jupiter apparatus, with a heating rate of
25°C per minute, in either an air or pure nitrogen atmosphere, across a

temperature range of 25°C to 800°C.

d) Powder X-ray Diffraction (XRD)

X-ray diffraction (XRD) was employed to determine the atomic periodic structure
of the solids. Measurements were carried out using a CubiX PRO diffractometer
(PANalytical) equipped with a Cu Ko radiation source (A = 1.5406 A) and a
PANalytical X'Celerator detector. The samples were analysed at room
temperature with continuous rotation at 0.5 revolutions per second to ensure
uniform exposure. Data were collected in the 26 range of 2° to 40°, with a step
size of 0.020° and an acquisition time of 35 seconds per step. The irradiated
sample area was maintained at 5 mm using a variable divergence slit.
Experimental diffractograms were compared against the PDF2 database for phase

identification.

Crystallite sizes were calculated using the Scherrer equation (1):

Kx2
(l) Dp - B xCos 0

where Dp= Average cystalite size, K=shape factor (0.94), f/= FWHM (Full Width
at Half Maximum), 6= Bragg angle, A= X-ray wavelength.

Lattice parameters were determined according to the crystal system (2-3).

For cubic systems (a=b =c):

69



Chapter 3. Methodology

a
@) A = Jgzmzim

i.e.: d111 = %
Tetragonal system (a=b#c):

3) 1 Rk 12
(dn)? a2 c?

1 h2+ k2 2
L. == a=b=V(—
(d110)? a? (d110)
. 1 12
le: = c=2X dooz

(doo1)? %’

These equations were used to calculate lattice constants based on measured

interplanar spacings.

e) CO chemisorption by the double isotherm method

The dispersion of noble metals (particularly Pd) in the catalyst was evaluated by
CO chemisorption using the double isotherm method on a Quantachrome
Autosorb-1C instrument. Catalyst samples were mixed with silica in a 60:40 ratio
(sample: SiO2) and pressed into pellets (0.8—-1.1 mm, ~300 mg). Prior to CO
adsorption, samples were degassed under vacuum. The first isotherm,
representing total CO uptake, was recorded by exposing the sample to pure CO.
After evacuation at 25 °C to remove reversibly adsorbed CO, a second isotherm
was measured. The amount of irreversibly chemisorbed CO was determined by

subtracting the second isotherm from the first.

Metal dispersion (D) was calculated using (4):
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(4) D (%) _ N XFg XM X100

x 100
Where: N represents the amount of chemisorbed CO (mol-g™), Fs denotes the
stoichiometric factor of CO to dispersed metal, M signifies the molar mass of the

metal, and L indicates the metal loading (in % wt).

The average metal particle diameter (d) was determined from (5):

L x6

(5) d= ASA xXZ x 100

where: ASA is the active surface area (m?-g '), calculated as (6):
(6) ASAsz X Fs XAm X NA

with An being the cross-sectional area per surface atom and Na being Avogadro’s

number, Z is the density of dispersed metal (g-m™).

f) X-ray absorption spectroscopy (XAS) — CLAESS (BL-22),
ALBA Synchrotron

X-ray Absorption Spectroscopy (XAS) at the Ru K-edge was conducted at the
CLAESS (BL-22) beamline of the ALBA Synchrotron Light Facility. Samples
were diluted in boron nitride and pelletized to optimise absorption. Despite the
relatively low Ru content (<1 wt%), measurements were conducted in
transmission mode using a multichannel Si detector, enabled by careful sample
dilution and optimization of pellet thickness. Monochromatization was achieved
with a Si(311) double-crystal monochromator, cryogenically cooled with liquid
nitrogen and equipped with piezo-controlled alignment for high stability. Beam

collimation and focusing were performed using a silicon mirror and a toroidal
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Rh/Pt-coated mirror, respectively, yielding a tunable beam size down to 8 x 1
pumz (H x V). The ex-situ measurements were conducted under ambient
conditions, with temperature-controlled environments available when required.

Several scans were collected to ensure reproducibility and signal quality.

Data processing was performed using the Athena software package. Energy
calibration was done by aligning the first inflexion point of a Ru foil reference to
22117 eV. Background subtraction and normalisation were carried out using
standard procedures, and the EXAFS region was isolated using the AUTOBK
algorithm with a spline over the k-range of 0-14 At and Rbkg = 1.1. Resulting
k3-weighted y(k) functions were Fourier transformed to R-space, and
coordination environments were analysed by fitting the data to single scattering
paths generated by FEFF6 based on crystallographic models. Fit quality was
assessed by minimising the R-factor and reduced ¥? using a systematic variable
selection strategy. Data treatment was carried out using Athena, with background
subtraction and normalisation performed via the AUTOBK algorithm
(k =0-19 A1, Rbkg = 1). Scattering paths were generated with FEFF6, and multi-
k-weighted fitting was performed in r-space using Larch. Fit quality was

evaluated by minimising the R-factor and reduced 2.

g) X-ray Absorption Spectroscopy (XAS) — NOTOS (BL-16),
ALBA Synchrotron

XANES and EXAFS measurements at the Pd K-edge (24.350 keV) were
performed on Pd—Au metal-organic framework (MOF) samples at the NOTOS
beamline of the ALBA Synchrotron Light Source (Barcelona, Spain).
Synchrotron radiation from a bending magnet was vertically collimated,

monochromatized using liquid-nitrogen-cooled Si(111) crystal pairs, and focused

72



Chapter 3. Methodology

onto the sample area (~500 x 500 pm?). Optical mirrors coated with a Rh stripe

were used for higher harmonic suppression.

Samples were prepared as 13 mm pellets diluted in cellulose and measured in
transmission mode using a six-element Silicon Drift Detector (Quantum
Detectors) in 45° geometry. A 4 um-thick Pd foil (Goodfellow, 99.99%) served
as an internal standard for energy calibration, alignment of consecutive scans, and
determination of the amplitude reduction factor (So?). Multiple scans were
recorded in continuous mode to ensure reproducibility and a high signal-to-noise

ratio.

The extended X-ray absorption fine structure (EXAFS) region was analysed over
the k-range of 3-10 A~'. Theoretical scattering paths were generated using the
FEFF6 code and fitted to the experimental spectra by adjusting coordination
numbers, interatomic distances, and Debye-Waller factors to extract local

structural information around the Pd centres.

h) X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) was employed to investigate the surface
composition and chemical states of the samples, taking advantage of the
technique’s high surface sensitivity (<10 nm) due to the limited escape depth of
photoemitted electrons. XPS measurements were conducted using a SPECS
system equipped with a Phoibos 150 MCD-9 multichannel analyser and a non-
monochromatic Mg Ka X-ray source (1253.6 eV, 50 W). The spectrometer’s
binding energy (BE) scale was calibrated using core-level signals from Cu and

Ag foils to match standard reference values.

Approximately 10 mg of powdered samples were pressed onto stainless-steel

sample holders and analysed at 25 °C under ultra-high vacuum (~10~ mbar).
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Spectra were acquired using a pass energy of 30 eV over a 7 x 20 mm? analysis
area. Recorded intensities were corrected using the instrument’s transmission
function. Data analysis was performed using CasaXPS software. Core-level
spectra were fitted using Gaussian—Lorentzian line shapes, with a fixed reference
for the C 1s peak at 284.8 eV (C-C/C-H from sp® carbon). Background
subtraction was carried out using either Shirley-type or U 2 Tougaard models. A
degree of asymmetry was introduced for the C 1s component corresponding to

graphitic carbon.

1) UV-Vis Absorption and Emission Spectroscopy.

UV-Vis diffuse reflectance spectroscopy was employed to probe the oxidation
state and dispersion of palladium species supported on various zeolites.
Absorption spectra were recorded at room temperature using an Agilent Cary
spectrophotometer (models 300 and 60) equipped with a xenon lamp and quartz
cuvettes of 1.0 and 0.1 cm optical path length. Fluorescence emission spectra
were acquired on an FLS1000 photoluminescence spectrometer using a 1 cm

guartz cuvette, in the range of 320-650 nm, with excitation at 300 nm.

j) CO adsorption measured by Fourier transform infrared
spectroscopy (CO-FTIR).

CO adsorption on metal-organic materials containing isolated Pd atoms and Pd—
Au dimers was investigated using Fourier transform infrared spectroscopy (CO-
FTIR). Measurements were conducted at room temperature in a sealed, airtight
transmission cell. Prior to CO exposure, the samples were subjected to vacuum
treatment (107 mbar) for 1 hour to remove physisorbed species. CO was then

introduced at controlled partial pressures ranging from 0.2 to 150 mbar. IR
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spectra were collected after equilibration at each pressure to monitor the
interaction between CO molecules and the metal centres.

k) Attenuated Total Reflectance Infrared Spectroscopy (IR-
ATR)

Attenuated total reflectance infrared spectroscopy (IR-ATR) was employed to
record the IR spectra of reaction solutions using a JASCO FT/IR-4000
spectrometer. Spectra were collected in the 400-4000 cm™! range by depositing a

small aliquot of the reaction mixture directly onto the instrument’s ATR crystal.

I) Pyridine Fourier-Transform Infrared Spectroscopy (Py-
FTIR)

This technique was used to examine how the metal composition of materials
consisting of Ru nanoparticles supported on HZSM5 affects the density and
characteristics of Lewis acid sites. Furthermore, the study quantified both

Bregnsted and Lewis acid sites across various zeolites.

To achieve this, the adsorption processes of pyridine on acid species were
monitored, as infrared spectroscopy allows differentiation between binding to
Brensted acid sites (pyridinium ion formation with a band at A = 1550 cm™) and
Lewis acid sites (band at A = 1450 cm™). Using the methodology proposed by
Emeis® and known extinction coefficients, it was possible to calculate the density
of Lewis acid sites (LAS, Equation (7)) and Brgnsted acid sites (BAS, Equation

(8)):

(7) [LAS] =1.42-A-r*w (mmol g*?)
(8) [BAS] =1.88-A-r>w! (mmol g?)
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In both equations, A represents the integrated area of the FTIR signals associated
with pyridine, r is the radius of the self-supported pellet, and w is the mass of the
sample.

FTIR experiments were conducted using a Nicolet iS10 Thermo FT-IR
spectrophotometer. Self-supported pellets containing the sample were degassed
at 300 °C for 12 hours under vacuum. After this period, a pyridine stream (at 650
Pa) was introduced into the cell. Once equilibrium was reached, the system was
degassed again at the desired temperature and then cooled to room temperature,
at which point the FTIR spectrum was recorded. This procedure was repeated at
three different temperatures: 150 °C (for weak acid sites), 250 °C (for medium
acid sites), and 350 °C (for strong acid sites). In all instances, the spectrum
acquired under vacuum prior to pyridine adsorption was used as the background
and was subtracted from each measurement. Finally, the absorbance was

normalized with respect to the mass employed in each experiment.

m) Gas Chromatography (GC)

Gas chromatography was employed to determine the yield of most reactions
discussed in previous chapters and to monitor the concentrations of reactants and
products over time during Kinetic studies. An external standard method was used,
in which a known amount of an inert standard compound is added to the reaction
aliquot prior to analysis. This standard does not react with or interfere with
components in the sample. The GC instrument provides peak areas for both the
analytes and the standard, from which analyte concentrations are calculated using
response factors derived from calibration curves. Depending on the analytes
under investigation and to avoid signal overlap, either n-decane or n-dodecane

was selected as the external standard. All analyses were performed using a
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Shimadzu GC-2025 gas chromatograph equipped with an HP-5MS capillary
column (30 m x 0.25 mm X 0.25 pm) featuring a stationary phase composed of

5% phenyl-methylpolysiloxane.
n) Gas Chromatography—Mass Spectrometry (GC-MS).

GC-MS was used to identify and characterise the products and by-products
formed during the various reactions. The technique provides mass fragmentation
patterns for each compound in the sample after ionisation, which serve as
molecular fingerprints. These patterns were compared against a built-in spectral
library for preliminary identification and further verified through manual
analysis. The measurements were performed using an Agilent 6890N gas
chromatograph equipped with an HP-5MS column (30 m x 0.25 mm x 0.25 pum,
5% phenyl methyl silicone stationary phase), coupled to an Agilent 5973N

guadrupole mass spectrometer.

0) Nuclear Magnetic Resonance (NMR) Spectroscopy

Liquid-state NMR spectra for *H, °C, and DEPT-135 were recorded at room
temperature on a Bruker Ascend 400 MHz spectrometer. Solid-state 3P NMR
with magic angle spinning (MAS) was performed on the Pd/C sample containing
PPhs using a Bruker Ascend 400WB. The 3P measurements used a 4 ps 90°
pulse, a 20 s recycle delay, and a spinning speed of 20 kHz. Chemical shifts were

referenced to H:POa4 at 0 ppm.

p) TEM-STEM

Transmission Electron Microscopy (TEM) uses a focused electron beam
transmitted through a thin sample to reveal detailed information about its

structure, composition, and crystallography. In this work, TEM combined with
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Scanning Transmission Electron Microscopy (STEM), Energy-Dispersive X-ray
Spectroscopy (EDS), Electron Energy Loss Spectroscopy (EELS), and electron
diffraction was essential for analyzing nanoparticle morphology, size
distribution, elemental composition, interplanar spacing, and crystalline phases.

Samples for TEM were prepared by depositing a drop of a sonicated suspension
of the sample in dichloromethane onto a carbon-coated lacey copper grid (300
mesh). High-resolution TEM (HR-TEM) images were acquired using a JEOL
JEM2100F operated at 200 kV, equipped with an EDS X-Max 80 detector.
Particle size distributions were determined by measuring at least 100
nanoparticles and fitting size frequency histograms with Gaussian curves using
ImageJ software. Interplanar distances were extracted from HR-TEM images
using Gatan Digital Micrograph software and matched to known crystalline
phases via the X’Pert HighScore Plus database.

The EDS detector (127 eV resolution) provided qualitative elemental mapping,
revealing the spatial distribution of elements. Selected Area Electron Diffraction
(SAED) patterns were also recorded to support phase identification, with data

processed using Gatan Digital Micrograph software.

r) Advanced STEM techniques

Microscopy analyses were carried out using dark-field scanning transmission
electron microscopy with a high-angle annular dark-field detector (HAADF-
STEM) on a double aberration-corrected, monochromated FEI Titan3 Themis
60-300 microscope operating at 300 kV. To minimise electron beam damage, a
fast imaging protocol with a beam current of 30 pA was employed. Chemical

mapping was performed at medium magnifications (approximately 100k to 200k)
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using the high-efficiency SuperX G2 system, which integrates four windowless
detectors surrounding the sample and advanced signal-processing hardware.

Samples were prepared by suspending solid materials in hexane and depositing
them directly onto carbon-coated copper grids. Both high-resolution HAADF-
STEM and integrated differential phase contrast STEM (STEM-iDPC) images
were acquired. STEM-iDPC provided atomic-resolution images with contrast
related to atomic number rather than the approximately Z2-dependent contrast
observed in HAADF-STEM. This technigue enabled imaging of lighter elements
such as oxygen in the presence of heavier elements like silicon, under very low
electron dose conditions, critical for the atomic-scale structural analysis of

electron beam-sensitive materials like zeolites.

STEM-XEDS elemental mapping was used to visualise the spatial distribution of
elements such as Al, Si, Na, Pd, and Ru. For these nanoanalytical experiments,
the beam current was increased to 100 pA and the dwell time to 128 ps to improve
the signal-to-noise ratio. Elemental maps were processed by background

subtraction and smoothed by averaging over 3x3 pixels.

These microscopy and nanoanalytical techniques were applied to study Pd-, Pd—
Au-, and Ru-based catalysts. All measurements were performed at the
microscopy facility of the University of Cadiz under the supervision of Dr.

Hernandez-Garrido.
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s) Ex-situ and In-situ HAADF-STEM Characterisation of Ru-
H-ZSM-5 at the SUperTEM Facility

High-resolution electron-microscopy studies were performed on a double
aberration-corrected JEOL ARM 200 F housed at the SUperTEM facility
(Université Paris Cité, France). The microscope was operated at 200 kV in STEM
mode with a 25 mrad probe-convergence semi-angle, a HAADF detector
collecting 68-280 mrad, an information limit better than 0.10 nm, a probe current
of 30 pA, and integrated analytical platforms consisting of a 100 mm? silicon-
drift EDX detector and a Gatan Quantum dual-EELS spectrometer. Catalyst
powders were dry-dispersed on lacey-carbon Cu grids and transferred under Ar
to minimise oxidation. Ex situ experiments employed a Protochips Fusion Select
heating holder under high vacuum (=10° mbar); grids were ramped at
10 °C min™' to 150, 200, 250, 300 and 350°C, held 30 min at each plateau, and
imaged after thermal equilibration to quantify Ru migration and particle-size
evolution. In situ measurements used Protochips E-chips with 30 nm SiN
membranes; on-chip microheaters (temperature accuracy +1.5 °C) enabled a
controlled ramp from 280 °C to 300 °C (5 °C min™) followed by a five-hour
isotherm while flowing 5 vol % 1-heptene in Ar at 1 bar. HAADF-STEM images
were captured at 15, 45, 90, 150, 210 and 270 min, keeping the cumulative
electron dose below 5 x 10* e nm™ s to suppress beam damage; EDX spectra
confirmed Ru retention throughout. Image datasets were non-rigid-registered,
denoised (BM3D-Anscombe), and quantitatively analysed by watershed
segmentation (>200 particles per condition, diameter uncertainty £0.15 nm). The
combined methodology allowed direct comparison of vacuum-induced
restructuring, where Ru began migrating from MFI channels to crystal facets at

~200 °C yet remained <3 nm at 300 °C, with the near-static dispersion observed
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under reactive flow, thereby linking nanoparticle dynamics to the catalyst’s long-
term stability described in Chapter 6.

t) Competitive absorption of acetylene/ethylene

High-resolution isotherms were measured using a Micromeritics ASAP 2010
volumetric instrument. Approximately 50 mg of Pd1Au;@MOF in powder form
was used for these experiments. The sample was placed in a glass holder and
immersed in a thermostatic bath filled with circulating liquid to ensure precise
temperature control. Before the adsorption experiments, the sample underwent
overnight outgassing at 373 K under high vacuum. This outgassing process is
essential for removing any gases or impurities present on the sample's surface,
thereby ensuring accurate and reproducible adsorption results. Two distinct gases
were used as adsorbates. Isotherms were measured using pure ethylene, while a
gas mixture containing 1% acetylene in ethylene was used for the other
measurements. The adsorption isotherm was obtained at 298 K, maintaining a
constant temperature throughout the experiment. The pressure was gradually
increased to a maximum of 100 kPa, and the amount of adsorbate absorbed by
the sample was recorded as a function of pressure. This process allowed for the
construction of a detailed curve illustrating the relationship between the amount

of adsorbate and pressure under the specified conditions.
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3.3. General Reaction Setup

This section describes the experimental setups and standard procedures employed
for the catalytic reactions discussed in Chapters 4 to 6. Each subsection provides
the specific reaction conditions, catalyst preparation, and analytical techniques

relevant to the system under study.
3.3.1. Procedures for Chapter 4: KA Oil Coupling Reactions

3.3.1.1. General Reaction Procedure

The catalytic upgrading of KA oil derivatives was carried out in 6 mL round-
bottom vials using a typical reaction mixture composed of Pd/C (0.02 mmol),
KOH (0.6 mmol), and PPhs (0.02—0.32 mmol), to which the ketone (2 mmol) and
alcohol (4 mmol) were added under an inert nitrogen atmosphere. The total
reaction volume was 0.6 mL. The sealed vials were stirred magnetically and
heated in a preheated oil bath at 100 °C for 4 hours. Reaction progress was
monitored by periodically sampling aliquots, either directly through a reactor
outlet or from the supernatant after stopping the reaction. When solid residues
were present, filtration was performed prior to analysis. Conversions and product
yields were determined by gas chromatography (GC) using an internal standard
method. Product identification was achieved through GC-MS, NMR

spectroscopy, and comparison with authentic samples.

3.3.1.2. Catalyst Reuse and Recycling Protocol

After completion, the catalyst was recovered by gravity filtration, rinsed with
alcohol, dried, weighed, and reused in subsequent runs. The substrate amounts
were adjusted according to the recovered catalyst weight to maintain the same

molar ratios.
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3.3.1.3. Hot Filtration Test

To assess catalyst leaching, a hot filtration test was conducted by removing the
solid catalyst through a 25 um Teflon™ membrane after 5 minutes of reaction
time (12% conversion). The filtrate was transferred to a pre-heated vial and stirred

at 100 °C. The reaction progress of the filtrate was monitored by GC.

3.3.1.4. In Situ Hydrogenation after Coupling Reaction

For post-reaction hydrogenation, 9 mol% additional Pd/C was added to the
mixture, and the system was sealed, flushed with Hz, and pressurised to 30 bar.
The reaction was stirred at 200 °C for 48 hours in a double-walled pressure
reactor. Final analysis of the products was performed using the same analytical
methods described above.

3.3.2. Procedures for Chapter 5: Semi-Hydrogenation of
Acetylene in Ethylene-Rich Streams

3.3.2.1. General Reaction Procedure for Gas-Phase Hydrogenation

Reactions

Gas-phase hydrogenation of acetylene (1%) in an ethylene-rich stream (99%) was
carried out in a packed-bed reactor loaded with 5-35 mg of catalyst. Reactions
were performed at total flow rates ranging from 10 to 150 mL min, without the
use of an inert carrier gas. Hydrogen was introduced at H.:C.Hs molar ratios

between 80:1 and 1:30, with typical conditions ranging from 1:10 to 1:30.

All catalysts, including MOF-based materials as well as Pd- and Pd-Au-supported

zeolites, were tested under identical reaction conditions. The reactor effluent was
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monitored online by gas chromatography (GC) using a column optimised for the
separation of Ci—Cs hydrocarbons. Prior to each reaction, the reactor was purged
with N2 (20mL min? for 30 min) and subsequently heated to the desired
temperature (30—150 °C). (Figure 3-1) Calibration of GC signals was performed
by flowing the gas mixture through a bypass line. Catalysts were positioned
centrally in the tubular reactor, secured between plugs of glass wool. SiO: was
used as a filler and inert packing material; blank tests confirmed no catalytic

activity in its presence.

Figure 3-1 Reaction scheme for Semi-Hydrogenation of Acetylene in Ethylene-Rich

Streams
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3.3.2.2. Catalyst Recovery and Soxhlet Cleaning (Pdi—Au: MOF)

After the flow reaction, the packed bed was disassembled, and the catalyst was
recovered by sieving to remove the glass wool. The recovered solid (60—80%
yield) was placed in filter paper and subjected to Soxhlet extraction using
dichloromethane. The extraction was carried out in a 250 mL round-bottom flask
placed on a magnetic stirrer hot plate at 70 °C, running for 1 hour (approximately

10 fill-and—drain cycles). The extract was subsequently analysed by GC-MS.

3.3.2.3. H>-D: Isotope Exchange

Isotope exchange experiments were carried out in a fixed-bed reactor loaded with
Pdi-Aui@MOF catalyst (2-6 mg). After purging with argon (18 mL min* for
20 min), a mixture of H2 (1 mL min?), D, (1 mL min?), and Ar (18 mL min™)
was passed through the reactor bypass for 15min to calibrate the mass
spectrometry signals. The gas stream was then directed through the catalyst bed
for approximately 15min. The system was maintained at 30°C and 1 bar
throughout. The reactor effluent was analysed by online mass spectrometry to
quantify Hz (m/z = 2), D2 (m/z = 4), and HD (m/z = 3).

3.3.2.4. Computational Details

Density functional theory (DFT) calculations were performed in collaboration
with Prof. Mercedes Boronat from the Instituto de Tecnologia Quimica (ITQ,
UPV-CSIC) in Valencia to investigate the structure and reactivity of Au-Pd

active sites within a metal-organic framework (MOF) environment.

Periodic DFT calculations were executed using the Vienna Ab-initio Simulation
Package (VASP), employing the Perdew—Burke—Ernzerhof (PBE) generalised

gradient approximation functional. The valence electron density was expanded in
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a plane-wave basis set with a kinetic energy cutoff of 600 eV, while interactions
with core electrons were modeled using the projector augmented wave (PAW)
method. Brillouin zone integrations were conducted at the I"-point. Dispersion
interactions were accounted for employing Grimme’s D3 dispersion corrections.
The electronic self-consistent field (SCF) cycles were converged to a precision
of 107° eV, and structural optimisations were performed until the forces acting on
all atoms were reduced to below 0.01 eV-A~'. Throughout the geometry
optimizations, all atomic positions were fully relaxed. Atomic charges were
computed using the Bader theory of atoms in molecules (AlM). The periodic
model represented a hexagonal MOF unit cell characterised by lattice parameters
a=b=18057 A, c =12.800 A. This unit cell contained 2 strontium (Sr), 12
carbon (C), 12 sulfur (S), 12 nitrogen (N), 60 additional carbon (C), 42 oxygen
(0), and 80 hydrogen (H) atoms. A single Au-Pd dimer was strategically placed
in various configurations within this structure to identify the most stable

arrangement.

For the analysis of the reaction mechanism, a discrete cluster model was extracted
from the optimised periodic structure. This cluster model consisted of 3 copper
(Cu), 3 nitrogen (N), 6 oxygen (0O), 3 sulfur (S), 12 carbon (C), 21 hydrogen (H),
1 gold (Au), and 1 palladium (Pd) atom. The model retained the Au—Pd dimer,
its three coordinated thioether chains, and the adjacent organic fragment of the
MOF. To maintain charge neutrality, nitrogen atoms that originally coordinated

with Cu?* cations were capped with hydrogen atoms.

Mechanistic calculations on the cluster model were executed using the Gaussian
software package, employing the B3LYP hybrid functional. The 6-311G(d,p)
basis set was utilised for light atoms (C, N, O, S, H), while LANL2DZ effective

core potentials were utilised for Cu, Au, and Pd. During geometry optimisation,
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the positions of the atoms in the organic framework were held fixed, while the
Au-Pd dimer, thioether chains, and reactants were fully relaxed.

3.3.3. Procedures for Chapter 6: Catalytic Isomerisation and
Aromatisation of 1-Octene over Noble Metal Supported

Catalysts

3.3.3.1. General Procedure for Catalytic Conversion of 1-Octene in

Batch Reactor

The catalytic transformation of 1-octene was conducted in a 20 mL stainless steel
batch reactor, specifically designed to optimize thermal and pressure conditions
for catalytic testing. In a typical experiment, the reactor was loaded with 3.5
mmol of the terminal olefin (1-octene) and 50 mg of a catalyst containing between
0.3% and 5% by weight of noble metal supported on various materials (e.g., Ru,
Pd, Pt). No solvent was utilised during the process.

To ensure efficient mixing and intimate contact between the catalyst and
reactants, the reaction mixture was stirred vigorously at 500 rpm. The
temperature was maintained in the range of 290-300 °C, facilitating activation of
the catalytic sites and promoting conversion. Reactions were performed for
varying durations to monitor the effect of time on conversion and product
selectivity. The system pressure could reach up to 5 bar, contributing to the

reaction conditions.

Upon completion of the reaction, the reactor was cooled to room temperature
before opening. The reaction mixture was subsequently analysed using nuclear

magnetic resonance (NMR) spectroscopy and gas chromatography (GC) to
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determine substrate conversion and product yield. Gas chromatography-mass
spectrometry (GC-MS) was employed for product identification and

confirmation.

3.3.3.2. General Procedure for Gas-Phase Isomerisation and
Aromatisation of 1-Octene

The gas-phase isomerisation and aromatisation of 1-octene were investigated
using a fixed-bed quartz tubular reactor operated under continuous flow. Two
catalyst systems were evaluated: Ru/C (5 wt% Ru), used in quantities between
100 and 250 mg, and Ru/HZSM-5 (0.35 wt% Ru), for which 50 mg of catalyst
was physically mixed with 50 mg of SiO: as an inert diluent to ensure optimal

bed packing and heat distribution.

The catalyst bed was placed at the centre of the reactor, supported between plugs
of glass wool. Before each reaction, the system was purged with N2 (20 mL min
! for 30 minutes) to remove air and moisture. The reaction temperature was varied

between 250 and 350 °C, depending on the test conditions.

1-Octene was introduced via N: carrier gas Saturated in a temperature-controlled
bubbler (65-90 °C) to generate a controlled vapour-phase feed. The total gas flow
rate was adjusted between 3 and 15 mL min! to modulate the contact time and
olefin partial pressure. These conditions ensured a steady 1-octene vapour feed,
with the actual molar flow determined by the saturation temperature.
(Figure 3-2) Reaction products were collected using a cold trap placed
downstream and analysed offline by nuclear magnetic resonance (NMR)

spectroscopy and gas chromatography (GC) to quantify conversion and product
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selectivity. This setup enabled the investigation of both isomerisation and

aromatisation pathways under controlled gas-phase conditions.

+ 65-90°C

[
|

65-90°C
S
[ ] %
= BRI
| o
=
2 M
2 [T
(=]
=

Control Panel
65-90°C

Product Condensation
(Cold Trap)

Figure 3-2 Flow reactor configuration used for Cg terminal olefin isomerisation and

aromatisation
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3.3.4. Catalysts Preparation

3.3.4.1. Synthesis of PdiAui@MOF

Well-formed green prisms of Pdi-Aui@MOF, suitable for X-ray diffraction, were
obtained via a two-step postsynthetic (PS) metal-exchange and reduction
procedure. Initially, crystals of the parent compound 1 (ca. 5 mg) were alternately
suspended in AuCls and [Pd(NHs)4]Cl2 solutions (0.2 mmol of metal salt per
mmol of 1) prepared in H.O/CHsOH (1:2). Each immersion lasted 90 minutes
and was repeated five times in alternating sequence. In the second step, the
resulting solid was suspended in 5 mL of fresh H.O/CHsOH (1:2) and subjected
to a slow chemical reduction by incremental addition of NaBHa (12 aliquots, each
with 1 equivalent per mol of 1) over 72 hours. Each addition was followed by a
1.5 h reaction interval. The final product was washed thoroughly with the solvent
mixture and filtered. Elemental analysis (calculated/found, %): C, 19.48/19.39;
H, 3.49/3.33; S, 10.40/10.49; N, 4.54/4.55. IR (KBr): v= 3013, 2961, 2914 cm™
(C—H); 1601 cm™ (C=0).

For catalytic testing, the synthesis was successfully scaled up using 5g of
powdered 1 (3 mmol) and proportional amounts of AuCls, [Pd(NH3)4]Cl2, and
NaBH., yielding 4.90g of Pdi-Aui@MOF (93%). Elemental analysis
(calculated/found, %): C, 19.48/19.29; H, 3.49/3.29; S, 10.40/10.40; N,
4.54/4.57. IR (KBr): v=3011, 2954, 2911 cm™* (C-H); 1606 cm™' (C=0).
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3.3.4.2. Preparation of Pd- and PdAu-Zeolite Catalysts

Zeolites (3A, 5A, or NaY) were used as support materials for the synthesis of Pd
and PdAu catalysts. Molecular sieves 3A and 5A (1 g each, Merck Aldrich) or
zeolite NaY (Zeolyst) were first activated by heating at 300 °C for 12 h to remove
residual moisture and enhance metal uptake. Catalyst preparation involved two
sequential metal impregnation steps: one with palladium (Pd), followed by one
with gold (Au). For Pd-only catalysts, K-PdCl. was used as the metal precursor,
dissolved in bidistilled water. The Pd loading was adjusted to obtain materials
with 0.01-1 wt% Pd, using the same salt as for bimetallic PdAu zeolites. The
solvent volume (~0.7 mL) was determined based on the water adsorption capacity
of the activated support. The Pd*" solution was added dropwise to the zeolite,
mixed thoroughly under continuous stirring until a uniform paste formed,
indicating successful metal uptake. The resulting material was dried at 100 °C for

at least 12 h.

For PdAu catalysts, Pd impregnation was performed first (typically targeting
7 wt% Pd), using the same procedure described above. After drying, the Au
impregnation was performed the next day using a solution of KAuCl. (prepared
to reach up to 16 wt% Au loading), and incorporated into the previously Pd-
impregnated zeolite. The material was again stirred to form a homogeneous paste,

then dried under identical conditions.

The sequence of metal addition (Pd first or Au first) could be inverted, depending
on the target composition or experimental design. The final dried solids were used

directly for catalytic testing.
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3.3.4.3. Preparation of Ru-zeolites (HZSMD5) by cation exchange

Ruthenium-containing zeolite catalysts were prepared via incipient wetness
impregnation using commercial ammonium-form ZSM-5 supports. Specifically,
500 mg of the selected zeolite, either CBV3024E (SiO./Al.0: = 30) or
CBV8014/8020 (SiO2/Al-0s = 80), both obtained in the NH."-form, was added to
an aqueous solution of RuCls-H-0O (12 mg in 10 mL of bidistilled water). The
mixture was magnetically stirred for 24 hours at ambient temperature to ensure
homogeneous dispersion of the metal precursor. Following impregnation, the
resulting purple suspension was filtered under vacuum, washed thoroughly with
100 mL of bidistilled water, and then dried at 100 °C for 3 hours. This process
yielded greyish solid materials, indicative of partial reduction and precursor
interaction with the zeolite framework. The transformation of the ammonium
zeolites into their protonated (HZSM-5) forms was achieved via thermal
decomposition of the NH4" cations. The dried solids were subjected to calcination
in air at 550 °C for 5 hours, employing a controlled heating rate of 1.8 °C-min™,

following established procedures in the literature.?

3.3.4.4. Preparation of RuCl3-HZSM5 by wetness impregnation

A total of 250 mg of the selected zeolite was weighed and placed into a crucible.
An aqueous solution of RuCls-H20 (6 mg in 0.5 mL of bidistilled water) was
carefully added dropwise using a microneedle, allowing for precise and uniform
dispersion of the solution across the zeolite surface. This process led to the
formation of a purple wet cake, indicative of successful impregnation. The

impregnated material was then dried at 100 °C for 3 hours in a static air oven,
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yielding a solid precursor suitable for subsequent thermal treatment or catalytic
application.

3.3.4.5. Preparation of Hierarchical Ru-Zeolites (HZSM-5) by Cation
Exchange

Hierarchical HZSM-5 catalysts were synthesised via desilication of commercial
HZSM-5 using agueous alkaline solutions, followed by cation exchange with
Ru*". The final H-form of both the parent and desilicated zeolites was obtained
by calcining the corresponding NHa-form in air at 823 K for 3 hours. Three types
of hierarchical HZSM-5 supports were prepared through alkaline treatment under
different conditions: 0.3 M NaOH solution (33 mL per gram of zeolite) and a 1:1
(v/v) mixture of 0.3 M NaOH and 0.25 M TPAOH. Each treatment was conducted
under continuous stirring at 343 K for 30 minutes. Upon completion, the reaction
mixtures were immediately quenched in an ice bath to halt the desilication
process. The solids were then washed repeatedly with deionised water via
centrifugation until neutral pH was reached, followed by drying overnight at 110
°C. To reintroduce the protonic form, the desilicated materials were ion-
exchanged in 200 mL of 1 M NH4NO:s solution at 353 K for 4 hours, then filtered,
dried, and calcined at 550 °C for 4 hours. The resulting hierarchical HZSM-5
zeolites were subsequently modified with ruthenium via cation exchange with
aqueous RuCls-H2O solution, following the same procedure described for

monometallic Ru-zeolites.3*
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3.3.4.6. Preparation of Cation-Exchanged Zeolites (Li* to Cs* Forms)

Cation-exchanged zeolites were prepared by ion-exchanging NaY or NaX
zeolites with alkali metal acetates (Li*, Na*, K*, Rb*, Cs*). In a typical procedure,
5.0 g of the parent zeolite was placed in a 500 mL round-bottom flask equipped
with a magnetic stirrer. An aqueous solution (0.1-0.5 M) of the corresponding
acetate salt was prepared in bi-distilled water and added to the flask. The mixture
was heated to 90 °C in a pre-heated oil bath and stirred continuously for 24 hours
to ensure complete ion exchange. After the reaction time, the suspension was
cooled to room temperature and filtered under vacuum to recover the solid
product. The solid was then washed thoroughly with 500 mL of bi-distilled water
to remove excess ions and byproducts. Finally, the material was dried in an oven

at 100 °C for 24 hours, yielding the desired cation-exchanged zeolite.
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Precursors via Hydrogen-Borrowing Coupling Reactions

4.1. Introduction

The global aviation industry faces growing pressure to decarbonise due to
increasing concerns about climate change and environmental harm. Currently,
aviation accounts for approximately 2.5% to 3% of global CO: emissions, and
without significant mitigation strategies, these emissions are projected to rise
substantially by 2050.! Unlike the road transport sector, which is rapidly
advancing toward electrification, aviation continues to rely on high-energy-
density liquid fuels, primarily due to the limitations of battery technology in terms
of weight, energy storage, and range capability.> As aresult, there is a heightened

urgency to identify viable alternatives to fossil-based jet fuels.?

The appeal of zero net emission fuels lies in their ability to mimic the
performance characteristics of conventional fossil-based fuels while minimising
their climate impact. These fuels are designed to achieve carbon neutrality by
capturing an equivalent amount of CO. during biomass growth or feedstock
production, which is then released during combustion.* While renewable energy
technologies, such as photovoltaics and hydrogen, have the potential to offer
lower overall carbon footprints, the aviation sector's unique energy requirements
make it necessary to continue using dense liquid fuels. Thus, the development of
zero net emission jet fuels must remain a global priority, especially considering
aviation's significant contribution to transport-related CO. emissions, which can
be as high as 14% in some estimates.® However, this balance is only maintained
if the conversion processes used are low-emission or emission-free. Therefore, a
comprehensive lifecycle analysis is essential to accurately determine the carbon
footprint of Sustainable Aviation Fuels (SAFs) production pathways.® They offer

a groundbreaking solution for lowering aviation emissions, tackling a significant

101



Chapter 4. Catalytic Transformation of Biomass-Derived Ketones and Alcohols into Jet Fuel
Precursors via Hydrogen-Borrowing Coupling Reactions

issue within the industry. According to the International Air Transport
Association (IATA), SAFs have the potential to provide up to 65% of the
emission reductions required for the aviation sector to achieve net-zero carbon
emissions by 2050.”® What makes SAFs particularly noteworthy is their
production from renewable resources or waste materials, like agricultural
byproducts and used cooking fats. This waste recycling contributes to
sustainability and allows these fuels to be integrated easily into the existing
aviation fuel supply chain. Furthermore, SAFs are designed to be compatible with
current aircraft engines and fueling infrastructure, which means they can be
adopted with minimal modifications.® The diverse range of feedstocks available
for SAF production provides airlines and airports with flexible options to choose
from. By incorporating various materials, including biomass, SAFs represent a
practical and eco-friendly alternative to traditional jet fuels. This shift is not just
technological; it signifies an essential step toward advancing sustainability in
aviation and reflects the industry's growing dedication to addressing climate

change.®

Among the emerging feedstocks for SAF, the intriguing combination of
cyclohexanone and cyclohexanol, commonly referred to as KA oil (ketone-
alcohol oil), presents a noteworthy and yet underexplored candidate.
Traditionally produced at an industrial scale exceeding 8 million metric tons
annually!, KA oil is predominantly employed as an intermediate in the synthesis
of adipic acid, a key precursor in the manufacture of nylon-6,6. Given its high-
volume availability and existing chemical infrastructure, redirecting even a
modest portion of KA oil production toward SAF pathways could substantially

benefit aviation sector decarbonization.'? This dual functionality makes KA oil
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an attractive target for alternative valorisation strategies aimed at reducing

lifecycle emissions and enhancing feedstock circularity (Figure 4-1)

Jet fuel?

A
(0] ! OH
[0,] j HNO ?
H
@ [Rz] O C2 - " 3 HOMOH —» Nylon 6,6
u 0
(6]

catalyst catalyst

Benzene c-Hexane KA oil Adipic acid
(from lignin) (via hydrogenation) (intermediate from
biomass)

Each intermediate is potentially obtainable from renewable feedstocks

Figure 4-1 Proposed alternative valorisation of KA oil from the conventional adipic
acid/nylon 6,6 route to SAF. All feedstocks can be sourced from renewable biomass, with

KA oil as the central intermediate for both pathways

Jet fuels consist of hydrocarbon molecules, typically containing between 8 to 16
carbon atoms, with a significant portion being cyclohexane derivatives. KA ail,
known for its Cs cyclic compounds, serves as a structurally compatible and
readily accessible precursor for synthesising jet fuel.** This indicates its potential
role in promoting more sustainable aviation practices while utilising existing
industrial resources. Despite its industrial relevance, the application of KA oil in
SAF production has not been widely explored in scientific literature. One notable
study involved the synthesis of decalin derivatives, a class of thermally stable jet
fuel additives, from cycloketones that include five- and six-membered rings.**1°
This research suggests that cyclohexanone and its derivatives can be effectively

converted into high-performance fuel components.

KA oil is produced industrially from benzene in a two-step process. Initially,

benzene undergoes hydrogenation to form cyclohexane, which is then subjected
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to aerobic oxidation, and this method is well-established in petrochemical
operations.*® Currently, approximately half of the global production of KA oil is
allocated to the synthesis of adipic acid using nitric acid. However, this process
poses environmental concerns due to nitrous oxide emission, a potent greenhouse

gas'’, thus alternative KA oil syntheses are required to meet the SAF standards.

Research has increasingly focused on developing more sustainable methods for
producing adipic acid and other intermediates in the nylon production chain in
recent years. The synthesis of adipic acid from biomass using heterogeneous
catalysts shows promise as an alternative, although it is still under development.t’
Similarly, each step in the production of KA oil, including benzene, cyclohexane,
and the KA oil itself, can theoretically be derived from renewable sources. For
instance, benzene can be produced from lignin through selective C-O bond
cleavage using ruthenium-based catalysts.'®1° Other renewable pathways include
the conversion of fatty acids®, bioalcohols?*?? and methane derivatives via CO
hydrogenation.?®?* Moreover, cyclohexane can be obtained from bio-o0ils* or

from guaiacol using supported metal catalysts.?

Encouragingly, the same KA oil that is currently utilised in petrochemical
operations has been successfully synthesised from lignin-derived compounds,
underscoring the potential for establishing a fully renewable supply chain in the
production of aviation fuel.*>?" This promising vision entails a renewable-to-
renewable transformation, whereby bio-derived benzene is converted into KA oil,
which is then further processed into jet fuel. Such a process represents a circular
economy model and provides a sustainable alternative to conventional fossil-
based aviation fuels.?® Despite the exciting prospects, economic viability poses a

significant challenge, primarily due to the high costs associated with biomass
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valorisation and renewable hydrogen production. However, this developmental
pathway also benefits from existing infrastructure built for conventional fuels,
ensures technical compatibility with current engines, and is supported by an
increasingly favourable regulatory environment advocating for deploying
SAFs.!2

Recent studies have quantified the performance characteristics of SAF
components derived from KA oil, revealing several key advantages. These
include a high energy density ranging from 34 to 35 MJ L, a low tendency for
sooting, as indicated by a smoke point exceeding 25 mm, and exceptional cold-
flow properties, with freeze points reaching as low as —40°C.?° These properties
are critical, as they ensure compatibility with modern turbine engines and optimal
performance in extreme atmospheric conditions, such as those encountered at
high altitudes or varying temperatures. Moreover, integrating renewable energy
sources into the hydrogenation and oxidation processes involved in refining KA
oil could lead to a substantial reduction in lifecycle emissions associated with this
type of SAF. This enhancement not only improves the overall sustainability
profile of KA oil-derived fuels but also aligns with global efforts to reduce
aviation's carbon footprint. By marrying advanced technologies with sustainable
practices, the aviation industry can move towards a more environmentally

friendly future. 2

As said above, the urgency to address aviation emissions is highlighted by recent
estimates indicating that global aviation could triple its current share of
greenhouse gas emissions by 2050 if no changes are made.* International Civil
Aviation Organisation (ICAQO) has set a target for net-zero emissions by mid-

century, which relies significantly on the development and scaling of SAF
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technologies to achieve this goal.2*3! However, current SAF production methods
often face challenges related to feedstock scalability, economic competitiveness,
and supply chain resilience. In this context, repurposing well-established
chemical intermediates, such as KA oil, offers a practical and potentially scalable
approach to bridging the gap between current infrastructure and future
sustainability needs.

This chapter explores the catalytic upgrading of KA oil, a commonly produced
mixture of cyclohexanone and cyclohexanol, primarily used in the industrial
synthesis of adipic acid for nylon-6,6. KA oil represents a promising yet
underexplored feedstock for sustainable aviation fuel (SAF) production. Its six-
carbon cyclic structure, which contains reactive ketone and alcohol functional
groups, provides a unique platform for constructing carbon-carbon (C-C) bonds

through catalytic hydrogen-borrowing mechanisms.
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4.2. Objectives

The main objective is to develop a solvent-free, heterogeneous catalytic system
that transforms KA oil. This transformation can occur either through self-
coupling or by cross-coupling with biomass-derived alcohols such as ethanol,
butanol, and furfuryl alcohol, resulting in hydrocarbon mixtures that meet Jet A-
1 specifications. The catalytic system utilises commercially available palladium
supported on activated carbon (Pd/C) and operates under mild basic conditions
using potassium hydroxide (KOH). Notably, water is the only stoichiometric by-

product, ensuring both environmental and process sustainability.

To fine-tune product selectivity and optimise the fuel range output, we investigate
the influence of monodentate and bidentate phosphine ligands on the supported
palladium (Pd) active sites. It is hypothesised that electronic and steric effects can
modulate the hydrogen-borrowing cycle, potentially shifting product
distributions towards favourable linear, branched, or cyclic alkanes. This work

encompasses four key goals:

e To assess the reactivity of KA oil under these catalytic conditions;

e To determine how various bio-based alcohols influence product
composition and carbon chain length;

e To evaluate catalyst recyclability, reaction robustness, and overall
process sustainability; and

e To benchmark the final product mixtures against established jet fuel
criteria, such as boiling range, hydrogen-to-carbon ratio, and aromatic

content.
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Product analysis was conducted using gas chromatography-mass spectrometry
(GC-MS), nuclear magnetic resonance (NMR) spectroscopy, and elemental
analysis to ensure accurate characterisation and performance alignment.
Ultimately, this research aims to demonstrate a technically viable and scalable
pathway for converting an industrially abundant intermediate into low-emission,

fossil-free aviation fuels using commercially accessible catalytic materials.
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4.3. Results and discussion

Following the demonstration of KA oil’s catalytic potential for sustainable
aviation fuel production, this chapter systematically investigates three strategic
pathways for its conversion into jet fuel-range hydrocarbons (Figure 4-2). The
study progresses from basic stoichiometric reactions to more advanced catalytic

systems, tackling key challenges at each stage of development:

1. Stoichiometric Aldol Chemistry (Section 4.3.1) serves as a baseline,
confirming C-C coupling feasibility but revealing critical limitations in
product suitability and environmental footprint.

2. Hydrogen-Borrowing Catalysis (Section 4.3.2) initially pursued with
Pd/C, unexpectedly favoured C-O coupling and aromatisation,
prompting mechanistic reevaluation.

3. Integrated Catalytic System (Sections 4.3.2-4.3.3.) ultimately
combines base-catalysed enolate formation with phosphine-modified
Pd-mediated hydrogen transfer, achieving:

o Selective C-C bond formation
o Tunable product distributions via phosphine design
o Full utilisation of KA oil components

o Water as the sole byproduct
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A) Stoichiometric Aldol Reaction B) Unselective Pd-Catalysed Coupling
Pd/C (1 mol%),
KOH (cat. o
( ) 1-octene (2 equiv.) “n-Hex
(1) + n-HexOH 3a) ————
2), 21%
1007C.4h @217 150°C,72h (@2), 92%
1)
Aromatic
Byproduct
C) Hydrogen-Borrowing Catalitic System l
(0] KA oil OH (6] (0]
Pd/C catalyst ROH R H, Further
(tHy) /> — N ——> hydrogenated
: R Pd/C products
H, borrowing catalyst
(0] mechanism a1’ + others
(+or-H,) Cg-Cyg (jet fuel composition)

Figure 4-2 Comparative strategies for converting KA oil (cyclohexanone/cyclohexanol)
to jet fuel-range hydrocarbons. (A) Stoichiometric aldol condensation yields unsaturated
ketone 2 (non-fuel grade). (B) Pd/C-catalyzed hydrogen borrowing with alcohols 3
produces

This progression reflects an iterative optimisation process where each set of
results directly informed subsequent experimental design. Kinetic studies,
catalyst characterisation (HAADF-STEM, PXRD, ICP-OES), and phosphine
ligand tuning based on Tolman electronic parameters provide both mechanistic
understanding and practical validation. The final catalytic system achieves

conversion metrics and compositional profiles that align with the requirements of
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ASTM D7566% for sustainable aviation fuels, demonstrating both technical
feasibility and potential for scale-up.

4.3.1. Catalytic and Non-Catalytic Strategies for C-C Bond

Formation

To initiate the conversion of KA oil into jet fuel-range hydrocarbons, it is crucial
to explore direct carbon-carbon (C-C) bond-forming reactions, using
cyclohexanone (1) as a model substrate. A well-established and straightforward
approach is aldol condensation under basic conditions, which facilitates chain
elongation by linking two ketone molecules. As depicted in Figure 2a,
stoichiometric amounts of potassium hydroxide (KOH) catalyse the self-
condensation of cyclohexanone, yielding the o,B-unsaturated ketone product (2)
with a 21% isolated yield after 4 hours at 100 °C.** Although this outcome
confirms the inherent reactivity of KA oil toward C-C coupling via enolate
chemistry, the resulting product is not suitable for jet fuel applications due to the
presence of unsaturated functional groups. These unsaturated groups are
undesirable in thermally stable hydrocarbon mixtures intended for aviation use.®*
The reliance on stoichiometric bases poses significant practical and
environmental challenges. High base loading can lead to excessive salt formation,
which increases waste streams that necessitate neutralisation and limits
scalability.® These factors are inconsistent with the principles of green chemistry
and industrial sustainability. Furthermore, attempts to reduce the base
concentration to sub-stoichiometric or catalytic levels have resulted in poor

conversion rates, further constraining the applicability of this method.
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The Pd/C catalyst utilised for the reaction shown in Figure 2b is a commercially
available material containing 5 wt% palladium on carbon. It is characterised by
an average nanoparticle size of approximately 1.8 nm, as determined through
high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) (Figure 4-3)." In addition, CO chemisorption experiments
indicated a high palladium dispersion of around 78%, reflecting a significant
number of accessible active sites on the catalyst surface. The small nanoparticle
size and high dispersion contribute to the catalyst’s excellent performance by
maximizing metal atom efficiency and surface reactivity. Given its wide
commercial availability, ease of use, and industrial relevance, Pd/C is a practical
and reliable choice for catalytic hydrogenation, dehydrogenation, and coupling
reactions. These characteristics support its selection for preliminary screening

and scale-up applications.'’
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1 2 3 5 6 7 0 1 2 3 4 s 6 7 8
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Figure 4-3 A representative high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image of the commercial Pd on carbon catalyst (5 wt%)
and the corresponding histogram. The average particle size is approximately 1.8 nm (left),
with larger particles averaging around 3.1 nm and smaller ones averaging about 0.2 nm
(right). The confidence interval can be considered 0.5 nm (resolution limit of the

instrumentation).

These findings are consistent with the literature, where similar Pd/C systems have
demonstrated effectiveness in hydrogen-borrowing reactions and alkylation

processes.
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An alternative method emphasises hydrogen-borrowing (HB) catalysis, which
has proven to be an effective strategy for forming carbon-carbon (C-C) bonds
between carbonyl compounds and alcohols under redox-neutral conditions.-38
Within the framework of KA oil, this approach could facilitate the coupling of
cyclohexanone (1) with bio-derived alcohols® like n-hexanol (3a), leading to the
generation of extended-chain hydrocarbons that satisfy jet fuel specifications. As
depicted in Figure 2B, previous studies have reported using palladium on carbon
(Pd/C) catalysts along with stoichiometric alkene scavengers (e.g., 1-octene) to

capture the hydrogen released during the process*®-42

According to the conditions adapted from the literature®“?, the reaction of
cyclohexanone with n-hexanol predominantly yields aromatic by-products,
specifically anisole-type derivatives (4a), with yields reaching up to 92%.
Notably, this occurred even in the absence of added alkene traps. The prevailing
pathways observed were competing C—O coupling and aromatisation, as detailed
in Tables 4-1, 4-2 and 4-3 and illustrated in Figure 4A-1 (Appendix). This trend

was consistent across a diverse array of alcohol substrates.
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Table 4-1 Catalytic results for cyclohexanone (1) alkylation reaction with
hexanol (3a)?.

O~~~ Me
©/ (4a)

o +

OH
% PA/C (1 mol%) O~ Me
+ Me” >""on + i
130-150 °C, O/ (“a)

M @3a) M7k O~ Me
(:[/\/\/Me
(4a”)
_ Conversion Yield [%0]°
Entry Atmosphere (OIZ) T(lrr]r;e [%0]
@ Phenol (4a) (4a") (4a")
1 (nitrogen) 130 24 44.8 <1 25.3 14.8 4.7
2 (oxygen) 130 24 29.7 6.3 178 1.1 1.0
3 (nitrogen) 150 72 94.0 - 920 20 -

3 GC yields. Exp. conditions: molar ratio (1)/(3a) = 1/5, Pd/C (5 wt%) = 1 mol%. ° The
yield of products is calculated by measuring the actual amount of product obtained and
dividing it by the theoretical amount that could be obtained from the complete conversion
of the starting material, expressed as a percentage. ¢ 1-octene as a sacrifical alkene

Generally, these reactions demonstrated limited selectivity for the desired
aliphatic products, instead favouring the formation of oxygenated or unsaturated
structures that do not align with hydrocarbon fuel requirements. The undesired
aromatisation appeared largely independent of the type of alcohol (Table 4-2)
used or the presence of sacrificial alkenes, indicating a mechanistic predisposition
of the Pd/C catalyst toward C—O bond formation under thermal hydrogenation
(HB) conditions.
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Table 4-2 Catalytic Alkylation of Cyclohexanone (1) with Primary Alcohols:
Influence of Substrate, Atmosphere, and Selectivity Profiles.

0]
Pd/C
(1 mol%) . . .
+ ROH - s Aromatics + C-C coupling products + C-O coupling products

(3a-f) 130 °C,
(€)) (5 equiv.) 24h (48 h)

Conv Arom. C-alk O-alk <6l &
No. R-OH Atm. ' ‘ ' " O-alk. (0]

RO TN CCO R L0 S 3 (R

1 None N. 50(80) 7(31) 38(15) 4(25) 8(32) -
2 None 0, (60) (50) ®) (11) 2 ;
MeOH
3 ) N; 35 10 23 ; - -
MeOH
4 ) 0, 21 14 6 - - -
EtOH
5 a9 0, 20 8 1 8 40 -
n-PrOH
6 0 N, 23 5 1 9 39 6
7  MBUWOH 21 4 2 9 43 6
(3e)
n-PentOH
8 an N; 31 <1 4 12 39 14
g MHeOH 45 ; 0 45 100 -
(3a)
g0 "MHeOH o 30 6 1 20 66 -
(3a)

Abbreviations: Atm. = Atmosphere; Conv. = Conversion; Arom. = Aromatisation; C-alk.
= Carbon-linked alkylation; O-alk. = Oxygen-linked alkylation; Sel. O-alk. = Selectivity
toward O-alkylation; Reaction conditions: T = 130 °C, Pd/C (5 wt%, 1 mol%), t = 24 h,
(1)/R-OH = 1:5 molar ratio. ®The yield of products is calculated by measuring the actual
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amount of product obtained and dividing it by the theoretical amount that could be
obtained from complete conversion of the starting material, expressed as a percentage.

The composition of the reaction atmosphere during transformation notably
influenced conversion efficiency. Reactions performed under nitrogen
consistently showed higher conversion rates compared to those carried out in the
presence of oxygen (Table 4-3). However, there was no significant enhancement
in selectivity for the target alkanes. These findings underscore the limitations of
traditional hydrogen-borrowing (HB) conditions in transforming kerogen-
derived (KA) oil and point to the need for a more selective and integrated
approach.
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Table 4-3 Comparative Catalytic Data for Methanol-Mediated Alkylation of
Cyclohexanone (1) (from Entries 3 and 4, Table 4-2)

o & orooro gl

Pd/C catalyst (A) (B) ©)
+ MeOH —_—
[©) (E) (F) G)
Yield [%]"
Conv

No Atm QD
[ PhOH A ® © ©® & & E& ©

1* N; 343 96 - - 23 <1 136 - 48 -
22 0, 202 138 - - 01 - 37 - 20 -
3 N, 802 55 - - 39 47 344 - 218 -
4 N, 502 74 33 <1 <1 95 173 <1 95 -
5 N, 727 487 08 26 - - 53 - - -
66 0, 953 705 06 109 23 <1 - - 95 -
N, 994 846 19 99 <1 - 25
(47.1) (332) (<1) (4.4) 6 @1 (2.5)
8 N, 799 310 109 158 - <1 108 - 41 -
¢ O, 603 498 - <1 - 42 14 23 -

Abbreviations: Conv. = Conversion; Atm. = Atmosphere; PhOH = Phenol

2 Standard experimental conditions: molar ratio (1)/(3b)= 1/5, Pd/C (5 wt%) = 1 mol%,
130 °C, 24 h. ® 150 °C, 16 h. ¢ (1) = 3 mmol. ¢ Pd/C (5 wt%) = 5 mol%.  molar ratio
(1)/(3b)= 1/10, Pd/C (5 wt%) = 5 mol%, 150 °C, 24 h. f (1) = 3 mmol, Pd/C (5 wt%) =
5 mol%, 150 °C, 48 h (sample 24 h). ¢(1) = 3 mmol, Pd/C (5 wt%) = 1 mol%, 130 °C, 48
h. " The yield of products is calculated by measuring the actual amount of product
obtained and dividing it by the theoretical amount that could be obtained from the
complete conversion of the starting material, expressed as a percentage. The mass
balance is completed with the non-identified products (minor amounts).
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To tackle these challenges, a novel strategy was devised combining elements of
aldol condensation and HB catalysis in a single-pot process. As shown in Figure
2c, this system utilises catalytic amounts of KOH and Pd/C under hydrogen-
borrowing conditions, without the need for sacrificial alkenes or excess
oxidants.®*# In this configuration, the alcohol component of KA oil,
cyclohexanol (1), is reversibly dehydrogenated to (1) by Pd/C, establishing an
equilibrium through the HB mechanism.* The subsequent enolate formation and
coupling yield Cs—Cis hydrocarbon products suitable for jet fuel applications.
Critically, the absence of aromatic or C—O bonded by-products enhances the final

mixture's compatibility with ASTM standards for sustainable aviation fuels.*

In addition to its improved selectivity, this process boasts excellent atom
economy, with water being the only stoichiometric by-product.*” It also allows
for post-condensation hydrogenation using the same Pd/C catalyst under mild
hydrogen pressure, facilitating the formation of fully saturated hydrocarbons,
essential for thermal stability and combustion performance in jet engines.* 48
Ongoing optimisation studies (Sections 4.3.2-3) are exploring variations in
alcohol structure, base concentration, and catalyst modifications (such as the
addition of phosphine ligands), which will provide greater control over the

branching and chain length of the resulting hydrocarbon mixtures.*:4°

Overall, this integrated approach represents a significant advancement over both
stoichiometric aldol and conventional HB systems. It not only enhances
selectivity toward jet-fuel-compatible alkanes but also aligns with broader
sustainability goals by minimising waste, avoiding the formation of aromatics,

and valuing existing industrial intermediates.
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4.3.2. Catalytic Alkylation of Cyclohexanone with Alcohols
Using Pd/C and KOH Under Phosphine-Free Conditions

The catalytic alkylation of cyclohexanone (1) with primary alcohols, specifically
n-hexanol (3a) and n-propanol (3d), was explored using a heterogeneous
palladium on carbon (Pd/C) catalyst at a loading of 1 mol%, alongside potassium
hydroxide at 3 mol%. The reactions were performed under an inert atmosphere
at 100 °C for 4 hours. This approach seeks to minimise undesirable side reactions,
such as aromatisation and C-O coupling, which can adversely affect the

production of saturated hydrocarbons suitable for jet fuel applications.

Under the specified reaction conditions (Figure 4-4), the alkylation of
cyclohexanone with n-hexanol and n-propanol was conducted efficiently,
yielding the desired saturated alkylated products (6a and 6d) with yields between
45% and 60%. Remarkably, the selectivity for these products exceeded 75%, with
minimal formation of undesired by-products, such as unsaturated ketones,
aromatic compounds, or C-O coupled species. The remarkable selectivity and
yield achieved in this process underscore the successful mitigation of side
reactions. This is essential for producing hydrocarbon mixtures that meet rigorous
jet fuel specifications. Such effectiveness not only enhances the efficiency of the
process but also aligns with the stringent standards required for aviation fuels,
thereby contributing to advancements in sustainable fuel production

methodologies.
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Figure 4-4 Catalytic results for the alkylation of (1) with (3a) or (3d) using Pd/C and

KOH as catalysts under the indicated reaction conditions. The remaining % of (1) is

The reaction mixture post-catalysis contained unreacted (1) and in situ formed
(1%), collectively referred to as KA oil. Kinetic studies conducted under identical
conditions, as shown in Figure 4-4, using either simulated KA oil or pure
cyclohexanol confirmed the reactivity of both substrates towards alkylation,
albeit with slightly reduced selectivity compared to cyclohexanone alone (Figures
4-5 and 4-6). The kinetic plot for the KA oil mixture (Figure 4-6) demonstrates
that (1) reacts more rapidly than (1), which indicates that the alkylation reaction
occurs faster than the hydrogen-borrowing reaction between these two
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compounds. Additionally, the kinetic plot for pure (1°) (Figure 4-6) confirms that
both reactants are interconverted throughout the reaction process. These
observations suggest that cyclohexanone exhibits greater reactivity than
cyclohexanol under the given conditions. This aligns with the mechanistic
understanding that an enolisable ketone is more susceptible to base-catalysed
deprotonation and subsequent coupling.

[0} OH
Pd/C (0.02 mmol, 1 mol%) o o) OH
4 + n-HexOH KOH (0.6 mmol, 3 mol%) . n-Hex
. +
(3a) N,. 100°C, 4 h ij

1) 1) (4 mmol)
(1 mmol) (1 mmol) ©6) (72)

100%
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80% -

70% +

60% +

50%

Yield

> 4
T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 275

Time (min)

Figure 4-5 Kinetic plot for the reaction between a simulated KA oil mixture (1:1 ratio of
(1) and (17)) and (3a), under the indicated reaction conditions (without phosphine). GC
yields. Error bars account for a 5% uncertainty.
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Figure 4-6 Kinetic plot for the reaction between (1°) and (3a), under the indicated
reaction conditions (without phosphine). The conversion shows (1) plus the in-situ

formed (1). GC yields. Error bars account for a 5% uncertainty.

The role of KOH as a co-catalyst is pivotal for facilitating the deprotonation of
the a-carbon in cyclohexanone, thereby enabling the formation of the enolate
intermediate required for C—C bond formation. In the absence of this base

catalyst, interconversion between (1) and (1) still takes place; however, the
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production of coupling products remains minimal, even after an extended

reaction time of 6 hours (as shown in Figure 4A-2, Appendix 4A-2). This

observation supports the expected functions of each catalyst: Pd/C primarily

initiates the hydrogen-borrowing reactions, while KOH activates the alpha carbon

atom of the ketone substrate. Further insights are gained by studying the system

where equal amounts of (1) and (1') are present initially. Notably, no significant

transformation of (1") back into (1) is observed (Figure 4-7).

O OH
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Figure 4-7 Kinetic analysis of the reaction between (1), (1'), and (3a) was performed

under conditions lacking both base and phosphine. Yields were measured using gas

chromatography (GC), with error bars indicating a 5% uncertainty
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This phenomenon is likely due to the initial competitive adsorption of (1) onto
the Pd/C catalyst surface, which inhibits further reactivity of (1'), highlighting a
delicate balance between the rates of conversion from (1') to (1) and the reverse
process. Complementary kinetic experiments with varying initial ratios of (1) and
(1%, conducted both in the absence (Figure 4-8) and presence of base (Figure 4-
9), reveal that interconversion between the two species occurs regardless of their
initial concentrations when KOH is present.
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Figure 4-8 Kinetic plots for the reaction between different relative amounts of (1), (1),
and (3a), under standard reaction conditions without base and phosphine. GC yields. Error

bars account for a 5% uncertainty.
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Interestingly, even in the absence of base, neat (1') can undergo partial
transformation into (1), which can be tentatively attributed to the spontaneous
formation of some active deprotonated species under these conditions.

90% (13- 10% (1) - KO
1HI% (1)- 10% (1) - KOH
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Figure 4-9 Kinetic plots for the reaction between different relative amounts of (1),(1"),

and (3a) under the indicated reaction conditions. GC yields. Error bars account for a 5%
uncertainty.

Mechanistically, the Pd/C catalyst facilitates the hydrogen-borrowing
mechanism, in which the alcohol is oxidised to the corresponding aldehyde or

ketone, subsequently undergoing condensation with the enolate. This dual
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catalytic system effectively enables the formation of new C-C bonds without
needing external hydrogen sources or sacrificial agents, thereby enhancing the
atom economy and sustainability of the process.*’

The recyclability of the catalyst was evaluated through several reaction cycles.*
The Pd/C catalyst was recovered via filtration, then washed and reused in
subsequent reactions.®* After three cycles, a slight decrease in both catalytic
activity and selectivity was noted (see Figure 4A-3, Appendix 4A-3), consistent
with literature reports regarding the gradual deactivation of heterogeneous

catalysts due to factors such as metal leaching and support degradation.®?

Hot filtration tests confirmed the heterogeneous nature of the catalysis, indicating
that less than 20% (when considering the blank experiment) of the catalytic
activity could be attributed to leached palladium species present in the solution
(Figure 4-10 A). This aligns with findings that Pd/C catalysts exhibit minimal
leaching under optimised conditions, as observed in Suzuki-Miyaura coupling
reactions where the support efficiently recaptures dissolved Pd species.>>
Notably, the increase in conversion after filtration, represented by the purple line
in Figure 4-10, closely resembles the results of the blank experiment, which
shows the residual conversion with the base but without the palladium catalyst
(green line). This suggests that only a few catalytically active palladium species
leach into the solution. To further validate these findings, the hot filtration
experiment was repeated, confirming that only slight leaching occurs, which has
a negligible impact on the final yield of the reaction (Figure 4-10 B). This result
highlights the stability of the Pd/C catalyst under the reaction conditions and
demonstrates its suitability for practical applications where catalyst recovery and

reuse are essential.
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Figure 4-10 A) Hot filtration test for the reaction without phosphine (PPhs), with just
KOH and Pd/C catalysts. Filtration was performed at 12% conversion, after a 5-minute
reaction time. The blank experiment without Pd is also shown. GC yields. Error bars
account for a 5% uncertainty. B) Repeated experiment. HFT: Hot filtration test.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of
the spent catalyst showed that up to 28% of the original supported Pd might be
removed during reaction. While higher than some reports (e.g., 0.1-2.3% Pd
leaching in hydrodeoxygenation studies®, this aligns with the "cocktail"
mechanism of Pd/C catalysis, where oxidative addition and redeposition cycles
cause gradual metal loss.>** It also indicated that potassium levels reached 5
wit% due to the use of KOH in the reaction. While a portion of the original
supported palladium may have been lost, the final Pd/C catalyst still contained
significant amounts of potassium, derived from the base. The retained activity
despite Pd loss suggests that residual Pd nanoparticles or adsorbed species remain
active. While not directly addressed in the provided studies, potassium
incorporation is consistent with base-driven reactions and does not inherently
deactivate Pd/C.%® Notably, this loss of Pd and incorporating K (as K*) on the

solid do not compromise catalytic activity. Moreover, palladium recovery after

128



Chapter 4. Catalytic Transformation of Biomass-Derived Ketones and Alcohols into Jet Fuel
Precursors via Hydrogen-Borrowing Coupling Reactions

the reaction, a well-established practice in the industry, can help mitigate the loss
of palladium species. Despite these changes, the catalyst demonstrated substantial
activity, suggesting that the observed leaching does not significantly impair its
catalytic performance.

In conclusion, the phosphine-free catalytic system of palladium on carbon (Pd/C)
and potassium hydroxide (KOH) effectively promotes the alkylation of
cyclohexanone with primary alcohols. This process produces saturated
hydrocarbons with high selectivity and excellent yields. Utilising commercially
available catalysts under mild reaction conditions facilitates the potential reuse of
the catalyst, aligning with green chemistry principles and offering a promising
method for generating jet fuel-range hydrocarbons from renewable feedstocks.
This approach resembles advancements in stable Pd/C systems, such as Pd/C
ligated with B-hydroxybutyric acid for aerobic oxidations (TON >3000)° and
hypercrosslinked polymer-supported Pd for carbonylation.® These systems focus
on commercial catalyst reuse and minimal leaching, essential for the sustainable

production of sustainable aviation fuel (SAF).
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4.3.3. Catalytic Results with Phosphines as Ligands

The interaction between phosphines and palladium nanoparticles has been the
subject of fundamental research for over two decades.’® While early
investigations primarily focused on the adsorption modes and binding
characteristics of phosphines on metal surfaces, there has been a recent increase
in interest regarding their catalytic implications, particularly in heterogeneous
systems. Phosphine-ligated Pd catalysts have been extensively studied in the
context of hydrogenation reactions®-54 and cross-coupling processes.®® However,
their application in other catalytic transformations remains relatively
underexplored.®® There are no known reports on using phosphine-ligated Pd
nanoparticles for hydrogen-borrowing coupling reactions, highlighting the
novelty of the system presented here.

To systematically evaluate the effect of phosphine ligands on the reactivity and
selectivity of Pd/C-catalyzed hydrogen-borrowing coupling reactions, a series of
transformations involving cyclohexanone (1) and primary alcohols (3a—3f) was
performed under previously optimised reaction conditions (refer to Figure 4-4).
The only modification made was the addition of triphenylphosphine (PPhs, 9a)
as a ligand, employed in a 4 mol% loading relative to the metal. The presence of
PPhs had a remarkable impact on the outcome of the reaction, notably altering
both the product distribution and the nature of the reaction intermediates. As
depicted in Figure 4-11, when PPhs is employed, the predominant products are
alkylated compounds (8), which are formed through C—C coupling between the
ketone (1) and the corresponding alcohol (3). Interestingly, the alkyl substituents
on these products occupy different positions on the cyclohexane ring, as indicated

by undefined bonds in the figure, showcasing the structural diversity of the
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alkylated products. The positional variability of alkyl substituents within the
cyclohexane moiety aligns with prior observations in ligand-modulated Pd
systems, where phosphine ligands influence coordination environments and
intermediate stability. For example, phosphine ligands like PPhs can stabilise Pd—
H species while altering redox states, enabling diverse coupling pathways. This
is consistent with studies showing that phosphine oxidation during Pd catalysis
generates mixed catalytic species, including nanoparticles, which exhibit distinct
reactivity compared to homogeneous counterparts.®” The increased structural
diversity is likely a result of intermediate rearrangements or multiple coupling
pathways facilitated by the phosphine-ligated palladium species, as previously
reported in similar systems where ligand sterics and electronics modulate the
coordination environment and intermediate stability. In addition to these coupling
products, a substantial formation of a,B-unsaturated ketone (5) was observed,
where hydrogen equivalents are preferentially used for reduction. This
intermediate, which arises from an initial aldol condensation and subsequent
dehydration, was found in much higher concentrations in phosphine-ligated
systems than in the reactions lacking phosphines (see Figure 4-4). This shift
mirrors findings in hydrogen-borrowing catalysis, where ligand sterics and
electronics modulate hydride transfer efficiency. For instance, bulky phosphines
like PPhs slow hydrogenation steps, favouring condensation intermediates over
saturated products.®” % The notable increase in certain intermediates points to a
change in the reaction pathway. In this context, hydrogen equivalents, typically
released during alcohol dehydrogenation in a hydrogen-borrowing mechanism,
seem to be primarily focused on promoting C—C bond formation rather than
reducing enone intermediates to create saturated products. This behaviour differs
from that observed in the non-ligated Pd/C system, where hydrogen equivalents

are more easily available for ketone or alkene hydrogenation. The emergence of
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these intermediates indicates that the hydrogen equivalents produced via alcohol
dehydrogenation are chiefly utilized in coupling steps instead of reduction
pathways, which was noted in phosphine-free reactions (refer to Figure 4-4). To
further investigate the mechanism, a control experiment using isolated enone (5)
and alcohol (3a) under standard conditions was performed. The outcome revealed
that only trace amounts of the final coupled product (8a) were formed (Figure
4A-4, Appendix 4A-4), indicating that enone (5) is not a competent intermediate
under these conditions unless generated in situ via the complete hydrogen-
borrowing sequence. This aligns with the hydrogen-borrowing mechanism’s
reliance on dynamically formed aldehydes and surface-bound Pd-H species for
redox-neutral transformations. Such integrated processes are hallmarks of
hydrogen-borrowing systems, where base-mediated aldol condensation and
metal-catalysed hydrogenation occur synergistically.®® This observation strongly
supports the hypothesis that the reaction follows a mechanistically integrated

process involving three key steps:

(1) hydrogen-borrowing sequence—comprising alcohol dehydrogenation
to the corresponding aldehyde,

(i) base-mediated aldol-type condensation of the aldehyde with the
ketone,

(ili)  reduction of the a,B-unsaturated intermediate by surface-bound Pd—H

species.

The lack of direct involvement of (5) in the coupling process suggests that
surface-bound hydrogen, rather than molecular H», along with intermediates that

form dynamically, play a key role in facilitating productive turnover.
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Consequently, hydrogenation is essential for the efficient formation of C-C
bonds in this system, instead of relying only on base-mediated activation.

18] Pd/C (0.02 mmol, 1 mol%)
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Figure 4-11 Catalytic results for the alkylation of cyclohexanone (1) with different
alcohols 3a, 3d-3f using Pd/C and KOH, and PPhs (9a, 4 mol%) as ligand. The residual
percentage of cyclohexanone includes contributions from in situ formed cyclohexanol (1,

KA oil). Error bars represent +5% experimental uncertainty.
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This mechanistic framework aligns with prior literature on hydrogen-borrowing
catalysis, where a cooperative interplay between metal centres and basic co-
catalysts enables redox-neutral transformations without external oxidants or
reductants.%® Furthermore, the role of phosphines in tuning the electronic
environment of palladium, thus modulating its reactivity towards hydride transfer
and substrate coordination, has been documented in various hydrogenation and
cross-coupling reactions.”® Phosphines like PPhs alter Pd’s electronic
environment, reducing its hydrogenation activity and promoting condensation.
This contrasts with ligand-free Pd/C, where efficient hydrogen transfer enables
full saturation of intermediates. Such ligand-dependent behaviour is well-
documented in cross-coupling and hydrogenation reactions, where phosphines
modulate metal redox states and intermediate binding.®” However, their influence
in hydrogen-borrowing C-C bond-forming processes remains largely
unexplored, making the current study a significant contribution to the expanding

field of ligand-modified heterogeneous catalysis.

Kinetic studies have provided valuable insights into how key reaction
components influence reaction rates. It was found that increasing the
concentration of alcohol (3a) significantly accelerated the reaction rate (as
illustrated in Figure 4-12), confirming its role as both a coupling partner and a

hydrogen donor.™
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Figure 4-12 Kinetic plots for the reaction between (1) and (3a) in different relative

amounts under the indicated reaction conditions (with two different amounts of

phosphine). The conversion shows (1) plus the in-situ formed (1"). GC yields. Error bars

account for a 5% uncertainty
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Additionally, the amount of phosphine used had a marked effect; the optimal
reaction rate was achieved with 4 mol% of PPhs (9a), while both lower and higher
concentrations of phosphine led to decreased efficiency and slower reaction rates
(see Figure 4-13). This indicates the existence of an ideal level of surface
coverage of palladium nanoparticles by phosphine ligands, which optimally
balances the electronic modification of the active site with substrate accessibility
for binding and turnover.” From a synthetic perspective, the incorporation of the
phosphine ligand (9a) facilitated the synthesis of longer hydrocarbon chains, up
to Ci7 in length (e.g., product 8f). This enhancement increases the process's
relevance for generating components suitable for sustainable aviation fuels
(SAF). These extended alkylated products are particularly desirable for aviation

fuels due to their high energy density and favourable volatility profile.”
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Figure 4-13 Kinetic plots for the reaction between (1) and (3a) with different amounts of
phosphine (9a), under the indicated reaction conditions. The conversion shows (1) plus

the in-situ formed (17). GC yields. Error bars account for a 5% uncertainty.

To further explore the catalyst structure and surface accessibility in the presence
of PPhs, CO chemisorption experiments were attempted. However, these failed
to yield reliable data, likely due to several interrelated factors: the volatility of
PPhs, its strong coordination to palladium, potentially blocking active sites, and

a potential decrease in CO adsorption equilibrium due to altered Pd electronic
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environments.®* Nonetheless, powder X-ray diffraction (PXRD) analysis (Figure
4-14) confirmed the presence of finely dispersed Pd species with low
crystallinity, in agreement with HAADF-STEM measurements of nanoparticle
size (~1.8 nm; see Figure 4-3) and consistent with the behaviour of supported
nanometals. These findings suggest that phosphine ligation does not lead to
significant particle sintering or phase separation, and that catalytic performance
is primarily modulated via surface-level interactions rather than gross structural

changes.
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Figure 4-14 Comparison of the PXRD for commercial Pd/C (5 wt% Pd, Sigma Aldrich)
and mixed with PPhs (Sigma Aldrich) in a mass ratio of 2/1 together with PXRD of Pd
on carbon catalyst (5 wt%), indicating the peaks of the different Pd crystallographic

planes in the nanoparticles. The prominent peak at 27° corresponds to the carbon support.
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Building on these structural insights, the influence of various phosphine ligands
on Pd/C-catalyzed hydrogen-borrowing transformations was examined. Ligands
[(9b—9d)] were evaluated in the alkylation of cyclohexanone (1) with n-hexanol
(3a), a less reactive alcohol identified in prior studies (Figure 4-11), to assess the
effect of ligand properties on catalytic performance. The reactions were
performed under inert conditions to prevent oxidative degradation of the
phosphines. Continuous in situ generation of palladium hydrides during the
catalysis indicates the stability of the phosphine ligands. The phosphines were
chosen to represent a diverse array of electron-donating capacities and cone
angles, providing insight into ligand behaviour in heterogeneous catalysis.
Maintaining an inert atmosphere further safeguards against oxidative degradation
of the phosphines, a risk alleviated by forming metal hydride species during the

alcohol dehydrogenation process.

PXRD analysis confirmed the generation of surface-bound Pd—H species through
the appearance of a new signal near 40°, which emerged after catalyst exposure
to Hz, regardless of PPhs presence (Figure 4-15). This result corresponds with
previously reported observations regarding hydride formation on supported Pd
catalysts, as well as earlier RAMAN-IR studies.® The accompanying decrease in
the carbon support peak at 27° may be due to masking or peak convolution from
the adsorbed PPhs, whose diffraction pattern occurs between 25° and 40°,
distinctly different from that of the free ligand. The observed shift in diffraction
angles compared to free PPhs suggests physical adsorption or weak coordination
of the ligand to the Pd surface, consistent with previous findings on ligand—

support interactions in heterogeneous catalysis.™
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Figure 4-15 Left. Powder X-ray diffractogram (PXRD) of Pd on carbon catalyst (5 wt%),
indicating the peaks of the different Pd crystallographic planes in the nanoparticles under
air or H2 atmosphere. Right: PXRD of Pd on carbon catalyst (5 wt%) with PPhs,
indicating the peaks of the different Pd crystallographic planes in the nanoparticles under
air or Hz atmosphere.

Most phosphine appears to be retained on the catalyst; however, gas
chromatography-mass spectrometry (GC-MS) analysis showed small amounts of
oxidised phosphine derivatives, indicating some partial ligand leaching or
oxidative decomposition. (Figure 5A-5, Appendix 5A-5) This behaviour aligns
with findings from other semi-heterogeneous systems, where interactions with
the reaction medium influence ligand stability. Overall, the data suggest efficient

ligand retention throughout the catalytic process.”

This comparative study allows us to disentangle electronic and steric influences
on catalytic activity. As shown in Figure 4-16, a clear inverse correlation was
observed between catalytic activity and vCO, indicating that more electron-

donating ligands enhance Pd hydride formation and facilitate the hydrogen-
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borrowing cycle. On the other hand, activity appeared relatively insensitive to
cone angle variation, suggesting that the Pd surface can tolerate substantial ligand
bulk without steric hindrance significantly impeding reactivity. Figure 4-16 A
illustrates the catalytic outcomes obtained with phosphines 9a-9d, which were
selected to span a wide range of electronic and steric properties. Electronic
properties were quantified using the carbonyl stretching frequencies (vCO) of
their corresponding Ni(CO)s(phosphine) complexes, ranging from 2059 to 2069
cm . These values provide a relative scale of electron-donating ability, as lower
vCO values are indicative of greater ligand basicity and electron density.’® Steric
bulk was evaluated through the Tolman cone angle, which varied from 127° (1,3-
bis(diphenylphosphino)propane, dppp, 9¢) to 205° (2-dicyclohexylphosphino-
2’,6'-dimethoxybiphenyl, SPhos, 9d), offering insight into spatial constraints

imposed around the Pd active site.”” 8

The catalytic performance exhibited a strong dependence on ligand electronic
characteristics. As shown in Figure 4-16 B, a nearly linear inverse correlation was
observed between the vCO values and cyclohexanone (1) conversion, suggesting
that more electron-rich phosphines enhance catalytic activity. This trend aligns
with prior studies demonstrating that phosphine ligands' electronic properties
significantly modulate palladium catalysts' reactivity, with electron-rich ligands
often facilitating higher activity in redox-neutral transformations.”® The
secondary dicyclohexyl phosphine (9e) was tested to assess the validity of this
correlation, and the results aligned remarkably well (the blue circle, in Figure 4-
16 B). These findings integrate seamlessly into the established correlation, further
reinforcing the relationship and supporting comparable observations in both
aromatic and aliphatic phosphines used in palladium-catalysed systems.®": 8081 |n

contrast, the steric parameters of the phosphines, summarised in Figure 4-16 C,
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appeared to exert minimal influence on the reaction outcome. As shown in Figure
4-16 D, no clear correlation was found between the Tolman cone angle and the
conversion of (1), suggesting that steric bulk did not significantly hinder substrate
access or catalytic turnover within the tested range. This observation is consistent
with earlier reports indicating that, although steric factors can affect catalyst
lifetime and selectivity, they do not necessarily limit reactivity in hydrogen-
borrowing systems.® Again, phosphine 9e further supported this pattern,
performing consistently with other ligands irrespective of its steric profile.
Overall, these findings highlight the importance of electronic ligand tuning in
modulating the reactivity of supported Pd catalysts for hydrogen-borrowing C-C
coupling. The use of PPhs and related ligands not only enables access to heavier
alkylated products with relevance to SAF, but also offers mechanistic insight into
surface-mediated hydrogen transfer pathways facilitated by electron-rich

palladium hydride species.
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Figure 4-16 A) Catalytic results for different phosphines during the alkylation of
cyclohexanone (1) with alcohol 3a under the reaction conditions in Fig. 4-11 above. The
remaining % of cyclohexanone (1) is a mixture with in-situ formed cyclohexanol (1)
(KA oil). Error bars account for a 5% uncertainty. B) Correlation between the conversion
of (1) and the phosphine electronic properties, expressed in terms of v(CO, cm™) of the
corresponding Ni(CO)s(PR3) complex. C) Electronic and steric values for the different
phosphines (9a-e)”” ® D) Correlation between the conversion of (1) and the phosphine

Tolman cone angle.
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Figure 4-17 Kinetic plot for the reaction between a simulated KA oil mixture (1:1 ratio
of (1) and (17)) and (3a), under the indicated reaction conditions (with phosphine). GC

yields. Error bars account for a 5% uncertainty.

Catalytic activity in a simulated KA oil mixture was confirmed under conditions
using phosphine (9a)-modified Pd/C (Figure 4-17). Similar to reactions without

phosphine, a base was essential for facilitating C—C coupling (Figure 4-18).
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Figure 4-18 Kinetic plot for the reaction between a simulated KA oil mixture (1:1 ratio
of (1) and (17)) and (3a), under the indicated reaction conditions (with phosphine and
without base). GC yields. Error bars account for a 5% uncertainty.

The Pd/C-(9a) catalyst demonstrated excellent recyclability, maintaining full
activity over multiple cycles without requiring additional phosphine
supplementation (Figures 4-19 and 4-20). These results indicate that the initially
anchored phosphine species remain active throughout recycling. The solvent-free

catalytic system, composed of commercially available Pd/C, KOH, and
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phosphine (9a), offers key advantages for practical application: minimal waste
generation (water as the only by-product), catalyst reusability, and
straightforward scalability. A reaction conducted at a tenfold gram scale provided
similar outcomes to those observed at smaller scales (Figure 4A-6, Appendix 4A-
6), confirming the robustness of the methodology. Comparative experiments
using Pd(PPhs). resulted in high conversion but a broad product distribution and
complete loss of recoverable Pd, highlighting the superior reusability of the
Pd/C— (9a) system. Although some contribution from leached Pd cannot be ruled
out, the ability to recover most of the metal and ligand components (Figure 20)
underscores the advantages of the supported catalyst. Solid-state 3P magic angle
spinning nuclear magnetic resonance (MAS NMR) spectroscopy confirmed
phosphine immobilisation on Pd/C (Figure 4A-7, Appendix 4A-7), with chemical
shifts distinct from those of PPhs (solid-state)®?, Pd(PPh2)CL (solid-state)®,
Pd(PPhs)s (in CDC13)®, and PPhsO (in CDCls)®, suggesting the formation of a

unique phosphine—Pd coordination environment.
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Figure 4-19 Reuse tests for the phosphine-modified Pd/C catalysts; profiles normalised
by catalyst mass; PPhs (9a) (4 mol%) added in each new use of the catalyst. GC yields.

Error bars account for a 5% uncertainty.
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Figure 4-20 Reuse tests for the phosphine-modified Pd/C catalysts; profiles normalised
by catalyst mass; PPh; (9a) (4 mol%) added in the first use of the catalyst, without
additional phosphine added in further uses. GC yields. Error bars account for a 5%

uncertainty.
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4.3.4. Post-Coupling Hydrogenation and Proposed Mechanistic
Pathway

Noble metal catalysts supported on carbon, such as palladium on carbon (Pd/C),
are renowned for their capacity to facilitate hydrogenation reactions. These
reactions encompass not only simple olefins but also carbonyl functional groups.
17.85 This versatility in hydrogenation allows for a two-step approach: during the
hydrogen-borrowing coupling of ketones and alcohols, partially oxygenated
intermediates are formed, which can subsequently be selectively reduced to yield
fully saturated hydrocarbon products.

The investigation explored a tandem, one-pot process involving a coupling
reaction. The reaction mixture consisted of cyclohexanone (1), cyclohexanol (1'),
enone (5), condensation products (6), hydrogenated intermediates (7), and the
final alkylated products (8). Following the coupling phase, in-situ hydrogenation
was conducted by adding more Pd/C catalyst and pressurising the reaction vessel
to 30 bar of hydrogen (Hz), which was then heated to 200 °C for 48 hours. This
post-treatment step efficiently converted all remaining unsaturated and
oxygenated species into a saturated hydrocarbon mixture with carbon chain
lengths ranging from Cs to Cis. (Figure 4-21) The absence of aromatic or
oxygenated byproducts®® and the high selectivity for bis(cyclohexyl)
compounds (53.7%), which dominate the final mixture, are consistent with SAF
specifications, as confirmed by GC-MS/FTIR analyses. This ensures that the
mixture meets the stringent specifications for synthetic aviation fuel.® This
streamlined method, which integrates tandem carbon-carbon (C-C) bond
formation through hydrogen borrowing with subsequent hydrogenation, offers a

promising strategy for converting KA oil and bioalcohols into valuable fuel
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components. The lack of oxygen-containing by-products and aromatic
compounds further enhances the safety and performance profile of the resulting
fuel candidates.

o o. HO.

Pd/C (0.02 mmol, 1 mol%) 0 o o o R o R R
L KOH (0.6 mmol, 3 mol%) R
ROH = N N é/ N . +
(3a, Ny, 100°C,4h

)
[0 (4 mmol) ® ® () (@Bad)

+ Pd/C (1 mmol, 10 mol%),
H,,200°C, 48 h

00.80 |- O

(53.7%) (12.8%)

Figure 4-21 The in-situ hydrogenation of the cyclohexanone hydrocarbon mixture was
performed utilizing the identical catalytic system under a pressure of 30 bar of hydrogen
(H2) at a temperature of 200 °C for 48 hours

To provide clarity on product distribution and explain the role of phosphine-
ligated Pd/C catalysts in the coupling step, a proposed reaction mechanism is
presented, illustrated through the transformation of cyclohexanone (1) and n-
hexanol (3a), as shown in Figure 4-22. The reaction begins with the
dehydrogenation of the alcohol, resulting in the corresponding aldehyde. This
process is facilitated by the Pd/C-phosphine complex via a hydrogen-borrowing
pathway®®, likely enhanced by the basic environment provided by KOH.8
Concurrently, the ketone (1) undergoes base-promoted deprotonation to form an
enolate-like intermediate. This intermediate then nucleophilically adds to the in
situ-generated aldehyde, leading to the formation of a [-hydroxyketone

intermediate. Subsequently, dehydration and reduction of the resulting a,f3-
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unsaturated compound occur, producing the saturated product (7a). In reactions
that involve only cyclohexanone (1), this mechanism remains applicable, yielding
an unsaturated intermediate (5) and a condensation product (6). Throughout the
reaction, a reversible interconversion between cyclohexanone (1) and its
corresponding alcohol (1’) (i.e., KA oil) is observed, which is expected under
hydrogen transfer conditions. The formation of the final alkylated products (8a)
is proposed to occur through a subsequent sequence of hydrogen-borrowing and
deprotonation steps involving either compound (6) or intermediate (7a).
Significantly, both the Pd/C-phosphine catalyst and KOH are engaged in at least
five distinct steps of the catalytic cycle, which underscores the complexity and
efficiency of this system. Furthermore, water is the only stoichiometric by-
product, highlighting the sustainability and atom economy of the overall

transformation.*”-68

The nature of the hydrogen equivalents® 8" involved in these transformations’
merits further discussion. In the mechanistic scheme, the notation [H:] refers not
to free molecular hydrogen but rather to surface-bound palladium hydride species
(Pd-H), which function as transient hydrogen donors. This interpretation is
supported by the lack of reactivity observed when compound (5) is used as the
starting material under standard conditions, indicating that simple thermal
hydrogenation, without in-situ hydride formation, fails to drive the reaction
forward (see Figure 4A-4, Appendix 4A-4). In contrast, when compound (6) was
employed as the starting material in the presence of alcohol (3a), the formation
of alkylated products (8) was readily observed (see Figure 4A-8, Appendix 4A-
8). This strongly reinforces the proposed hydrogen-borrowing and deprotonation

sequence.
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Figure 4-22 Tentative mechanism for the Pd/C—KOH catalysed coupling of KA oil with
n-hexanol via hydrogen-borrowing. Pd is ligated by phosphines when applicable (omitted

for clarity). [Hz] indicates Pd—H species acting as hydrogen donors.

In summary, the combined mechanistic and reactivity studies presented here
provide a comprehensive picture of how phosphine-ligated Pd/C catalysts enable
selective C—C bond formation from ketone-alcohol mixtures, and how subsequent
in-situ hydrogenation can yield fully saturated hydrocarbon streams compatible
with jet fuel applications. This dual-function catalytic strategy offers a scalable
and efficient pathway for converting bio-derived feedstocks into renewable

aviation fuels.
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4.4. Conclusion

This chapter demonstrates the feasibility of producing sustainable aviation fuel
(SAF) precursors through a solvent-free hydrogen-borrowing coupling of
cyclohexanone (or KA oil) with bio-based alcohols, catalysed by Pd/C in the
presence of KOH. The process is noted for its operational simplicity, high atom
economy, and environmental compatibility, yielding only water as a by-product
while utilising easily accessible catalytic materials.

A critical aspect of this study is the utilisation of phosphine ligands to influence
the electronic environment of the Pd/C catalyst. A systematic examination of
phosphines with varying electronic and steric properties revealed that the
electronic characteristics of the ligands significantly impact catalytic activity. A
pronounced inverse correlation was observed between the phosphines' vCO
values and cyclohexanone's conversion rates, indicating that electron-rich
phosphines enhance hydrogen-borrowing efficiency. This observation is
consistent with established literature on phosphine-ligated palladium systems and
was further corroborated by the performance of secondary dicyclohexyl
phosphine (9e), which aligned well with the observed trend. In contrast, no
notable correlation between catalytic performance and the steric properties of the
phosphines was identified, suggesting that steric bulk within the examined range

does not obstruct access to the active sites under the specified reaction conditions.

The mechanistic profile of the transformation indicates that hydrogen-borrowing
reactivity predominates over base-mediated aldol pathways, as supported by
control experiments involving isolated enones. The generation of highly alkylated

products, relevant for SAF applications, is facilitated by surface-mediated
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dehydrogenation and rehydrogenation steps, likely involving transient Pd-—H
species. Furthermore, solid-state 3:P MAS-NMR and PXRD analyses confirmed
effective ligand coordination to the catalyst surface, with minimal phosphine
degradation observed under the inert conditions employed.

The robustness and scalability of the catalytic system were also demonstrated.
The combination of Pd/C and PPhs exhibited recyclability over multiple reaction

cycles without significant loss of activity or selectivity.

These findings collectively highlight a viable catalytic strategy for converting
biomass-derived ketones and alcohols into hydrocarbon-rich mixtures suitable for
SAF formulations. The process adheres to key principles of green chemistry, such
as waste reduction, catalyst reuse, and the utilisation of renewable feedstocks. By
harnessing the tunability of phosphine ligands and the reusability of Pd/C, this
catalytic system presents a promising pathway for developing scalable, low-

aromatic, net-zero carbon aviation fuels.
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4.5. Appendix

a) 4A-1
(0] OH
Pd/C (1 mol%) OEt OEt
. EtOH ) ©/ .
Go) 130°C, 24 h,
[6)) sealed tube (oxygen) 7.9% (dc), 7.8% @c). <1%

Figure 4A-1 Detailed catalytic results for the reaction between cyclohexanone 1 and
ethanol 3c (entry 5 in Table 4-2). Exp. conditions: molar ratio (1)/(3c)= 1/5, Pd/C (5 wt%)
=1 mol%, 130 °C, 24 h. GC yields.
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Figure 4A-2 Kinetic plot for the reaction between (1°) and (3a), under the indicated

reaction conditions (without base and without phosphine). GC yields. Error bars account
for a 5% uncertainty.
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Figure 4A-3 Reuse tests for the reaction without phosphine (PPhs), utilising just KOH
and Pd/C catalysts; profiles normalised by catalyst mass. Top: conversion; bottom:

selectivity. GC yields. Error bars account for a 5% uncertainty.
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Figure 4A-4 Reactivity tests with unsaturated ketone (5) and alcohol 3a under Pd/C-

catalyzed reaction conditions, either with (top) or without phosphine (bottom).
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Figure 4A-5 Representative GC and GC-MS chromatograms of a reaction
mixture, where the minor amounts of oxidised PPhz can be observed: PPhs
oxidised (11.25 min retention time in the GC analysis of the reaction) and PPhs

(9.83 min retention time in the GC analysis of the response).
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Figure 4A-6 Reaction at 10 times the gram scale, performed under optimised reaction
conditions (see Figure 4-11 in the main text for reaction conditions and colour code). GC
yields. Error bars account for a 5% uncertainty
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Figure 4A-7 3P solid state magic angle spinning nuclear magnetic resonance (MAS
NMR) of the Pd/C catalyst mixed with one equivalent of triphenylphosphine (PPhs). The
catalyst and the phosphine were stirred together for one hour in ethanol, and the catalyst
was centrifuged and separated and rinsed with cold ethanol. A new peak was observed in
the spectrum at 18.6 ppm. The values for the 3!P chemical shifts of PPh; (solid-state
NMR), Pd(PPhy)ClI; (solid-state NMR), Pd(PPhs)4 (in CDCl3) and PPh3O (in CDClIs) have

been included for comparison.5566.76:9

161



Chapter 4. Catalytic Transformation of Biomass-Derived Ketones and Alcohols into Jet Fuel
Precursors via Hydrogen-Borrowing Coupling Reactions
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Figure 4A-8 Reactivity test with the obtained product (6) and alcohol (3a) to confirm the
formation of products (8); reaction was performed under optimized reaction conditions

(see Figure 4-11 in the main text)
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i) Product characterisation — Product 4a
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j) Product characterisation — Product 5
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k) Product characterisation — Product 6
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I) Product characterisation — Product 7a
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m) Product characterisation — Product 8a
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3-hexyl-[1,1'-bi(cyclohexane)]-2,2'-dione
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5.1. Introduction

The production of ethylene (C2Ha) is a pivotal aspect of the global petrochemical
industry. Ethylene serves as a primary feedstock for a diverse array of materials,
most prominently polyethylene, which is the most extensively produced plastic

worldwide, with annual production surpassing 100 million tons.!

The predominant industrial method for generating ethylene is steam cracking of
hydrocarbons, such as ethane, propane and naphtha. However, this high-
temperature process inherently produces a complex mixture of by-products, most
notably acetylene (C:H2) and hydrogen (H:), with typical output streams
containing over 1% acetylene and more than 20% hydrogen. 2

Although acetylene shares a similar structure with ethylene, it is highly
undesirable in downstream applications, particularly in polymerisation processes.
Its significant reactivity and toxicity pose challenges, notably in deactivating key
catalysts such as Ziegler—Natta and metallocenes. Therefore, it is imperative to
selectively remove or convert acetylene prior to the production of polymerisation-

grade ethylene.®

As a result, the selective semi-hydrogenation of acetylene to ethylene has
emerged as one of the most crucial and large-scale catalytic processes within the

petrochemical sector.*®

In industrial plants, the conversion of acetylene plays a crucial role in the front
end of the separation train, where the raw cracked gas mixture, containing high
concentrations of ethylene and hydrogen, is treated directly. The selective
hydrogenation of acetylene to ethylene is thermodynamically favourable, with a

standard enthalpy change (AH°298) of —172 kJ-mol™'. However, this process
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faces competition from unwanted side reactions, including the hydrogenation of
ethylene to ethane (—136 kJ-mol ™) and the direct hydrogenation of acetylene to
ethane (-308 kJ-mol™).5 7

To ensure high product quality, it is crucial to minimise acetylene levels before
the gas enters the polymerisation units. Even trace amounts, as low as 1 ppm, can
poison polymerisation catalysts and adversely affect their performance.
Furthermore, the polymerisation process may generate oligomers and coke,
collectively known as green oil, which can further deactivate the catalysts. For
effective acetylene conversion, hydrogenation catalysts must meet several strict
criteria: they should achieve a minimum of 99.99% acetylene conversion, ideally
reducing C:H: levels to below 1 ppm; maintain ethylene selectivity above 98%;
and limit ethane formation to less than 2% to preserve ethylene yield.
Additionally, the formation of green oil must be avoided. The preferred
hydrogenation process occurs during the treatment of cracked gas streams prior
to cryogenic separation, when significant amounts of hydrogen and ethylene are
present. Catalysts must function at low temperatures, typically below 60 °C, to
prevent undesirable side reactions, and they must be able to tolerate high space
velocities that exceed 50,000 mL-g'-h™ to ensure adequate throughput.

Furthermore, robust thermal and chemical stability over time is essential .®

To meet these rigorous demands, current catalysts primarily comprise palladium
(Pd) nanoparticles supported on alumina, often modified with silver (Ag) to
enhance electronic properties. Furthermore, alkali additives such as sodium (Na)
or calcium (Ca) are used to boost selectivity. Even with established constraints,
achieving the required selectivity in industrial catalysis remains a major

challenge. The effectiveness of the separation process heavily relies on the careful
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selection and design of catalysts, highlighting the importance of developing and
comprehending these systems in research.

In contrast, tail-end configurations operate after the majority of ethylene has been
separated, typically employing different operational parameters. These
parameters often include slightly elevated reaction temperatures and modest
excesses of hydrogen to ensure the complete conversion of any residual

acetylene.®

While the tail-end approach alleviates some of the safety and selectivity issues
associated with the front-end process, it still necessitates careful adjustment of
operational conditions to prevent the undesired hydrogenation of ethylene and to
maintain high product purity.® 1

The significance of removing acetylene extends beyond catalyst protection. As a
highly flammable and reactive compound, acetylene poses considerable safety
risks in processing environments. Its presence not only jeopardises equipment
integrity and personnel safety but also complicates downstream purification
stages, thereby increasing operational complexity and costs. Furthermore, even
trace amounts of acetylene in polymerisation-grade ethylene can significantly
influence polymer properties, leading to off-specification products and a

reduction in market value. 1!

Despite the maturity of this industrial process, the scientific community continues
to devote substantial effort toward developing improved materials and
understanding the underlying reaction mechanisms that govern acetylene
hydrogenation. This interest is driven by the complex interplay of kinetics,
thermodynamics, and catalyst surface chemistry, which collectively determine

the performance of the catalytic system. Particular attention has been given to the
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exploration of novel catalyst supports and active phases that can achieve superior
selectivity and resistance to deactivation under industrially relevant conditions.
A recent review of over 100 catalytic systems 2 12 indicates that while many
achieve acetylene conversions exceeding 99%, they often do so at the expense of
ethylene selectivity or under impractical laboratory conditions. These conditions
include the use of inert gas diluents to suppress reactivity, operation in tail-end
scenarios with a low Hz/C:H: ratio, the removal of ethylene from the feed to
simplify the reaction, and temperatures exceeding 100 °C, which diverge

significantly from typical industrial practices.

This research identifies a critical need for a comprehensive redesign of catalysts,
centred around two key mechanistic strategies. A promising approach is the
isolation of active sites, which involves separating palladium (Pd) atoms to
prevent multi-site hydrogenation. This ensures that each active centre can convert
acetylene to ethylene selectively, minimising the risk of over-hydrogenation and
polymerisation. The ultimate aim is to utilise single-atom palladium (Pd.) sites
that efficiently dissociate hydrogen while maintaining high selectivity. Another
key strategy for enhancing selectivity is electronic tuning through alloying. By
alloying palladium with noble metals such as silver (Ag) or gold (Au), the
adsorption strength of ethylene is reduced. This modification aids in the
desorption of ethylene, thereby improving overall selectivity in the process.
Recent research has led to the development of single-atom catalysts (SACs) and
single-atom alloys (SAAS) that show improved performance in model studies.
Notably, the Pdi—Au dimer has been identified as a promising configuration due
to its unique combination of site isolation and electronic tuning, as revealed
through machine learning and density functional theory (DFT) calculations.

Despite the potential of Pdi—Au: dimers, realising these systems in experimental
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settings, particularly under industrially relevant conditions, remains uncommon
and technically challenging. However, their ability to combine the reactivity of
palladium with the electronic modulation properties of gold highlights their
significance in the development of more efficient catalysts for hydrogenation

processes.®

While Pd-Ag systems are already utilised in industrial applications and take
advantage of established principles, model studies indicate that isolating Pd:
atoms on Au clusters or forming Pdi—Au: dimers can provide enhanced control
over selectivity. However, to date, there has yet to be an experimental
demonstration of single-atom Pd alloy dimers (especially Pdi—Au:) in solid-state
catalysts under authentic industrial conditions. The stabilisation of single-atom
species and bimetallic dimers is contingent upon the precise control of the local
environment around the metal centres. Porous materials, such as metal-organic
frameworks (MOFs) and zeolites, are exemplary candidates for site-controlled

heterogeneous catalysis owing to their distinctive structural properties.'*

MOFs are distinguished by their exceptionally high surface areas and adaptable
pore environments, which allow for the anchoring of isolated metal atoms or
clusters via functionalized linkers. The formation of single-atom species of
palladium (Pd) and gold (Au) has been successfully demonstrated, with these
atoms being intricately supported within advanced MOFs. These highly porous
structures provide an ideal environment for the stabilisation of the noble metal

atoms, opening up potential applications in catalysis and materials science. 6

17, 18, 19, 20

Additionally, dimers of platinum (Pt) and silver (Ag) have been synthesised,

achieving metal loadings of up to 13 wt%. These structures can be precisely
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tailored using linker chemistry. For example, incorporating thioether groups
allows for effective trapping and stabilisation of Pdi—Au: dimers in pores as small

as 0.5 nm, resulting in the creation of nanoconfined reaction environments.

In contrast to MOFs, zeolites and molecular sieves are crystalline inorganic
materials celebrated for their remarkable thermal and hydrothermal stability,
making them highly suitable for catalytic applications in demanding industrial
settings.?> Their rigid microporous structures create topologically defined
environments that can stabilise isolated metal atoms or small clusters, thereby
enhancing site uniformity and resistance to sintering, both of which are essential

features in the realm of single-atom catalysis.??

Among these materials, Zeolite Y, defined by its faujasite (FAU) topology, offers
tunable acidity through the silicon-to-aluminium (Si/Al) ratio, making it an ideal
platform for hosting catalytically active species. In this study, molecular sieves
and Zeolite Y served as supports for palladium and palladium—gold species to
assess their performance in the selective hydrogenation of acetylene. The
incorporation of gold alongside palladium was investigated to explore potential

synergistic effects on the electronic and geometric properties of the active sites.??

The systems provided a basis for comparing monometallic and bimetallic
configurations, with a focus on how the support's structural properties, the
arrangement of metal centres, and the surrounding environment impact catalytic
activity, selectivity, and stability.?* The analysis of Pdi—Au: dimers and single-
atom Pd species supported on metal-organic frameworks (MOFs) and zeolites
utilised a dual approach, demonstrating their effectiveness in industrially relevant

conditions.
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5.2. Objectives

This study is centred on the development and evaluation of innovative palladium-
based catalytic systems for the selective hydrogenation of acetylene under
conditions relevant to industrial applications. The research entails the
incorporation of bimetallic Pdi—Au: sites into MOFs-and a comparative analysis
with monometallic and bimetallic catalysts supported on molecular sieves and
Zeolite Y. Through a comprehensive approach that includes synthesis,
characterization, catalytic testing, and mechanistic investigation, the objective is
to reveal key structure-function relationships and optimize the catalytic process
to achieve high efficiency and selectivity.

The specific objectives of the research are as follows:

e To synthesise and structurally characterise Pdi—Au: dimer catalysts
within MOF matrices, as well as Pd and Pd—Au catalysts supported on
molecular sieves and Zeolite Y.

e To perform comprehensive physicochemical characterisation of the
prepared materials using techniques such as X-ray diffraction, infrared
spectroscopy, and inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

e To evaluate the catalytic activity, selectivity, and stability of these
systems in the semi-hydrogenation of acetylene under front-end
conditions, where ethylene and hydrogen are present in excess.

e To investigate the roles of palladium and gold species in the
hydrogenation mechanism, with attention to site isolation, metal-support

interactions, and electronic effects.
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To compare the performance of MOF-based and zeolite-supported
catalysts in order to determine the influence of pore architecture, metal
nuclearity, and support composition on catalytic behavior.

To analyse kinetic parameters, including apparent activation energies and
by-product formation, in order to establish structure-activity
relationships relevant to the rational design of single-site and bimetallic

catalysts.
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5.3. Results and Discussion

The development of advanced catalysts based on MOFs with atomically
dispersed metals presents a promising approach to address the challenges of

selective acetylene hydrogenation in industrial ethylene purification processes.

The initial phase of this study concentrated on the synthesis and thorough
characterization of MOFs specifically designed to accommodate atomically
dispersed palladium and gold species. Collaborators (see Chapter 3; Section
3.3.4.1)) successfully synthesised a MOF with the formula {CusSr[(S,S)-
Mecysmox]s(OH)2(H20)}-15H,0, which possesses well-defined channels
suitable for the incorporation of metal precursors. In these channels, the
palladium precursor [Pd(NH3):]JCl, was introduced, resulting in a MOF
containing isolated palladium atoms, referred to as Pd;-MOF. Similarly,
impregnation with AuCls yielded the Aui-MOF, containing isolated gold atoms.
A bimetallic analogue, incorporating equimolar amounts of both Pd and Au
precursors, was also synthesised, leading to the formation of Pdi—Aui MOFs with

heteronuclear Pd—Au dimeric sites.

Single-crystal X-ray diffraction of the Pdi—Aui MOF revealed a framework
topology that closely resembles the previously reported Pd:-MOF, suggesting
that the incorporation of gold does not significantly perturb the host structure but
enables the spatial proximity necessary for controlled Pd-Au bimetallic
interactions. (Figure 5-1) This finding is consistent with earlier structural
analyses, which demonstrated the chemical robustness of this MOF scaffold upon

integration of transition-metal ions %
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Figure 5-1 X-ray crystal structure of Pd:Au1@MOF. a,b, Formation of Pdi—Au; dimers
showing the structures of MOF (a) and Pd:Au;@MOF (b) determined by SCXRD. c,d, A
single channel of PdiAui@MOF in the ab (c) and bc (d) plane. Copper and strontium
atoms from the network are represented by cyan and purple polyedra, respectively, in a,b,
whereas they are represented by grey sticks in c,d. Organic ligands are depicted as grey
sticks and thioether groups as yellow sticks in all cases. Orange and blue spheres represent
gold and palladium atoms, respectively, in Pd;—Au; dimers. Blue, orange and red dotted
lines represent the Pd---S, Au---S and Au:--O interactions, respectively. e, Details of X-
ray crystal structure showing the main host—guest interactions and related structural

parameters of Pdi—Au; dimers.

Quantitative analysis using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) confirmed that the targeted metal loadings were
achieved. The Pdi—Aui MOF contained 7.1 wt% Pd and 16.0 wt% Au,

corresponding to an approximate Pd:Au molar ratio of 1:1.2 (Appendix 5A-1;
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Table 5A-1), supporting the efficacy of the synthetic strategy in establishing
controlled bimetallic dispersion within the porous matrix.

To further probe the electronic and geometric properties of the incorporated metal
sites, CO adsorption infrared spectroscopy was conducted. The spectrum of the
Pdi@MOF displayed a sharp vibrational band at 2110 cm™, characteristic of CO
linearly bound to isolated metal atoms, in agreement with literature reports for
single-atom Pd sites 2 The corresponding spectrum of the Pdi—Aui@MOF
exhibited the same 2110 cm™ band, albeit at significantly lower intensity,
consistent with ICP-AES results indicating a minor fraction of isolated Au atoms.
Additional bands at lower wavenumbers provide further insight into the metal—
metal interactions within the bimetallic system. A prominent band at 1975 cm™!
was attributed to CO molecules bridging between adjacent Pd and Au atoms,
indicative of dimer formation? 2® A broader band at 1872 cm™ is consistent with
more complex coordination environments, potentially involving Pd2Au or PdAuz
trimers or interactions with neighbouring framework elements such as thioether
ligands?”* 2 These vibrational features highlight the nuanced electronic
environment within the MOF and provide spectroscopic evidence of metal-metal

cooperation in the bimetallic Pdi—Au sites. (Appendix 5A-2; Figure 5A-2)

Taken together, these preliminary results highlight the successful synthesis MOF
materials that feature atomically precise palladium (Pd) and palladium-gold (Pd—
Au) active sites, thereby establishing a solid foundation for further catalytic
evaluation. The ability to precisely control the speciation and distribution of
metals within the MOF channels is vital for elucidating the structure-activity
relationships that are pertinent to the selective hydrogenation of acetylene and

other related industrial processes.
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5.3.1. Catalytic Performance of PdiAu:-MOF in Acetylene Semi-

Hydrogenation

To evaluate the catalytic performance of the bimetallic catalyst Pdi-Aui@MOF
under conditions pertinent to industrial applications, 30 mg of the MOF catalyst
was thoroughly combined with 300 mg of inert SiO: and then packed into a fixed-
bed tubular reactor. A series of semi-hydrogenation experiments were conducted
using a feed composed of 1.12 vol% acetylene in ethylene, which simulates front-
end purification processes. During these experiments, various operational
parameters were adjusted, including flow rates, H2:hydrocarbon (Cz) ratios, and

reaction temperatures (see Table 5-1).
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Table 5-1 Numerical values for the acetylene conversion and selectivity
experiments; Effect of Flowrate and Temperature Variations with Pd; —
Au:@MOF

Flow Conditions Acetylene  Acetylene  Ethane/Ethene

left (%) (ppm) Ratio (%)
Initial feed 100.00 11220 0.03
80 H; to 1 acetylene (100 °C)
5 (8 mL/min Hz + 8 mL/min C) 0.00 <1 207.30
8375 H; to 1 acetylene (100 °C)
§ (3 mL/min Hz + 80 mL/min Cz) 30.51 3410 123
[<5]
< | 10 H;to 1 acetylene? (100 °C)
©
; (3 mL/min Hz + 30 mL/min C7) 0.00 <1 59.80
o
= 6 H to 1 acetylene (100°C)
LL
(8 mL/min Hz + 50 mL/min C) 0.56 60 26
8 H to 1 acetylene (50 °C)
< (3 mL/min Hz + 37.5 mL/min C2) 158 170 572
= 8 H2 to 1 acetylene (75 °C)
1]
S| (3 mL/min Hz + 37.5 mL/min C) 046 50 555
>
© 8 H, to 1 acetylene (100 °C)
% (3 mL/min Hz + 37.5 mL/min C2) 047 50 585
Y 8 H, to 1 acetylene (125 °C)
g1 @ mumin He +37.5 mUmin C2) 0.64 70 4.18
(5]
= 8 H; to 1 acetylene (150 °C) i i i
(3 mL/min Hz + 37.5 mL/min C>)

2 The throughput at optimal conditions (3 mL/min H, + 30 mL/min C,) has a 10:1
Hy:acetylene stoichiometry, the same one as the ethane cracking outlet fractions (the so-
called front-end conditions). Detection limit = 1 ppm acetylene.

The reaction temperature exhibited minimal impact on acetylene conversion
across a broad range (50-150 °C), indicating a remarkably low apparent
activation energy. This suggests that the kinetics associated with the Pd:-

Aui@MOF catalyst are near-barrierless (see Figure 5-2). Notably, even at higher
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temperatures, there were no detections of byproducts associated with
dimerisation or polymerisation, such as Cas hydrocarbons, green oils, or coke.
Post-reaction extractions and elemental analyses confirmed the absence of these
byproducts, highlighting the selectivity and stability of the catalytic process.

-0,2
-0,4 - 0.
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-0,8 N
-1,0 - L R

_1'2 - N
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Figure 5-2 Apparent activation energy profiles for the overall acetylene hydrogenation
reaction over Pdi—Aui@MOF (blue) and PA@MOF (red)

Through parameter optimisation, an optimal hydrogen to acetylene ratio of 10:1
was determined, aligning with industry-standard front-end hydrogenation
protocols. Under these conditions, acetylene conversion reached an impressive

>99.99%, with residual levels falling below the 1 ppm detection limit of the gas
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chromatograph. Furthermore, ethylene selectivity was consistently maintained
above 90%, and the space velocity attained was 66000 mL-h™'-gc. 2, reflecting
exceptional productivity. Although efforts to quantify trace acetylene in the parts
per billion (ppb) range were constrained by the gas chromatograph's detection
capabilities, the performance metrics clearly met or exceeded industrial

benchmarks.

The long-term catalytic stability of the Pdi-Aui@MOF catalyst was demonstrated
through continuous flow operation, achieving a sustained conversion rate
exceeding 99.99% and selectivity of approximately 90% after a brief stabilisation
period (Appendix 5A-3; Figure 5A-3). Additionally, post-reaction analyses
utilising X-ray Photoelectron Spectroscopy (XPS) and Powder X-ray Diffraction
(PXRD) (Appendix 5A-4-5; Figures 5A-4-5) confirmed the structural and
chemical integrity of the material, highlighting its robustness under operational

conditions.

ICP-AES measurements indicated metal loadings of 2.9 wt% Pd and 5.2 wt% Au
(Appendix 5A-6; Table 5A-6), which ensure a high density of active sites, thereby
contributing to the catalyst's exceptional productivity. To provide a performance
benchmark, monometallic analogues, Pdi@MOF and Au@MOF, were
synthesised with comparable noble metal contents and evaluated under similar

conditions.

The Pdi@MOF material exhibited catalytic activity but required significantly
stricter conditions to match the performance of the bimetallic system.
Specifically, it demanded a threefold increase in residence time and higher levels
of H2 excess. Even under these optimised conditions, Pdi@MOF achieved a

lower weight hourly space velocity (WHSV) of 20282 mL-h™-gc.! and left 40
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ppm of unreacted acetylene remaining (Appendix 5A-7; Figure 5A-7). In
contrast, AU@MOF displayed no catalytic activity under any of the tested
conditions and did not enhance the performance of Pdi@MOF when physically
mixed. This underscores the synergistic effect of the bimetallic Pd—Au interface
in the Pd:-Aui@MOF system.

5.3.2. Effect of Pore Size and Support Architecture

The selective semi-hydrogenation of acetylene in ethylene-rich gas streams poses
a significant challenge in industrial catalysis. The goal is to entirely convert trace
amounts of acetylene, an undesirable impurity, without over-hydrogenating
ethylene, the primary product. This process requires catalysts that can effectively
differentiate between molecules with similar sizes and reactivities, making both
the nature of the active metal sites and the support material critical for optimal
performance. While much focus has traditionally been on the intrinsic activity of
metal centres like palladium and gold, increasing evidence highlights the
significant role of support architecture. Specifically, the physical and chemical
properties of the catalytic support, such as pore size, confinement geometry, and
surface coordination, have a crucial impact on reaction kinetics and product
distribution. In microporous catalysts, particularly those using zeolitic supports,
the molecular dimensions of the reactants and products can critically govern

diffusion, site accessibility, and reaction selectivity.

Acetylene (Cz:H>) is a linear molecule with a relatively small kinetic diameter of
approximately 3.3 A, allowing it to navigate narrow pore channels. Ethylene
(C2Ha), the desired product of selective hydrogenation, is slightly bulkier, with a

kinetic diameter around 4.2 A and molecular dimensions of 4.84 x 4.18 x 3.28
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A. In contrast, the over-hydrogenation product ethane (C-Hs) is larger still, at
approximately 4.82 x 4.08 x 3.81 A. These sizes become critical when matched

against the pore apertures of common molecular sieve materials.?

To evaluate the role of pore size, framework architecture, and metal identity in
the semi-hydrogenation of acetylene, a comparative study was conducted using
both Pd-only and Pd:Au: bimetallic catalysts supported on a series of crystalline
microporous materials. Specifically, molecular sieves MS 3A (=3 A), MS 5A
(~5A), and NaY zeolite (~7.4 A) were selected to systematically explore the
impact of pore diameter on mass transport and catalytic performance. These
materials offer a rigid, crystalline framework ideal for evaluating steric and

diffusional limitations.3: 313233

MS 3A, the narrowest of the sieves, features pore openings that are close to the
size threshold for acetylene and are smaller than the minimum cross-section for
ethylene or ethane. Consequently, this material significantly restricts molecular
transport, hindering the access of both C:H: and H: to the catalytic sites. Catalysts
incorporating MS 3A exhibited poor acetylene conversion, underscoring the
diffusion-limited conditions imposed by the tight confinement. This observation
aligns with studies suggesting that micropore bottlenecks can considerably
reduce turnover frequencies due to entropic and enthalpic penalties during

molecular ingress.*

MS 5A, with an intermediate pore size of approximately 5 A, provides enhanced
channels for reactant accessibility. Catalysts supported on MS 5A demonstrated
significantly higher conversion rates for acetylene, suggesting that a larger pore
diameter fosters improved mass transport. However, this increased accessibility

comes with a trade-off in selectivity; the formation of ethane was notably higher
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in this system. This is likely due to less restricted diffusion of intermediate
products and a greater tendency for over-hydrogenation, a phenomenon
frequently observed in semi-hydrogenation studies employing mesoporous
supports. NaY zeolite, characterised by its large pore openings (~7.4 A) and
spacious supercages, facilitates the unrestricted diffusion of both reactants and
products.®

Catalysts based on this support achieve complete conversion of acetylene, even
at high space velocities. However, the expansive internal cavities also promote
undesirable secondary reactions, such as the further hydrogenation of ethylene
into ethane and potential C—-C coupling events. This results in the formation of
oligomeric side products and a reduction in ethylene selectivity. The increased
residence time and spatial freedom within NaY contribute to these challenges,
consistent with previous findings that excessive pore volume can compromise

product purity.3®

This size-selective behaviour is graphically illustrated in Figure 5-3, which shows
the relationship between molecule size and pore accessibility. The fusiform
channel depicted has an aperture in the range of 3.47-3.69 A. Ethylene, with a
cross-section of 3.28 A, is shown entering the channel, while ethane, slightly
larger at 3.81 A, is sterically hindered. This visual model emphasises the principle
that molecular sieving effects, based not just on average pore diameter but also
on precise shape and dimensional compatibility, are key to optimising both

activity and selectivity in catalytic systems.%
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Figure 5-3 Illustration of size-selective molecular transport through a fusiform channel.

In summary, pore size and molecular geometry are key factors that influence the
catalytic behaviour of Pd- and Pd-Au-supported materials. Small pores, such as
those in MS 3A, limit activity due to transport challenges, while larger pores, like
those in NaY, compromise selectivity by allowing undesirable side reactions.
Supports with intermediate pore diameters, seen in MS 5A and certain MOFs,
strike a balance by providing adequate access for reactants while minimising

over-hydrogenation.
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To elucidate the structural preservation and modes of metal incorporation across
various porous supports, we compared the XRD profiles of monometalic Pd-
catalysts supported on zeolitic MS 5A with those confined within a crystalline
MOF. Figure 5-4 presents the experimental XRD patterns for pristine MS 5A and
its metal-loaded derivatives, while Figure C includes both calculated and
experimental PXRD profiles for pristine MOF and its bimetallic analogue, Pd:-
Aw@MOF, across the 26 range of 2.0-60.0°. In the zeolite-based systems
(Appendix 5A-8 Figure 5A-8), the XRD patterns confirmed the support's high
crystallinity and the successful incorporation of Pd without the formation of large
crystalline nanoparticles. Notably, the absence of distinct reflections for Pd or
Au, as compared to JCPDS standards, indicates a high level of dispersion or

atomic-scale confinement of the metals within the MS 5A pore network.
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Figure 5-4 X-ray diffractograms (XRD) comparing Pd-zeolite with a 5 A pore size to its
zeolite supports (MS 5A), PdA@MS. Below, reference patterns for palladium (Pd, JCPDS
06-1043) confirm the absence of large metal nanoparticles, indicating a finer distribution

of the metals within the zeolite.
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The PXRD patterns of MOF and Pd:-Aui@MOF (Figure 5-5) reveal that the
crystalline framework is well-preserved after metal incorporation. The
experimental profiles for both materials align closely with their respective
calculated patterns, confirming that the framework maintains its periodicity and
long-range order following the introduction of metal species. The lack of
additional peaks or significant peak broadening upon the formation of Pd:-
Awi@MOF strongly suggests that the bimetallic species are accommodated
within the intrinsic pore environment of the MOF instead of forming segregated

metallic clusters.

-
[

L

Intensity (a.u.)

|

LA 4

L

) 1

5 10 15 20 25 30 35 40 45 50 655 60
2Th. (°)

Figure 5-5 Calculated (bold lines) and experimental (solid lines) PXRD pattern profiles
of MOF and Pd;-Au;@MOF in the 26 range 2.0-60.0°.

Compared to the zeolite-based catalysts, the MOF-supported system exhibits
lower peak intensities and broader reflections, particularly in the higher 26 region
(30-60°), which may stem from reduced crystallite size or intrinsic framework

flexibility typical of many MOFs.®

Additionally, the lower symmetry and complex coordination environment in the

MOF may contribute to more diffuse scattering, in contrast to the sharper
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diffraction observed in the highly crystalline aluminosilicate lattice of MS 5A.
Despite the structural differences among the supports, a common theme emerges:
the PXRD data indicate that the incorporation of Pd and/or Pd and Au does not
disrupt the parent framework or lead to the formation of bulk metal phases.®* 4

This structural stability during metalation, confirmed by the alignment with
theoretical patterns observed in the MOF case, underscores the effectiveness of
both microporous architectures in immobilising metal species at the atomic or

sub-nanometric scale.

These findings are pivotal for catalytic performance, as high metal dispersion and
confinement within a robust crystalline framework are often associated with

enhanced activity and selectivity in size-sensitive hydrogenation reactions. 3 4041

The consistency between simulated and experimental PXRD patterns for the
MOF further establishes its suitability as a model system for mechanistic
investigations, allowing for a direct correlation between structure and

reactivity.** 42

This principle highlights the significance of aligning the support architecture with
the molecular dimensions of the reactive species to optimise catalytic

performance.®® 4

Both monometallic (Pd-only) and bimetallic (PdiAu:) systems exhibited these
pore-dependent effects, with bimetallic catalysts typically providing improved
selectivity in larger-pore supports.®® Nonetheless, their performance remained
influenced by the transport and confinement properties of the supporting

framework.38 40
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Transmission electron microscopy (TEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) were employed to
assess the dispersion, particle size distribution, and spatial arrangement of Pd
species in the monometallic PA@MS 5A catalyst. Low-magnification TEM
images of the fresh Pd@MS 5A sample indicated the presence of large Pd
aggregates, some of which exceeded 50 nm in diameter. These large domains
suggest a degree of Pd sintering or uncontrolled growth during synthesis or
thermal treatment, which may negatively influence catalytic performance. Such
large metallic ensembles are known to facilitate non-selective hydrogenation
pathways due to the abundance of contiguous Pd atoms that promote deep

hydrogenation, leading to excessive ethane formation. (Figure 5-6)

2000 nm

M.t bt s

Figure 5-6 Low-magnification TEM analysis of the fresh Pd@MS 5Acatalyst.
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To achieve a deeper understanding of the population of finely dispersed
palladium (Pd) species, HAADF-STEM was employed in conjunction with
advanced image processing and segmentation techniques. The initial step
involved enhancing the contrast of HAADF images through filtering, followed
by converting these images into colour scale maps to facilitate clearer
visualisation of atomic features. Next, a segmentation algorithm was utilised to
identify individual Pd species based on intensity thresholds and spatial
characteristics. This approach enabled a quantitative analysis of over 1,000
individual Pd features, allowing for a rigorous statistical assessment of particle
size distribution. The resulting data revealed a bimodal distribution of Pd species.
A significant portion of the population consisted of highly dispersed Pd entities
with sizes below 1 nm, likely corresponding to isolated atoms, sub-nanometric
clusters, or very small nanoparticles. These ultrasmall Pd species are particularly
advantageous in selective hydrogenation reactions, as they minimise the risk of
over-hydrogenation and promote monoselective activity due to their limited
surface ensemble size and altered electronic structure. Additionally, a secondary
population of larger Pd species was identified, with sizes reaching approximately
3 nm. While still classified as nanoscale, these particles may begin to exhibit
multi-atom surface ensembles, thereby increasing the likelihood of side reactions,

such as ethane formation. (Figure 5-7)
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Figure 5-7 HAADF-STEM imaging and quantitative analysis of Pd species dispersion in
the Pd@MS 5A catalyst.

The combination of HAADF imaging and statistical segmentation offers
compelling evidence of a heterogeneous distribution of Pd on the MS 5A
support.(Figure 5-8) While the presence of large Pd aggregates (greater than 50
nm) raises concerns, the detection of a significant proportion of sub-nanometric
Pd species suggests that a portion of the Pd remains catalytically active,
particularly in selective reactions. This dual population of Pd is consistent with
the catalytic behaviour observed in the PdA@MS 5A system, which exhibited
moderate activity and limited selectivity. The larger Pd clusters likely contribute
to unselective hydrogenation, whereas the finely dispersed Pd species account for
the observed ethylene production. To enhance selectivity and reduce over-
hydrogenation, improving the uniformity of Pd dispersion could prove beneficial.
This may be achieved through optimised synthesis methods or by incorporating
a second metal, such as Au, to provide electronic dilution and stabilisation. In
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summary, the analyses of PA@MS 5A performed using TEM and HAADF-
STEM underscore the crucial role of metal dispersion in catalyst performance.
The coexistence of both highly dispersed Pd species and large metallic aggregates
emphasises the need for precise control over metal nucleation and growth,
especially when designing catalysts for monoselective hydrogenation. Future
strategies should focus on eliminating oversized Pd domains while maximising
the density of sub-nanometric, electronically tailored Pd sites, preferably within

structurally confining and stabilising supports such as zeolites.

Pd species distribution
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Figure 5-8 Comprehenswe TEM and HAADF STEM characterisation of Pd dispersion
in the Pd@MS 5A catalyst.

The structural and electronic characteristics of palladium species supported on
various zeolitic substrates were further elucidated through UV-Vis diffuse
reflectance spectroscopy, thereby complementing insights obtained from XRD
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analysis. As depicted in Figure 5-9, all Pd-supported materials, PdA@MS 3A,
Pd@MS 5A, and Pd@NaY, exhibit a pronounced absorption band in the
ultraviolet region (~220-250 nm). This band is indicative of ligand-to-metal
charge transfer (LMCT) transitions in oxidised Pd species, particularly in the

form of Pd** complexes such as [PdCls J*~ or PdO clusters. 3

The absence of broad, featureless absorption bands extending into the visible
range (400600 nm) in all samples further suggests that metallic Pd°
nanoparticles, which typically exhibit localised surface plasmon resonance
(LSPR) in this wavelength range, are not present. This observation is consistent
with the XRD results presented in Figure 5-4, which show no discernible
reflections associated with bulk Pd phases, in accordance with reference patterns
(JCPDS 46-1043 for Pd). The lack of metallic diffraction peaks implies mark that
the metal species are either highly dispersed or exist as small clusters that fall
below the detection limit of XRD, a conclusion corroborated by the electronic

absorption spectra.
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Figure 5-9 UV-Vis diffuse reflectance spectra of Pd-supported zeolitic materials:
Pd@MS 3A, Pd@MS 5A, and Pd@NaY.

Notably, the intensity of the LMCT band varies with the type of support,
reflecting disparities in Pd dispersion and support-metal interactions.
Pd@NaYexhibits the most intense absorption, likely due to its larger supercage
volume, which facilitates greater Pd incorporation or stronger metal—framework
interactions. Conversely, Pd@MS 5A demonstrates moderate absorption
intensity, suggesting a balanced interplay between accessible pore space and
uniform dispersion of Pd?* species. PA@MS 3A, characterised by the narrowest
pore openings (~3 A), displays the weakest absorption, which may be attributed

to steric constraints that hinder effective Pd loading or limit its homogeneous
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distribution within the framework. These trends are further paralleled in the XRD
profiles, where all catalysts maintain the crystalline integrity of the parent zeolite
but differ in the degree of peak broadening and relative intensity. This variation
may reflect localised strain or defect formation due to metal incorporation.

X-ray Photoelectron Spectroscopy (XPS) was employed to probe the electronic
states and surface composition of palladium species across the different catalyst
systems (Figure 5-10). The high-resolution Pd 3d spectra for the zeolite-
supported catalysts (Pd@MS 3A, Pd@MS 5A, and Pd@NaY) all exhibited
characteristic doublets corresponding to Pd 3ds> and Pd 3ds/> core-level
transitions. For all samples, the Pd 3ds/> peak was located in the range of 337.7—
338.1 eV, which is consistent with the presence of oxidised Pd** species, such as
PdO or framework-bound Pd?* cations. These binding energies are significantly
higher than those typically associated with metallic Pd° (~335.0 eV), confirming
the predominant oxidation state of palladium in these materials. This finding
aligns with both the UV-Vis DRS data, where no LSPR features were detected,
and the PXRD results, which showed no peaks attributable to bulk metallic

phases.

Saliently, subtle shifts in the Pd 3d binding energies were observed depending on
the zeolite support. Pd@NaYexhibited the highest binding energy (~338.1 eV),
suggesting stronger Pd-support interactions, likely due to the more polar and
spacious supercage environment in the NaY framework. In contrast, Pd@MS 3A
displayed slightly lower binding energy (~337.7 eV), consistent with weaker
interactions due to the more restrictive pore dimensions. The intermediate
binding energy observed for PdA@MS 5A (~337.9 eV) reflects a moderate

interaction, correlating well with its balanced Pd dispersion and accessibility.
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The full-width at half maximum (FWHM) of the Pd 3d peaks was also analysed
as an indirect indicator of electronic heterogeneity and particle size distribution.
Broader peaks in PA@MS 5A and Pd@NaY samples suggest the coexistence of
multiple Pd** environments or coordination states, possibly including highly
dispersed Pd*" ions and small oxidic clusters. This observation supports the
HAADF-STEM findings, which identified a bimodal size distribution in PdA@MS
5A and sub-nanometric dispersion in Pd-NaY. In contrast, narrower peaks in
Pd@MS 3A suggest fewer distinct environments, likely due to restricted Pd

incorporation.

Collectively, the XPS data reinforce the conclusion that Pd is predominantly
present in oxidised, highly dispersed states within all zeolite supports, with no
detectable Pd® on the surface. These oxidised Pd species are known to be
catalytically active in selective hydrogenation reactions, particularly when
stabilised within microporous environments. Furthermore, the observed support-
dependent shifts in binding energy and peak width highlight the critical role of
framework structure in tuning metal-support interactions, electronic properties,

and, by extension, catalytic behaviour.
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Figure 5-10 High-resolution XPS spectra of Pd 3d regions for Pd-supported zeolitic
catalysts (Pd@MS 3A, PA@MS 5A, and Pd@NaY).

The combined XRD, HAADF-STEM, XPS and UV-Vis analyses confirm that
Pd is primarily incorporated in an oxidised, highly dispersed state across all
zeolitic supports. The architecture of the pores plays a pivotal role in determining
metal uptake, distribution, and the associated electronic environment, factors that

are expected to directly influence catalytic performance.
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5.3.3. Catalytic Results

The catalytic performance of the prepared materials was systematically evaluated
under the optimal reaction conditions previously established for the Pd:-
Aw@MOF system. These conditions were selected to maximise acetylene
conversion while maintaining high ethylene selectivity, providing a benchmark
for comparative analysis. The results presented here focus on the semi-
hydrogenation of acetylene, a reaction that is highly sensitive to both mass

transport limitations and the configuration of active sites.

Activity and selectivity profiles of Pd and Pd-Au catalysts supported on
molecular sieves with varying pore sizes (MS 3A, MS 5A, and NaY) were
examined to elucidate the interplay between support architecture, metal
composition, and reaction performance. Differences in molecular diffusion,
product confinement, and the extent of over-hydrogenation were critically
assessed to determine how the support structure influences catalytic efficiency
and selectivity under industrially relevant conditions. To gain a better
understanding of how palladium loading and support pore structure influence
catalytic behaviour, a series of catalysts composed solely of palladium on zeolite
supports was initially synthesised. Three types of supports were utilised: MS 3A,
MS 5A, and NaY, each with three distinct palladium loadings: approximately
0.025 wt%, 0.1 wt%, and 1 wt% (exact values are provided in Appendix 5A-1;
Table 5A-1). Importantly, H*-form zeolites were excluded to avoid Brgnsted

acid-catalysed side reactions.

The semi-hydrogenation of acetylene was conducted under identical conditions
using a 10:1 hydrogen-to-acetylene ratio (3 sccm Hz + 30 sccm C:H. mixture),

ensuring a consistent basis for comparison. (see Figure 5-11) This systematic
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variation enabled the exploration of the effects of metal dispersion and the density
of active sites on the semi-hydrogenation performance of acetylene across
supports with differing pore sizes and diffusion characteristics. These Pd-only
systems served as a baseline for assessing metal-support interactions and
provided crucial insights into optimal metal loading ranges prior to the
introduction of bimetallic functionality through the incorporation of gold.

In addition to the optimal conditions previously established for MOF-based
catalysts, an extended investigation was carried out involving a range of flow rate
conditions tailored to each catalyst system studied. These experiments were
designed to evaluate performance sensitivity and stability under varied hydrogen-

to-acetylene ratios, and the resulting data are provided in Appendix 5A-9.
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Figure 5-11 Comparison of Pd-supported zeolites with varying pore sizes under
optimised semi-hydrogenation conditions (H2:C-H> = 10:1). Catalytic performance of
Pd@MS 3A (left), PdA@MS 5A (middle), and Pd@NaY (right) is evaluated in terms of
product selectivity and acetylene conversion. Bar plots represent product distribution:
acetylene (blue), ethylene (green), and ethane (orange). Superimposed markers indicate

acetylene conversion (red dots) and WHSV (purple dots).
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Despite the lowest Pd content, the 0.03 wt% Pd@MS 3A catalyst exhibited the
highest acetylene conversion (100%) and ethylene selectivity (95.36%), with
only minor ethane formation (4.47%). This suggests that at low Pd loading, the
metal is highly dispersed within the microporous structure of the 3A support,
facilitating isolated Pd active sites or small clusters that preferentially promote
selective hydrogenation of acetylene to ethylene while effectively suppressing
over-hydrogenation to ethane. Furthermore, the low WHSV (1320 mL g h™)
associated with this sample implies longer residence time, which likely

contributed to the complete acetylene conversion.

As Pd loading increased to 0.15 wt%, acetylene conversion remained high
(99.33%), though a slight decline in ethylene selectivity was observed (93.51%),
accompanied by a corresponding increase in ethane formation (6.35%). This
trend continued with the 1 wt% Pd sample, which exhibited the lowest acetylene
conversion (93.67%) and a further reduction in selectivity (94.54%), alongside
elevated ethane production (5.23%). The decrease in performance at higher
loadings can be attributed to the formation of larger Pd ensembles due to metal
particle agglomeration. These larger clusters present a broader range of active
sites, including those capable of facilitating full hydrogenation of ethylene to
ethane. Additionally, excessive Pd may block micropores, reducing diffusion
efficiency and active site accessibility. This is further evidenced by the increasing
ethane/ethylene (single-bond to double-bond) product ratio with Pd loading,
highlighting a progressive loss of control over selectivity. These findings
underscore the critical importance of tuning Pd dispersion within molecular
sieves to balance catalytic activity and selectivity. The MS 3A support, with its
narrow pore architecture, inherently limits metal diffusion and favours atomic

dispersion at low loading, making it particularly well-suited for selective
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hydrogenation applications. Optimal performance was achieved at 0.03 wt% Pd,
offering a promising route toward minimising precious metal usage while

maintaining high catalytic efficiency under industrially relevant conditions.

The catalytic efficiency of Pd-supported MS 5A (Figure 5-11, in the middle)
materials was examined under optimised semi-hydrogenation conditions
(H2:C:Hz = 10:1; 3 sccm Hz + 30 sccm acetylene mixture) across a range of Pd
loadings, specifically 0.02 wt%, 0.1 wt%, 0.8 wt%, and 4.8 wt%. The 5 A pore
size offers a balance between molecular access and confinement, allowing
effective diffusion of both acetylene and hydrogen while moderating the

formation of over-hydrogenated products.

In all samples tested, complete conversion of acetylene (100%) was achieved,
confirming the adequate accessibility of active sites throughout the series.
However, the selectivity for ethylene compared to ethane varied with the metal
loading, illustrating the sensitivity of catalytic outcomes to the size and nature of
the palladium (Pd) ensembles. At the lowest Pd loading of 0.02 wt%, ethylene
selectivity reached a maximum of 94.46%, with no detectable acetylene present.
This result underscores the effectiveness of highly dispersed Pd species in
enabling selective semi-hydrogenation. Additionally, the high ethane-to-ethylene
ratio of 0.103 suggests minimal over-hydrogenation, a highly desirable
characteristic in industrial processes where the purity of ethylene is crucial. Upon
increasing the Pd content to 0.1 wit%, a modest decrease in ethylene selectivity
was noted (93.90%), with 5.9% ethane detected. This reflects a growing
contribution of larger Pd ensembles, where adjacent active sites may promote full

hydrogenation to ethane.
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The distinction between the 0.8 wt% and 4.8 wt% Pd-loaded catalysts is more
pronounced. While both catalysts achieved complete conversion of acetylene,
ethylene selectivity exhibited a slight decrease, with values of 92.53% for the 0.8
wit% catalyst and 94.19% for the 4.8 wt% catalyst. Importantly, ethane formation
was recorded at 7.3% for the 0.8 wt% sample and 5.6% for the 4.8 wt% sample.
These findings suggest that increasing the Pd content does not lead to a
proportional enhancement in selectivity; rather, it can enhance tendencies for
over-hydrogenation. This phenomenon is likely due to the greater likelihood of

multiple hydrogenation events occurring on larger metallic domains.

From an industrial standpoint, selecting the appropriate Pd loading requires a
careful balance between two critical priorities: achieving high selectivity toward
ethylene and ensuring long-term durability of the catalyst under demanding
operational conditions. In this context, Pd catalysts with lower metal loadings
(0.02-0.1 wt%) exhibit exceptional selectivity by effectively suppressing over-
hydrogenation and minimising ethane formation. However, despite their
favourable selectivity profile, these low-loading catalysts may encounter
significant limitations in terms of mechanical integrity, resistance to deactivation,
and performance at WHSV, which are typical in industrial reactors. On the other
hand, catalysts with higher Pd loadings, specifically 0.8 wt% and 4.8 wt%, tend
to generate greater quantities of ethane, thereby compromising the purity of
ethylene. Consequently, they are less suitable for applications requiring ultra-
high selectivity, such as polymer-grade ethylene production. Nevertheless, these
higher-loading catalysts present advantages that merit further consideration. In
particular, the increased Pd content may enhance the catalyst’s robustness,
thermal stability, and lifespan, making them more appropriate for processes

where selectivity can be moderately sacrificed in favour of improved operational
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resilience, regeneration capacity, or throughput. Striking a balance between these
competing factors, the ~4.8 wt% Pd@MS 5A catalyst stands out as an appealing
compromise. It achieves complete acetylene conversion with a high ethylene
selectivity of 94.1%, all while managing ethane formation effectively. This
higher Pd loading supports strong long-term performance, positioning it as an
attractive option for industrial applications. While low Pd loadings are optimal
for maximising selectivity, and high loadings introduce certain trade-offs, both
the ~1 wt% and 4.8 wt% Pd catalysts warrant further investigation. Each may
fulfil distinct industrial roles: the former offering a balanced, high-performance
solution for general use, while the latter may serve as a viable option in systems

prioritising catalyst longevity, operational flexibility, or ease of regeneration.

Following the promising results obtained with MS 5 A supports, particularly at
Pd loadings of approximately 1 wt% and 5 wt%, the investigation was extended
to Pd-loaded NaY zeolites to assess the influence of a more open pore system
(~7.4 A) on catalytic performance. Unlike the more restrictive MS 3 A and
moderately confining MS 5 A, NaY offers a spacious pore network and large
supercages, which facilitate unobstructed diffusion of both acetylene and

hydrogen, as well as the intermediate and product molecules.®® 44

Catalysts comprising 1 wt% Pd on NaY (see Figure 5-11, right) exhibited full
acetylene conversion under high WHSV conditions (66000 mL g h™'), with no
detectable acetylene in the product stream and relatively low levels of ethane
(6.5%), suggesting efficient semi-hydrogenation activity and moderate
selectivity. However, under reduced WHSV (6600 mL g h™!), the same catalyst
displayed a decrease in selectivity, with ethane formation increasing and ethylene
selectivity dropping to ~88%. This decline can be attributed to the prolonged

residence time within the large-pore system, which facilitates secondary
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hydrogenation of ethylene to ethane, especially under excess hydrogen
conditions. Furthermore, the introduction of a higher Pd loading (5 wt%)
maintained full conversion, but similarly revealed selectivity losses under
specific conditions. Notably, reducing the H2:C2H: ratio to 5.5:1 while using the
5 wt% Pd@Na catalyst led to a marked increase in ethane formation (~14.9%)
and a further decline in ethylene selectivity (~85%), underscoring the sensitivity
of the system to hydrogen partial pressure in large-pore environments. These
observations affirm that while NaY enables excellent activity through enhanced
mass transport and reactant accessibility, it does so at the cost of reduced control
over over-hydrogenation reactions. The lack of steric hindrance in NaY, unlike
in MS 3 A or5 A, eliminates diffusion constraints that might otherwise suppress
unwanted secondary reactions.®® Thus, although NaY-supported Pd catalysts
perform effectively in terms of conversion, their selectivity is more susceptible
to reaction conditions, particularly at elevated metal loadings and under

suboptimal hydrogen flow regimes.** 4647

The data suggest that for industrially relevant semi-hydrogenation processes, the
structural openness of NaY must be carefully balanced with reaction engineering

strategies to mitigate ethylene loss and suppress ethane formation.

5.3.4. Catalytic Performance and Structural Effects in Acetylene
Semi-Hydrogenation

Catalytic testing demonstrated that pore size and support architecture
significantly impact acetylene conversion and ethylene selectivity. This

relationship is especially evident when comparing Pd-Au metal-organic

frameworks (MOFs) with Pd-loaded zeolites under identical weight hourly space
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velocity (WHSV) conditions. (Figure 5-12) The variations in product distribution
and catalytic efficiency observed can be attributed to differences in textural
properties, molecular diffusion, and the accessibility of active sites. As shown in
Figure 5-3, the kinetic diameters of acetylene (Cz2Hz, ~3.3 A), hydrogen (Hz, ~2.9
A), ethylene (C2Ha, ~4.2 A), and ethane (C2Hs, ~4.4 A) suggest that the diffusion
and transformation of these species are strongly influenced by the pore
architecture of the catalyst supports. Materials with pore diameters below or close
to these values may impose steric constraints, impacting both reaction kinetics
and product selectivity.
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Figure 5-12 Effect of support pore size and architecture on acetylene conversion and

ethylene selectivity.
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Among the zeolites examined, MS 5 A emerges as the most balanced and
promising candidate for industrial applications. Its pore openings of
approximately 5 A provide ample accessibility for reactants while simultaneously
offering a molecular sieving effect that mitigates the risk of over-hydrogenation.
This dual functionality is demonstrated by the complete conversion of acetylene
and a relatively low ethane yield of 7.30%, highlighting its high selectivity for
ethylene. Additionally, a high-loading MS 5 A catalyst (approximately 5 wt%
Pd) exhibited enhanced performance, achieving full acetylene conversion with
reduced ethane formation, resulting in only 5.61% ethane and an improved
ethane-to-ethylene ratio. This improvement is likely attributed to a higher density
of accessible active sites, which closely resembles the palladium content of the
MOF system (approximately 7.1 wt%). These findings highlight the impact of
metal loading on catalytic performance and indicate that selecting the right
precursors can optimise the catalyst. Moreover, this improvement may stem from

better palladium dispersion or altered electronic properties at the active sites.

This catalytic performance is strongly supported by post-reaction HAADF-
STEM analysis. Low-magnification images revealed the formation of Pd
agglomerates, particularly on the external surfaces of the zeolite, as indicated by

red arrows in Figure 5-13.
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Figure 5-13 Post-reaction HAADF-STEM analysis of Pd distribution on zeolite catalysts.

Compared to the fresh catalyst, a reduction in the overall number of metal species
was observed, along with a clear increase in the population of particles larger than
2 nm, suggesting the occurrence of sintering of surface-bound Pd species. (Figure
5-14)
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Figure 5-14 Filtered HAADF-STEM images and Pd particle detection following catalytic

testing

Despite this, a significant fraction of sub-nanometric Pd clusters (<1 nm) was
retained, most likely residing within the internal zeolite framework where
sintering is suppressed due to spatial confinement. Size distribution analysis
confirmed a post-reaction shift toward larger particles, as indicated by increases
in both the mean particle size and standard deviation. This broader distribution
was primarily associated with particles exceeding 2.5 nm, while a concurrent
decrease was observed in the 1.0-1.5 nm range. In contrast, clusters in the 0.3—
0.5 nm range shifted slightly toward 0.6-0.8 nm, suggesting moderate structural
evolution without complete loss of high dispersion. (Figure 5-15) These findings
indicate that while external Pd sites are susceptible to aggregation, internal sites
remain relatively protected and catalytically relevant.
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catalysts.

This coexistence of stabilised, highly dispersed clusters with partially sintered
external domains aligns with the catalytic behaviour observed for PA@MS 5A.
The internal sub-nanometric species are likely responsible for maintaining high
selectivity and activity, as their electronic isolation and spatial restriction limit
the ensemble size required for over-hydrogenation pathways. Meanwhile, the
external Pd sites, prone to agglomeration, contribute less to selective
transformation and may be passivated during reaction. (Figure 5-16) These
observations reinforce the critical role of support morphology, not only in initial

dispersion but also in preserving catalytic function under reaction conditions.
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Figure 5-16 Comparison of Pd particle size distributions before and after the reaction.

The comparison with other supports underscores this finding. The narrower-pore
MS 3A zeolite, while providing limited diffusion access that reduces ethane
production to 5.23%, nonetheless experiences incomplete conversion of
acetylene, achieving only about 94% conversion. The restricted pore size
hampers the diffusion of acetylene molecules to the active sites, leading to a
decreased effective turnover frequency and overall activity. On the other hand,
NaY zeolites, which feature larger pore diameters of approximately 7.4 A, enable
excellent reactant diffusion and achieve complete acetylene conversion.
However, this benefit comes with the drawback of increased over-hydrogenation,
resulting in a higher ethane yield of 6.47%. These findings underscore a
significant trade-off: while smaller pores limit conversion efficiency, larger pores
can promote undesirable side reactions. This highlights the need to identify an

optimal intermediate pore size for maximising catalytic performance.
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The PdiAwm@MOF, characterised by one-dimensional channels measuring
approximately 5.6 A, serves as a performance benchmark. Under standard
conditions, it achieves conversion and selectivity levels comparable to MS 5A.
(Figure 5-17) However, when exposed to intensified conditions, such as elevated
WHSYV or increased gas flow rates, the MOF exhibits superior performance. This
enhancement is primarily due to the high density of atomically dispersed Pd—Au
dimeric sites, which are effectively stabilised within its well-ordered framework.
The architecture of the MOF enables a controlled spatial distribution of active
sites, effectively minimising site aggregation and facilitating more consistent
molecular transport. Significantly, the structural distinctions between the three-
dimensional microporous networks of zeolites and the one-dimensional channel
system in MOFs have important implications. While zeolites are robust and
economically viable, they often face challenges related to non-uniform diffusion
paths and limited flexibility in the positioning of active sites. In contrast, the
linear, modular design of the MOF provides predictable channel geometry,
enhanced site accessibility, and improved catalytic longevity, particularly under

conditions that replicate industrial stress.
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Figure 5-17 Catalytic results for the different Pd-zeolites with different pore size (3,5and
7 A) and loading of ~ 1wt% Pd compared to Pd;-Au; @MOF, with channels of 5.6 A and
loading 7,1wt% Pd; Legend: Ethane (orange); Ethylene(green); Acetylene (blue);
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In addition to the optimal conditions previously established for MOF-based
catalysts, a comprehensive investigation was conducted to assess various flow
rate conditions tailored to each specific catalyst system. The experiments were

designed to evaluate performance sensitivity and stability under different
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hydrogen-to-acetylene ratios. The resulting data are presented in Appendix 5A-
10.

While the Pd:—Au:@MOF exhibits exceptional catalytic performance, its large-
scale application is constrained by economic and practical factors, particularly
the high cost of gold and the complexity of its synthesis. In contrast, PdA@MS 5A
presents a more viable industrial alternative. It achieves high conversion rates and
selectivity with lower metal loading, utilising cost-effective and abundant
supports along with simpler preparation methods. Moreover, its advantageous
ethane-to-ethylene ratio and reduced ethane production further enhance its

suitability for ethylene purification processes.

The structural, kinetic, and catalytic data collectively suggest that MS 5A is an
ideal platform for the selective hydrogenation of acetylene. Its intermediate pore
size is well-aligned with the kinetic diameters of both reactants and products,
facilitating efficient conversion while minimising the likelihood of over-
hydrogenation. Building on this premise, Pd—Au catalysts supported on MS 5A
were developed as a strategic design approach to replicate the high activity
observed in Pd—Au metal-organic frameworks (MOFs), while also capitalising on
the economic and structural benefits of zeolitic materials. This hybrid strategy
offers a pathway for the creation of scalable, efficient, and cost-effective catalysts

for the purification of industrial ethylene streams.

In addition to the Pd-only systems, a monometallic Au@MS 5A zeolite catalyst
was synthesised and evaluated under the same optimal reaction conditions as the
Pd-based materials. However, akin to the previously studied Au@MOF system,
no measurable conversion of acetylene was achieved. This absence of catalytic

activity suggests that, under the conditions examined, gold alone, whether

231



Chapter 5. Pd and Pd-Au Catalysts on MOF and Zeolite Supports for Selective Acetylene
Semi-Hydrogenation in Ethylene-Rich Feedstocks

contained within a zeolite or a MOF framework, is not effective for the semi-
hydrogenation of acetylene. These findings further highlight the crucial role of
palladium in facilitating hydrogen activation and enabling selective hydrocarbon
transformation within the tested catalytic systems.

5.3.5. Pd-Au-zeolite

Based on a comparative catalytic evaluation of various zeolite supports, MS 5A
has emerged as the most effective material for achieving an optimal balance
between activity and selectivity in the semi-hydrogenation of acetylene. Its
intermediate pore size of approximately 5 A provides a favourable compromise,
mitigating the diffusion limitations associated with the narrower-pore MS 3A
while avoiding the excessive openness of the wider-pore NaY. Catalysts utilising
MS 5A consistently reached full acetylene conversion at both low and high
palladium loadings, simultaneously reducing ethane formation and enhancing
selectivity for ethylene. These findings emphasise the significance of the steric
effects generated by the pore framework, where moderate spatial confinement
can restrict the diffusion of bulky intermediates and over-hydrogenated products,

while still allowing reactants to access the active sites effectively.*®

Given its favourable performance, MS 5A was selected as a structural template
for the development of a new series of bimetallic Pd—Au catalysts. The aim was
to replicate the outstanding performance characteristics of Pdi-Aui@MOF
materials, particularly their high selectivity and atomically dispersed dimeric
active sites, while leveraging the structural robustness, ease of synthesis, and

cost-effectiveness of zeolitic supports.* To investigate how different metal
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incorporation strategies affect the catalytic properties of these systems, three
distinct Pd-Au@MS 5A catalysts were synthesised using various protocols.

In the first approach, palladium and gold precursors were co-impregnated
simultaneously onto the MS 5A support. The second approach involved
impregnating and drying Pd before introducing Au, while the third approach
reversed this order by impregnating Au first, followed by Pd. These variations
were designed to explore the effects of simultaneous versus sequential metal
deposition on metal dispersion, bimetallic site formation, and interactions with

the zeolite framework.*% %0

This investigation stems from the well-established sensitivity of bimetallic
catalysts to factors such as metal distribution, support coordination, and
electronic modification, all of which can significantly impact both their activity

and selectivity.

It is particularly intriguing to investigate how the sequence of metal incorporation
influences the accessibility and distribution of active sites, potentially impacting
catalytic performance through mechanisms such as site competition, preferential
anchoring, or metal-metal synergy. Studies have indicated that the spatial
arrangement and proximity of Pd and Au atoms can either facilitate or obstruct
the formation of catalytically active bimetallic ensembles. Moreover, Au can

electronically stabilise Pd and modify hydrogen activation pathways.*!

Additionally, the occupation of microporous environments within zeolites by
either metal can lead to variations in accessibility and turnover frequency,
depending on whether the metal particles are confined within the pores or

deposited on external surfaces.*
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Figure 5-18 Product yield distribution (%) for the semi-hydrogenation of acetylene over
Pd-Au catalysts supported on MS 5A and MOF under identical reaction conditions;
Legend: Ethane (orange); Ethylene (green); Conversion of acetylene (red); Ratio ethane-
to-ethylene (yellow dots)

The catalytic performance of the Pd-Au@MS 5A systems was evaluated under
identical reaction conditions for a direct comparison with monometallic
analogues and the Pdi-Aui@MOF benchmark (see Figure 5-18). This study
examined acetylene conversion, ethylene selectivity, ethane suppression, and the

ratio of single bonds to double bonds (ethane/ethylene) in the products. The aim
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was to explore how various synthetic strategies impact the structure—function
relationships in these bimetallic systems. The effectiveness of the Pd—Au systems
in the selective hydrogenation of acetylene is strongly influenced by support
architecture, metal dispersion, and deposition methods. A comparison of the Pdi—
Aui@MOF with the MS 5A-supported catalysts highlights how spatial
confinement and bimetallic site structure can affect catalytic activity and
selectivity.

The Pd;—Au; @MOF features one-dimensional channels approximately 5.6 A in
diameter, hosting atomically dispersed Pd—Au dimeric sites. Owing to its high
surface area and open pore architecture, this system enables complete acetylene
conversion with a product distribution of 90.22% ethylene and 9.78% ethane.
While the extensive pore accessibility facilitates efficient reactant diffusion and
interaction with active sites, it simultaneously allows for re-adsorption of the
ethylene product, promoting secondary hydrogenation and leading to undesired
ethane formation. Moreover, the absence of spatial constraints limits the
suppression of over-hydrogenation pathways. In contrast, the MS 5A zeolite, with
its narrower pore size (~5 A), introduces a size-selective diffusion barrier that
effectively moderates access to active sites. This confinement aligns with the
kinetic diameters of acetylene (3.3 A) and ethylene (4.2 A), restricting the entry
of larger species and hindering product re-adsorption.®* As a result, the MS 5A-
supported Pd—Au catalysts demonstrated markedly improved selectivity while
maintaining high levels of activity. Notably, the manner in which Pd and Au were

introduced into the zeolite support had a profound impact on catalytic behaviour.

Among the MS 5A-based systems, catalysts synthesised using different metal
deposition sequences exhibited distinct product distributions. These variations

can be attributed to differences in metal dispersion, alloying, and electronic
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interactions. In all cases, Pd and Au were sequentially introduced using wet
impregnation to replicate the optimised configuration observed in
Pdi—Au; @MOF, with total metal loadings adjusted as necessary to align with
those of the MOF (7.1 wt% Pd). To examine structural preservation and metal
incorporation methods in various porous supports, the XRD profiles of bimetallic
catalysts (PdiAui) on zeolitic MS 5A were compared to those in a crystalline
MOF. Figure 5-19 displays the XRD patterns of pristine MS 5A and its metal-
loaded variants, while Figure 5-4 shows the calculated and experimental PXRD
profiles for the pristine MOF and its bimetallic analogue, Pdi-Aui@MOF, in the
26 range of 2.0-60.0°. In the zeolite-based system, the XRD patterns confirmed
the high crystallinity of the support and the successful incorporation of Pd and
Au without the formation of large crystalline nanoparticles. Notably, the absence
of distinct reflections for Pd or Au, compared to JCPDS standards, indicates a
high level of dispersion or atomic-scale confinement of the metals within the MS

5A pore network.
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Figure 5-19 X-ray diffractograms (XRD) comparing PdAu-zeolite with a 5 A pore size
to its zeolite supports (MS 5A), PdA@MS 5A and Au-MS 5A. Below, reference patterns
for palladium (Pd, JCPDS 46-1043) and gold (Au, JCPDS 04-0784) confirm the absence
of large metal nanoparticles, indicating a finer distribution of the metals within the zeolite.

The co-impregnated Pd-Au@MS 5A catalyst, synthesised by simultaneous
addition of both metal precursors, achieved complete acetylene conversion with
an ethylene yield of 94.77% and ethane formation of only 4.90%. (Figure 5-18)
This performance is attributed to the formation of homogeneously alloyed Pd—
Au sites during the drying and activation stages, which likely facilitated optimal
metal-metal interactions and electronic tuning. As a result, the configuration

likely generated electronically tuned active sites that facilitated semi-
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hydrogenation while minimising hydrogen spillover and excessive reduction.
Sequential deposition strategies produced notably different results. In the Pdi—
Au:@MS 5A catalyst, where palladium was deposited before gold, the ethylene
yield reached 94.11%, accompanied by a slight increase in ethane production to
5.64% and nearly complete conversion of acetylene, with only 420 ppm of
residual acetylene. When Pd is deposited prior to Au, the resulting catalyst
structure is often characterised by Pd nanoparticles that are subsequently
modified by the introduced Au species. This configuration typically leads to
partial alloying or surface decoration, where Au atoms interact with pre-formed
Pd domains to create bimetallic interfaces. These interactions can alter the
electronic environment of Pd, weakening Pd—H bonding and favouring the
adsorption of w-bound acetylene species over strongly held ethylene
intermediates. However, the extent of alloying may be limited, leaving portions
of extended Pd ensembles exposed. This incomplete modification can reduce the
catalyst’s selectivity, as the exposed Pd sites are more prone to facilitating over-
hydrogenation pathways. Although such catalysts retain high activity, the
increased formation of ethane reflects the challenge of fully suppressing multi-
step hydrogenation in the absence of complete site isolation or homogeneous

alloy formation.5®

In contrast, the Au—Pd-@MS 5A catalyst, where gold (Au) was introduced
before palladium (Pd), exhibited the lowest ethane formation at 4.26% and the
highest ethylene yield at 95.39%. This occurred despite a slightly less complete
conversion of acetylene, with 1652 ppm of acetylene remaining. This suggests
that the pre-deposition of Au modifies the zeolite surface, improving Pd
dispersion and promoting the formation of electronically isolated Pd sites. It is

known that Au functions as both an electronic and geometric modulator,
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weakening Pd—H binding and disrupting extended Pd ensembles that favour
deeper hydrogenation.®® These variations confirm that the bimetallic performance
is sensitive to the deposition sequence. This finding aligns with studies of Au-
modified oxides and nanoparticle catalysts, where the order of metal addition
significantly alters particle size, alloy composition, and surface reactivity.>

The overall performance trends observed in the MS 5A-based catalysts
underscore the importance of not only the support's pore structure but also the
bimetallic configuration and preparation techniques employed. The confinement
effect of MS 5A plays a pivotal role in limiting over-hydrogenation, while the
interaction between Pd and Au, shaped by their spatial arrangement and the

degree of alloying, modulates hydrogenation pathways at the molecular level.>®

As reported in various studies, Pd—Au alloy catalysts typically demonstrate
reduced hydrogen adsorption strength and enhanced selectivity in alkyne
hydrogenation due to electronic charge transfer from Au to Pd. This transfer alters
the d-band centre of Pd, thereby suppressing the formation of excessively strong

intermediate adsorbates.5®

The atomic ratio and absolute loading of Pd and Au are crucial factors that shape
the structural and electronic environment of bimetallic active sites. These
parameters significantly influence alloy formation, hydrogen binding energy, and

ultimately, the catalytic behaviour in the semi-hydrogenation of acetylene.
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5.3.6. Selectivity and Structure—Function Relationships in Pd-

Au Catalysts

The ethane/ethylene ratio, which reflects the relative formation of ethane (single
bond) compared to ethylene (double bond), is a crucial selectivity metric in
acetylene hydrogenation. Lower values of this ratio indicate a greater selectivity
for ethylene, which is vital for industrial applications.®® Among catalysts with
comparable Pd:Au weight ratios (approximately 1:2), the Pdi—Au2@MS 5A and
the Pdi—Aui@MOF exhibit markedly differing performances. Both catalysts
achieve similar acetylene conversion rates, yet Pdi—Au2@MS 5A shows
significantly enhanced selectivity, as demonstrated by its lower ethane/ethylene
ratio. This disparity emphasises the importance of support architecture, metal
dispersion, and synthetic methods, in addition to mere compositional control. 4457
MOFs provide atomically dispersed Pd—Au sites with excellent catalytic activity.
However, their practical applications are hindered by several challenges,
including sensitivity to moisture, complex synthesis processes, and limited
thermal stability.%® In contrast, MS 5A zeolite offers a thermally stable and
scalable platform that is ideal for industrial applications. Its shape-selective
microporosity effectively reduces the risk of over-hydrogenation by limiting the
re-adsorption of ethylene. The enhanced performance of the Pdi—Auw.@MS 5A
system results from the synergy between structural confinement and electronic
modulation. The intermediate pore size of the zeolite restricts the diffusion of
reactive intermediates, thereby minimising secondary hydrogenation reactions.
Additionally, employing a Pd-first deposition strategy creates isolated or weakly
interacting Pd sites that are electronically influenced by adjacent Au atoms. These

features replicate the principles of site isolation and metal synergy typical of
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MOF catalyst design, while providing a more stable and scalable support

framework.

The excess gold present in the Pd:Au = 1:2 composition serves two main
functions. Firstly, it dilutes the palladium ensembles, thereby inhibiting the
formation of multi-atom Pd sites.> Secondly, it modifies the electronic structure
of Pd by lowering the d-band centre. This alteration weakens the interactions
between Pd and hydrogen, stabilising m-bound acetylene intermediates,
promoting ethylene formation, and reducing the likelihood of over-
hydrogenation. Structural analysis using X-ray diffraction reveals an observable
shift of Pd reflections toward lower 20 values when PA@MS 5A is exposed to
hydrogen, compared to air. This shift signifies lattice expansion associated with
the formation of palladium hydride (PdHx), a phenomenon where interstitial
hydrogen atoms are incorporated into the Pd lattice.*® This transformation alters
the electronic environment of Pd, weakening Pd-H interactions and thereby
enhancing selectivity by stabilising m-bound intermediates. The observed lattice
flexibility under hydrogen aligns with the bimetallic system’s ability to promote

ethylene formation while suppressing over-hydrogenation. (Figure 5-20)
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Figure 5-20 Powder X-ray diffractogram (PXRD) of Pd@MS 5A (4.86 wt% Pd),
indicating the peaks of the different Pd crystallographic planes in the nanoparticles under
air or H, atmosphere with reference patterns for Pd (JCPDS 46-1043)

Both Pdi-~Aw@MS 5A and Aui—Pd-@MS 5A exhibit enhanced selectivity, with
Aui-Pd@MS 5A achieving the most favourable selectivity-to-dispersion
balance (ethane/ethylene ratio), though this comes with a slight compromise in
conversion. This trade-off indicates that the initial deposition of gold may restrict
the accessibility of Pd sites or impede hydrogen activation, a well-established
phenomenon in bimetallic systems where increased selectivity often corresponds
to a lower turnover frequency.®®% Additionally, the order of deposition
significantly impacts both the morphology and functionality of the catalysts. In

Pdi—Auw@MS 5A, gold likely decorates pre-existing Pd particles, resulting in the
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formation of alloyed or partially alloyed domains. In contrast, Aui—Pd@MS 5A
encourages the nucleation of Pd on gold-modified surfaces, leading to more
dispersed, electronically fine-tuned Pd sites that are less prone to over-
hydrogenation.®* The MOF catalyst, characterised by the highest Au content,
achieves strong conversion rates but falls short in selectivity due to the
unrestricted access of molecules to its active sites. In contrast, the MS 5A-
supported catalysts employ pore confinement to modulate reactivity and enhance
selectivity.* Particularly, the Aui—Pd@MS 5A catalyst, with minimal Au and a
moderately high palladium (Pd) loading, demonstrates the most selective profile
for ethylene production. In conclusion, Aui—Pd-@MS 5A emerges as the most
selective catalyst in this series, whereas Pdi—Au.@MS 5A strikes a robust
balance between activity and selectivity. This comparative study underscores the
necessity of integrating support morphology, controlled metal dispersion, and a

strategic deposition approach in the design of effective catalysts.%¢5!

Ultimately, the combination of geometric confinement and bimetallic site
engineering plays a vital role in steering hydrogenation pathways toward

desirable industrial outcomes.56: 62

While the Pd:—Aui:@MOF achieves perfect acetylene conversion, it exhibits a
drawback in selectivity, due to enhanced ethane formation. The Pdi—Auw.@MS
5A zeolite-based system demonstrates an ideal compromise, combining high
conversion efficiency with superior selectivity, facilitated by its confining pore
geometry and precisely engineered Pd-Au interfaces.®®®* These findings
establish Pdi—~Au.@MS 5A as a more industrially viable alternative, capable of

mimicking the advantages of MOFs without their inherent limitations.>®
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Figure 5-21 Comparative catalytic performance of MOF- and zeolite-supported systems
in acetylene semi-hydrogenation. Legend: Ethane (orange); Ethylene (green); Conversion

of acetylene (red); Ratio ethane-to-ethylene (yellow dots)

To comprehensively assess the catalysts developed in this study, we present a
comparative analysis of MOFs and zeolite-supported systems, as illustrated in
Figure 5-21. All formulations achieved acetylene conversions exceeding 90%,
yet their selectivity profiles varied significantly, underscoring the critical

influence of support architecture and metal configuration.

The MOF-based catalysts, including Pd@MOF and PdiAui@MOF,
accomplished complete conversion but exhibited lower selectivity toward
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ethylene. This phenomenon can be attributed to the open pore structure of MOFs,
which facilitates the re-adsorption of ethylene and promotes its over-
hydrogenation to ethane. Despite these selectivity challenges, MOFs fulfil a dual
role: they stabilise atomically dispersed metal sites and regulate the diffusion of
reactants and intermediates, thereby enhancing catalytic efficiency. The
performance of Pd:-Au:@MOF illustrates how cooperative interactions between
metal sites and the support framework can be leveraged in gas-phase
transformations, where the chemistries of products and reactants are closely

intertwined.

To further elucidate the role of support topology, we evaluated materials with
varying pore sizes and geometries. It was observed that increasing pore size
improved site accessibility and conversion, yet also correlated with a higher

ethane-to-ethylene ratio, indicating a trade-off between activity and selectivity.

In contrast, zeolite-supported catalysts, particularly those based on MS5A,
achieved a more favourable balance between conversion and selectivity. The
microporous structure of MS 5A offers spatial confinement that restricts over-
hydrogenation, thereby maintaining high selectivity for ethylene. Among the
formulations tested, PdiAu@MS 5A and Pd@MS 5A (4.8 wt% Pd)
demonstrated the best overall performance, characterised by very low residual
acetylene and minimised ethane formation. These enhancements result from both
geometric effects, limiting the formation of large palladium ensembles, and
electronic modifications induced by gold, which weaken the Pd—H interactions
and promote ethylene desorption. While AuiPd-@MS 5A exhibited the highest
ethylene selectivity, PdiAu2@MS 5A presented a more advantageous
compromise between conversion and selectivity, rendering it particularly

attractive for industrial-scale applications. Additionally, the thermal stability,
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scalability, and established use of MS5A in conventional catalytic systems further
bolster its practical deployment.

The catalytic performance of these systems is governed by the interplay between
metal dispersion and pore confinement. Optimal activity and selectivity are
achieved when pore dimensions closely match the kinetic diameters of the
involved species, facilitating efficient transport while controlling the lifetimes of
intermediates. Among all the catalysts studied, PdiAu.@MS 5A emerges as the
most promising candidate for selective acetylene hydrogenation under realistic

process conditions, offering a durable and industrially relevant solution.

5.3.7. Theoretical Mechanistic Insights via DFT Calculations

To gain molecular-level insight into the reaction mechanism, periodic DFT
calculations were performed on Pdi—Au: dimers embedded within the MOF
framework. Six possible configurations were evaluated, with structure F
identified as the most stable. (Figure 5-22). In this configuration, Pd is
coordinated to two sulfur atoms and Au to one, with an optimised Pd—Au bond
length of ~2.6 A and Pd-S / Au-S distances of ~2.3 A. Bader charge analysis
revealed that Pd remained slightly positively charged, while Au was nearly
neutral, suggesting a polarisation of electron density favourable for catalytic

activity.
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Figure 5-22 Optimised geometries of Pd1Aul dimers within the MOF. Au, Pd, Cu, S, O,
N, C and H atoms are depicted as gold, cyan, green, yellow, red, blue, grey and white

balls, respectively.
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Using a fragment of structure F, the semi-hydrogenation mechanism of acetylene
was investigated. Hydrogen activation was initially considered. Although
molecular Ha could bind on Pd opposite to the Au atom, the calculated activation
energy for H-H bond dissociation was too high (208 kJ-mol™) to align with
experimental observations. An alternative pathway involving displacement of a
thioether ligand allowed Ha activation with a much lower barrier (42 kJ-mol™),
especially in the presence of additional H> molecules. In all viable pathways, the
first hydrogenation step yielded intermediates where one H atom bridged Pd and
Au, and the other remained on Pd. The Au atom played a key role as an electronic
modifier, enhancing both activity and selectivity, and stabilising transition states

during H: dissociation.

Acetylene adsorption on these intermediates required partial ligand detachment
and proceeded through a transition state, with activation energies ranging from
17 to 34 kJ-mol™', depending on the pathway. Subsequent steps, involving the
addition of another H> molecule and hydrogen transfer, led to the formation of
ethylene. The most favourable pathway (from 2-B) showed low barriers (17 and
29 kJ-mol™), and ethylene desorption regenerated the active intermediate without
requiring further Hz dissociation, highlighting an efficient catalytic cycle (Figure
5-23).
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Figure 5-23 DFT-derived reaction mechanism for acetylene semi-hydrogenation on
PdiAu@MOF. Au, Pd, S, O, N, C, and H atoms are represented as gold, cyan, yellow,
red, blue, grey, and white spheres, respectively.
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Overhydrogenation to ethane was also studied. Although the first hydrogen
transfer to ethylene required only 11 kJ-mol™, subsequent H. adsorption and
activation steps were less favorable and endothermic. Thus, ethylene formation
was both kinetically and thermodynamically preferred, consistent with

experimental selectivity trends.
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5.4. Conclusion

This chapter presents a detailed assessment of metal-organic framework (MOF)
and zeolite-supported catalysts for the selective semi-hydrogenation of acetylene
under conditions that mimic front-end industrial processes. All evaluated systems
recorded high acetylene conversion rates exceeding 90%. However, their
selectivity for ethylene varied considerably, shaped by the support's topology and

the electronic and geometric configurations of the active metal sites.

Among these catalysts, the MOF-based catalyst Pd:-Au:@MOF demonstrated
remarkable performance, achieving nearly complete removal of acetylene with
remarkably low activation energy of approximately 1 kcal mol?, an
unprecedented feature for this type of reaction. The synergistic interaction
between palladium (Pd) and gold (Au), integrated within thioether-functionalized
MOF channels, enabled effective hydrogen (H:) activation and selective ethylene
production. The MOF structure not only stabilised isolated active sites but also
modulated the local reaction environment, yielding valuable insights into the
interplay between structure and function. Nevertheless, the open and highly
porous framework of the MOF can lead to the re-adsorption of ethylene, resulting
in its over-hydrogenation to ethane, which in turn limits product selectivity.
Additionally, the sensitivity of MOFs to moisture and the complexities of their
synthesis present challenges for practical implementation, despite the significant

mechanistic insights they offer.

Zeolite-supported systems, particularly those employing MS 5A, offer an
advantageous balance of conversion, selectivity, and durability. Palladium-only
catalysts, such as PA@MS 5A (4.8 wt% Pd), achieved complete conversion with

minimal ethane formation, demonstrating that the spatial confinement provided
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by the zeolite is sufficient to suppress over-hydrogenation even in the absence of
gold (Au). This is accomplished by isolating palladium (Pd) sites and controlling
the lifetimes of intermediates. The bimetallic catalyst PdiAu2@MS$S 5A further
enhances performance by diluting Pd ensembles and optimising metal-hydrogen
interactions, resulting in near-complete conversion with low ethane-to-ethylene
ratios. While AuiPd-@MS 5A exhibited slightly higher selectivity, PdiAu.@MS$S
5A proves to be the most effective compromise between activity and selectivity,

making it the most promising candidate for industrial applications.

The catalytic behaviour observed across both types of support reveals a clear
relationship between structure and performance, influenced by pore size. Systems
with excessively large pores, such as MOFs, enable rapid mass transport and high
activity but may also facilitate unwanted side reactions. In contrast, microporous
frameworks like MS 5A impose spatial constraints that limit the extent of
hydrogenation, thereby enhancing selectivity without sacrificing conversion
when combined with properly engineered metal sites. This balance is essential in
gas-phase reactions involving chemically similar species, such as acetylene and

ethylene.

In conclusion, PdiAu-@MS 5A emerges as the most viable formulation for
industrial use, combining high conversion, exceptional selectivity, and material
robustness. Although Pdi-Aui@MOF is less stable, it offers important atomic-
level insights into the catalytic mechanism. Together, these systems underscore
the significance of tailoring both the architecture of metal sites and the pore

environment to achieve efficient, selective, and scalable catalytic performance.
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5.5. Appendix

a) 5A-1

Table 5A-1. Metal content of the used catalysts measured by inductively coupled

plasma atomic emission spectroscopy (ICP-AES).

Name Metal Species ICP Metal Content (wt%b)
MOF Pd; - Aug; .
CuMecys PdAu Pd, Au 7.1Pd; 16.0 Au
MOF Ple;,dC“MeCys Pd 5.9 Pd; 0.07 Au
MOF Aus; CuMecys Au 0.05 Pd; 22.1 Au
Au

1.01 Pd

Pd@MS 3A Pd 0.15Pd

0.03Pd

4.86 Pd

0.83 Pd

Pd@MS 5A Pd 0.12 Pd

0.02 Pd

Au@MS 5A Au 3.11 Au
Pd-Au@MS 5A Pd; Au 3.18 Pd; 5.83 Au
Pdi-Au,@MS 5A Pd; Au 3.89 Pd; 6.25 Au
Au;-Pd,@MS 5A Pd; Au 4.22 Pd; 1.73 Au

5.00 Pd

Pd@NaY Pd 0.99 Pd
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Figure 5A-2 Diffuse reflectance infrared Fourier transform spectroscopy with CO probe
(DRIFTS) of PdiAui@MOF (top) and Pd:@MOF (bottom), recorded at 77 K with
increasing pressure of CO and subsequent evacuation at 10 mbar desorption cycles. The
samples were activated at 80 °C under reduced pressure for 16 h prior to carrying out the

sorption measurements.
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Figure 5A-3 Results of the continuous-flow semi-hydrogenation of acetylene using the
Pdi—Aui@MOF catalyst over one full day of uninterrupted operation. Conditions: 100 °C,
10:1 H: to hydrocarbons ratio, 33 mL min! total feed flow.
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Figure 5A-4 X-ray photoelectron spectroscopy (XPS) of Pd;Aui@MOF before (a) and
after reduction with NaBH, (PdiAui@MOF, b) showing the deconvoluted signals of
Audfypand Audfs, (left) and Pd3ds, and Pd3das,.
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Figure 5A-5 Theoretical (bold) and experimental (solid line) PXRD pattern profile of
Pd:-Aui@MOF, in the 26 range 2-60°, after the catalytic experiments.
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f) 5A-6

Table 5A-6 Selected data from the ICP—MS? and SEM/EDXP.

Metal
Metal % mass? % mass® Metal

stoichiometry? .
y stoichiometry

Cu 20.68 6.02 20.23 5.89
Sr 4.69 0.99 441 0.93
Au 5.25 0.49 5.37 0.50
Pd 2.93 0.51 2.83 0.49

2 Solid samples were digested with 0.5 mL of 69% HNOg3 at 60 °C for 4 hours, followed
by the addition of 0.5 mL of 37% HCI and digestion at 80 °C for 1 hour.

258



Chapter 5. Pd and Pd-Au Catalysts on MOF and Zeolite Supports for Selective Acetylene
Semi-Hydrogenation in Ethylene-Rich Feedstocks

g) 5A-7
100 - — ——————— -
~ 80- L
& [
[72] B -
S 60 —@— Acetylene |-
§ ] —— Ethylene -
L 40 —A— Ethane B
) | L
Qo i L
e}
= . -
© 207 N
0 AHMM [
0 5 10 15 20

Time (h)

Figure 5A-7 Catalytic activity and stability over time for the Pdi@MOF catalyst.
Reaction conditions: 30:1 Ha:acetylene ratio, 12 mL/min, 24 h reaction time and 100 °C
reaction temperature. Blue circles correspond to acetylene, orange squares correspond to

ethylene and green triangles correspond to ethane
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Figure 5A-8 X-ray diffractograms (XRD) comparing Pd-zeolite with a 3 A pore size to
its zeolite supports (MS 3A), Pd@MS. (top), and XRD comparing Pd-zeolite with a 7,4
A pore size to its zeolite supports (NaY), PdA@MS. (bottom)
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Figure 5A-9 Catalytic performance of PdA@MS 3A, Pd@MS 5A, and Pd@NaY under
varying flow rates and catalyst loadings.
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Figure 5A-10 Catalytic performance of Pd-Au@MS 5A, Pdi-Au,@MS 5A, and Au;-
Pd,@MS 5A under varying flow rates and catalyst loadings.
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6.1. Introduction

Alkylated aromatic hydrocarbons, especially ethylbenzene and the three isomers
of xylene (para-, meta-, and ortho-), are among the most significant chemical
intermediates in the global petrochemical industry.! These mono-alkylated
benzenes are crucial building blocks in synthesising high-value materials and
consumer products across various industrial sectors.? Ortho-xylene and
ethylbenzene are fundamental building blocks in polymer chemistry, and, for
instance, the latter is predominantly used (over 99%) for the production of styrene
monomer, which is subsequently polymerised into polystyrene, ABS plastics, and
other styrenic copolymers. These polymers are used in various products, such as
electronics casings, insulation materials, automobile parts, and disposable
consumer goods. According to recent industrial data, global ethylbenzene
production capacity exceeds 47 million metric tonnes annually, primarily within
large-scale steam cracking and reforming complexes. Both ethylbenzene and
mixed xylenes (encompassing all three isomers) are integral to high-octane
gasoline blends, enhancing fuel quality and engine performance. Their dual role,
as chemical feedstocks and fuel additives, highlights their strategic value across

multiple industrial sectors.?

The synthesis of xylenes and ethylbenzene is a cornerstone of modern
petrochemical manufacturing, owing to their widespread industrial applications
and high global demand.* Traditionally, these aromatic compounds are produced
via two principal industrial pathways: catalytic reforming of Naphtha and
Friedel-Crafts alkylation of benzene (only for ethylbenzene)® with light olefins,
as shown in Figure 6-1. Among these, Naphtha cracking remains the more

established route for bulk production. This process converts straight-chain

277



Chapter 6. Aromatisation of Linear Alkenes over Few-Atom Ruthenium Oxide Clusters at
300 °C: Mechanistic Insights and Catalytic Performance

alkanes and cycloalkanes found in light petroleum fractions into aromatic
hydrocarbons through a series of reactions including dehydrogenation,
isomerisation, cyclisation, and aromatisation. Naphtha cracking typically
operates at high temperatures (480-520 °C) and moderate pressures, employing
Pt-based catalysts supported on chlorinated alumina.® While effective, the
process is energy-intensive and poses sustainability and toxicity concerns due to
using chlorinated supports. Furthermore, coke formation during operation
necessitates periodic catalyst regeneration, which involves the oxidative removal
of carbonaceous deposits and reduction and re-chlorination. This cyclic
regeneration can progressively degrade catalyst performance and reduce

operational efficiency over time.”

Telomerisation,
plastic valorisation,
Fischer-Tropsch

+ ISOMERISATION
. ) 480-5207C /\/\/\/ - /W\.\'\‘ e
Naphtha cracking ~———>  Me Ru/supported ~ Me¢
300 °C, (catalytic)
Ru catalyst,
This chapter

Pt-AICI; catalysts,
500-650 °C, Ga-, Mo-

coke formation or Zn-modified zcolltcs

Ru/supported | np1y DROGENATION
(catalytic)

Y
Styrene alkylation 400 < DE I(I: ;l;{l(\)(tll z)-(\TI()\I
(Friedel-Crafts) Hezeolites, \]C/\W\H\' Me
polyalkylation R“ supported

catalytic)
>50% yield

Figure 6-1 Current industrial routes and the proposed reaction scheme for the Ru-

catalysed aromatisation of long-chain alkenes.
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The second major route (for producing ethylbenzene) is the Friedel-Crafts
alkylation, which involves the alkylation of benzene with ethylene or light
olefins, often derived from methanol. This reaction is typically catalysed by
zeolite-based solid Brgnsted acids such as H-ZSM-5, Beta, and Mordenite, which
are prized for their high activity and shape selectivity, particularly in maximising
para-xylene yield due to their well-defined microporous structures.®® However,
the process is not without drawbacks. Neat Brgnsted acid zeolite efficiently
catalyses polyalkylation reactions at >400 °C, which leads to undesired heavy
byproducts, and suffers from rapid deactivation due to coke accumulation within
its narrow pore networks.*® Furthermore, these neat Brgnsted acid zeolites show
limited effectiveness in processing longer-chain alkenes, which tend to undergo
fragmentation and oligomerisation under the strongly acidic conditions typically
employed at these high reaction temperatures.’* In conclusion, while both
catalytic reforming and zeolite-based alkylation technologies exhibit a high
degree of technical maturity, they nevertheless confront considerable

environmental, economic, and operational limitations.?

Alternative catalytic strategies are gaining momentum in response to
decarbonisation goals and the shift away from fossil-based feedstocks. These
include low-temperature transformations, non-acidic catalytic pathways, and the
valorisation of olefinic feedstocks from both fossil and renewable origins.®* A
growing consensus among industry and academic circles identifies several key
priorities for developing next-generation catalytic systems. These priorities
include reducing operating temperatures to below 400 °C,** minimising
undesirable side reactions such as over-alkylation and cracking, enhancing the
longevity of catalysts, and ensuring compatibility with olefinic and bio-derived

feedstocks.* These demands shift research focus away from conventional neat
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Brgnsted acid zeolite systems toward neutral or mildly reducing catalytic
environments. A promising direction would involve converting terminal long-
chain alkenes into aromatic compounds, potentially offering improved selectivity
and reduced process complexity.'® Alkenes can be regarded as a pre-activated
form of alkanes, which enhances their suitability for the aromatisation

reaction. 111516

In this context, ruthenium (Ru) has emerged as a promising catalyst for the low-
temperature aromatisation of long-chain alkenes, providing a versatile and
selective alternative to traditional systems.'” Unlike traditional noble metals such
as Pt or Pd, Ru supported on charcoal and amorphous oxides (including SiO-,
AlL:Os and perhaps also zeolites) might efficiently catalyse a range of key steps
relevant to alkene aromatisation. These would include the isomerisation of long-
chain terminal alkenes to internal isomers under relatively mild conditions
(<300 °C),™ as well as the dehydrogenation, cyclisation, and aromatisation steps
required to produce mono-alkylated aromatic compounds, as shown in Figure 6-
1. These transformations could be achieved in a single reactor step, eliminating
the need for external ligands, solvents, or strong acidic or basic promoters.t® This
Ru-based catalytic system would represent a notable advantage over multi-step
reforming or alkylation processes, which often require separate reactor beds, co-

feeds, or subsequent separation procedures.

Ru possesses several advantages for treating long-chain terminal alkenes at
higher reaction temperatures than Pt or Pd. For instance, Ru exhibits redox
flexibility and low propensity for coking at moderate reaction temperatures,
allowing for straightforward reactivation through hydrogen or air flushing and
simplifying regeneration.?® Typically, catalyst regeneration for Ru-supported

catalysts can be accomplished through mild oxidation treatments (using air or Oz
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at 350400 °C) without the necessity for acid/base neutralisation or solvent
washes. This method effectively reduces energy costs and the complexity of
maintenance operations.?! Indeed, the integration of Ru-based aromatisation
represents a departure from traditional petrochemical pathways, with the
comparative advantages shown in Table 6-1.

Table 6-1 Comparative analysis of conventional aromatisation methods and the

Ru-based catalytic system reported here.

Conventional

Entry Feature Ru-based aromatisation
methods
1 Temperature 500-650°C ~300°C
Zeolites (acidic), Pt,
2 Catalyst Ga. Mo Ru-supported catalysts

1-Octene, terminal alkenes
Telomerisation, plastic or
lignin valorisation /
Fischer-Tropsch

Naphtha, ethylene,
3 Feedstocks/origin n-alkanes /
petrochemistry

4 Aromatics <30% for long chains >50%
Fr n ressivi . _—
. eque L. aggressive Mild, oxidative or
5 Regeneration (air burns, re- .
I reductive
chlorination)
Coke, Light gases, Minimal low coke
6 Byproducts gnt g .
polyalkylates formation

Furthermore, 1-octene is increasingly available from the industrial-scale
telomerisation of butadiene, a process that can be coupled with renewable carbon
sources.?? Alternatively, the valorisation of used plastics?*2* and lignin®, or
Fischer-Tropsch processes, can also circumvent the naphtha cracking process
(see Figure 6-1). Therefore, the direct aromatisation of 1l-octene with Ru-

supported catalysts would combine the positive catalytic features of Ru for the
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aromatisation of long-chain terminal alkenes with the availability of 1-octene
from alternative routes, also avoiding the Friedel-Crafts alkylation of benzene.
These advances with a low-temperature, single-step, Ru-catalysed process hold
considerable promise for the modular, decentralised and sustainable production
of aromatic hydrocarbons, offering both environmental and economic benefits in

the medium to long term.
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6.2. Objectives

The primary aim of this research is to develop an efficient, selective, and
sustainable catalytic process for the direct synthesis of alkylated aromatic
hydrocarbons, namely xylenes and ethylbenzene, from terminal long-chain
alkenes like 1-octene. In accordance with the growing industrial demand for
greener alternatives to traditional petrochemical methods, this study concentrates
on a catalytic system that utilises ruthenium species supported on non-acidic,

amorphous solids.
The specific objectives of the research are as follows:

e To evaluate the influence of the catalyst support (e.g., carbon, zeolites,
Si02, Al20s) on the activity, selectivity, and stability of the Ru catalytic
species, aiming to identify optimal physicochemical characteristics for
enhanced aromatic yield.

e To investigate the catalytic performance of ruthenium-supported
materials for the isomerisation, cyclisation, and dehydrogenation of 1-
octene under mild reaction conditions (T = 300 °C) and in the absence of
strong acidic or basic promoters.

e To establish structure—activity relationships (SAR) for Ru-supported
catalysts by correlating catalyst morphology, dispersion, and surface
properties with aromatic product selectivity and conversion efficiency.

e To optimise the reaction parameters (temperature, gas-phase flow,
contact time, and pressure) to maximise conversion and selectivity
toward the desired Cs aromatic compounds, while minimising undesired
side reactions such as cracking, oligomerisation, or over-alkylation,

under both batch and flow conditions.
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To elucidate the reaction mechanism by identifying key intermediates
and transformation pathways involved in the sequential isomerisation—
cyclisation—aromatisation process.

To identify and characterise secondary alkene products and assess their
formation pathways, with the aim of understanding side reactions and

improving overall selectivity.
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6.3. Results and Discussion

6.3.1. Batch Reactor Studies for Catalyst Screening and

Mechanistic Insights

Before initiating the experimental investigation, it is essential to establish a
controlled and reproducible environment that allows for accurate assessment of
catalytic performance under static conditions. Batch reactors represent a closed
system ideal for studying time-resolved reaction profiles, catalyst stability, and
mechanistic pathways without the influence of continuous flow dynamics. This
approach enables precise control over variables such as temperature, pressure,
reactant concentrations, and reaction time, making it particularly suitable for
screening catalyst formulations, evaluating conversion and selectivity trends, and
collecting samples for offline analysis such as NMR, GC-MS, or elemental
characterisation. The following section outlines the materials, procedures, and

operating conditions employed in the batch experiments conducted in this study.

A series of metal-on-carbon (metal/C) catalysts was initially tested for the
isomerisation and aromatisation of 1-octene (1). These catalysts, either
commercially sourced or synthesised in-house (see Chapter 3, Section 3.3.4 for
experimental details), were characterised using powder X-ray diffraction
(PXRD), X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-STEM). Particular

attention was given to the most active catalysts.

The Ru/C catalyst (referred to as oxRu-C to distinguish it from the in situ reduced
form, redRu-C, discussed later) was extensively characterised to elucidate its

structural and electronic features.!® Aberration-corrected HAADF-STEM
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imaging revealed the presence of ultrasmall Ru nanoparticles, with an average
size of approximately 1.5 nm. X-ray photoelectron spectroscopy (XPS) indicated
that Ru predominantly exists in the +2 oxidation state, while PXRD patterns were
consistent with the formation of Ru oxide species. (Figure 6-2) These results
confirm the dispersion of oxidised Ru clusters on the carbon support, offering a
well-defined system for evaluating catalytic performance. For comparison, other
metal/C catalysts such as Fe, Au, Pd, and Pt were also examined under identical

conditions, but their structural details are not discussed here.

=== Reduced and air \ 284.8 eV
=== Unreduced
=== Reduced (Used)
Unreduced (Used) | | Cis+ Rusgsy

I Pos. 43.60°
- FWHM = 3.87%
P

~2.3nm

|
288.7eV |

282.0eV

280.7 eV

Intensity (a.u)

/‘ \ ox-Ru/C

300 295 B 2;90 zés 280 h 275 270” 265 zéo 35,0 375 40,0 425 45,0 475 50,0 52,5 55,0 57,5 60,0
L 2Th.()
Binding energy (eV)

Figure 6-2 Left: X-ray photoelectron spectroscopy (XPS) spectrum showing the
predominant Ru(ll) oxidation state in oxRu-C. Right: Powder X-ray diffraction (PXRD)

pattern confirming the presence of Ru oxide species supported on carbon.

Table 6-2 shows the catalytic results, and the key parameters analysed included
conversion of 1, selectivity for internal alkenes (including the primary trans- and
cis-2-octene products 2), the yield to cyclic alkenes 3 and the formation of
aromatic compounds 4. The reactions were performed in batch reactors, which

enable precise control over variables such as temperature, pressure, reactant
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concentration and reaction time, particularly suitable for screening catalyst
formulations. Samples were collected for offline H and *C nuclear magnetic
resonance (*H and **C NMR) and gas chromatography-mass spectrometry (GC-
MS) analysis. The amount of solid catalyst was fixed (50 mg) to have a similar
diffusion rate in all cases; the mol% amount for each metal is also indicated in
Table 6-2.
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Cyclic alkenes, 3
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Table 6-2 Catalytic performance of different metal-supported catalysts for the
isomerisation and aromatisation reaction of 1-octene 1 (conversion, selectivity
and yields). The results are an average of *H NMR and GC results (after two

reproductions).

Yield [%]
Conv. Internal Olefin 2
No. Catalyst 1(%) ) 3 4
(isom.)" | Trans-2- | Cis-2- | (cycl)” | (arom)”
octene | octene
oxRu-C
1 (5 wt%, 88.12 | 86.22 56.93 29.30 0 1.90
0.7 mol%)
Fe-C
2 (1 wi%, 16.32 | 16.32 6.67 9.65 0 0
0.1 mol%)
Au-C
3 (1.7 wt%, 22.18 | 22.18 12.81 9.36 0 0
0.5 mol%)
Pd-C
4 (5 wit%, 61.54 | 60.77 23.24 37.52 0 0.07
0.7 mol%)
Pt-C
5 (5 wt%, 95.37 | 89.65 58.49 31.61 1.77 3.98
0.3 mol%)
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Yield [%6]
Conv. Internal Olefin 2
No. Catalyst 1 (%) ’ 3 4
(isom.)" | Trans-2- | Cis-2- | (cycl.)” | (arom)”
octene | octene
Pd (0,7wt%)-
6 Au(0,8Wt%)-C 57,36 54,37 33,90 20,47 0 2,99
Pd (5wt%)-
7 AU(2,5W%)-C 92,92 85,86 50,09 35,77 0 7,06
Pd (2,5Wt%)-
8 Au(5WI%)-C 89,67 | 87,85 52,77 35,08 0 1,82
0XRu-CP
9 (5wit%, 75,36 | 75,27 51,03 24,24 0 0,08
0.7 mol%,)
0xRu-C°¢
10 (5wit%. 69,43 65,27 37,47 27,80 0 4,16
0.7 mol%)
Ru-SiO;
11 (5 wit%, 80.49 | 80.10 56.41 23.69 0 1.82
0.7 mol%)
RU-A|203
12 (5 wit%, 53.81 | 53.81 32.07 21.75 0 0
0.7 mol%)
Ru-NaY
13 (1 wt%o, 93.11 69.48 42.02 27.46 23.63 0
0.2 mol%o)

“Abbreviation:  isom.=lsomerisation;  cycl.=Cyclisation;  arom.=Aromatisation
Reaction conditions (unless otherwise stated): 1-octene (0.55 mL, 3.5 mmol), catalyst (50
mg, metal wt% supported on the solid, as indicated), temperature = 290-300 °C, time =
1320 min (22 h), no additives or solvents. Reactions were carried out in a sealed batch
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reactor under an inert atmosphere. ° Starting reagent 1-hexene. ° Starting reagent 1-
heptene.

oxRu-C demonstrated a very good conversion of 88.12% alongside a selectivity
for trans-2-octene of 56.93% (entry 1). Indeed, the alkene isomerisation of 1-
octene can occur even at a lower reaction temperature (150 °C), fully forming the
internal olefin products. The solid oxRu-C catalyst can be reused up to four times
with minimal loss of activity, as confirmed by both the final yield of internal
alkenes and the initial rate determined from kinetic experiments.

This catalytic behaviour is not limited to 1-octene; the isomerisation also
proceeds efficiently for smaller linear alkenes such as 1-hexene (entry 9) and 1-
heptene (entry 10), vyielding their respective internal olefin mixtures in high
yields. Notably, when 1-heptene was used as the substrate, the Ru-C catalyst
displayed a slightly lower conversion along with an increased tendency for

aromatisation, reaching 4.16%, compared to the reaction with 1-octene.

These findings support the conclusion that Ru(ll) species initially present in
oxRu-C are the catalytically active phase for isomerisation. The observed high
trans-selectivity is attributed to strong n-backdonation from Ru(ll) to the alkene,
stabilising n-complexes and favouring the thermodynamically preferred trans-
isomer. To confirm the oxidation state and local environment of Ru in oxRu-C,
X-ray absorption spectroscopy (XAS), including XANES and EXAFS, was
conducted. The XANES spectra (Figure 6-3, left) revealed an absorption edge
consistent with Ru oxide species, distinct from a Ru® metallic reference. This was
corroborated by EXAFS, which showed a first coordination shell at 1-2 A,
corresponding to Ru—O/N/C bonds, confirming the presence of oxidised Ru

species as the active catalytic sites.
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spectra for the fresh Ru-C catalyst, compared to RuO and metallic Ru as references.

In comparison to Ru-C, the Fe-C, Au-C, and Pd-C catalysts exhibited lower
conversion rates (entries 2-4). Notably, only Pd-C demonstrated moderate
activity, achieving a conversion rate of 61.54%. Unlike Ru, Pd-C favoured the
formation of cis-2-octene (37.52%), a trend that can be attributed to the typical
n-allyl formation, Pd-H insertion followed by p-H elimination, and
nucleometallation along with B-elimination of alkenes occurring on Pd sites.?®
This change in the isomerisation mechanism, hence of selectivity, is associated
with the relatively weak m-backdonation of Pd(0) compared to Ru(ll), which
restricts its ability to stabilise -complexes and allyl intermediates, leading to a
lower trans-selectivity. Additionally, the lack of any aromatisation product 4
indicates that, under our reaction conditions, Pd does not effectively facilitate the
cyclisation or dehydrogenation process.?® The low conversion of Au-C (entry 3)
can be ascribed to their limited efficacy to activate alkenes, indeed, Au is
characterised by a fully filled closed-shell electronic configuration that results in
a weak adsorption of alkenes, requiring sizes below 5 nm on reducible metal
oxides such as titanium dioxide (TiO:) to exhibit any appreciable catalytic

activity (here the size of the Au nanoparticles is, in average, just above 5 nm).2"28
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Gold alone exhibits minimal activity in isomerisation and hydrogenation, but
when alloyed with palladium, its role becomes crucial in tuning catalytic
performance. The Pd: Au ratio significantly affects both activity and selectivity
in alkene upgrading. A catalyst with 5 wt% Pd and 2.5 wt% Au (entry 7) showed
the best performance, with 92.92% conversion and a notable 7.06% aromatisation
yield, indicating effective facilitation of both isomerisation and more profound
transformations. In contrast, higher Au content (2.5 wt% Pd, 5 wt% Au) yielded
high conversion. Still, it suppressed aromatisation (1.82%), highlighting gold’s
tendency to isolate active Pd sites, which are essential for multi-step reactions
like C—C rearrangement and dehydrogenation. This inverse correlation between
gold content and aromatisation is linked to electronic effects: Au alters Pd’s d-
band centre, weakening its ability to activate hydrogen and bind unsaturated
intermediates.?” Nonetheless, gold enhances catalyst stability and selectivity by
mitigating over-adsorption. Thus, by fine-tuning the Pd:Au ratio, one can achieve
a balanced synergy that maximises conversion while controlling product
distribution, making Pd—Au/C alloys highly effective for selective linear alkene

upgrading.

Fe-C (entry 2) shows significantly low catalytic activity, despite being used in a
lower mol% amount, achieving only a 16.32% conversion without any observed
aromatisation products. This limited activity can be attributed to the susceptibility
of Fe to oxidation, exacerbated at higher temperatures and where the carbon
support can contribute to a decline in catalytic efficiency.?® Besides, in the

absence of ligands, iron is prone to a fast agglomeration and deactivation 303132

Pt-C does catalyse the isomerisation of 1-octene 1 (entry 5), delivering a
conversion of 95.37% and an isomerisation yield of 89.65%. The product

distribution shows a marked preference for trans-2-octene (58.49%) over cis-2-
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octene (31.61%), as in the case of Ru-C, with some aromatisation products
(3.98%). This high trans/cis ratio reflects thermodynamic control, where the
more stable trans isomer is favoured. Mechanistically, it has been reported that
Pt facilitates isomerisation through the formation of 7-complexes with the alkene,
which stabilises key intermediates and reduces the activation energy.®® The
Pt(111) surface is especially effective in promoting alkene adsorption and bond
rearrangement, while the strong capacity of Pt to activate molecular hydrogen is
essential for the hydride transfer mechanism.®=" These combined features,
common to Ru(11)17*3 account for the high activity, selectivity, and stability of

Pt in hydrocarbon isomerisation processes.

Since both Ru-C and Pt-C exhibit noteworthy catalytic activity, presumably due
to a similar reaction mechanism*4!, the selection of the solid catalyst must now
extend beyond catalytic efficiency to incorporate considerations such as cost,
elemental abundance, environmental impact, and long-term supply sustainability.
All these factors favour the selection of Ru-C over Pt-C. Pt is one of the rarest
and most expensive precious metals, typically priced 3 to 10 times higher than
Ru*2, moreover, Pt mining is geographically concentrated, primarily in South
Africa and Russia, raising concerns over geopolitical supply risks and market
volatility, while Ru can be produced as a by-product of nickel mining, resulting
in a more diversified extraction profile that enhances supply stability. In terms of
environmental sustainability, the combination of lower costs and greater
availability makes Ru, arguably, a more suitable candidate for large-scale
applications or catalyst formulations that require higher loadings or frequent
regeneration. Furthermore, Ru-based catalysts demonstrate enhanced tunability,
exhibiting a broader range of oxidation states and compatibility with various

support materials, including carbon, alumina, and silica.***“® Indeed, Ru-SiO.
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achieves an 80.49% conversion and a trans-selectivity of 56.41% (entry 11),
while Ru-Al=Os gives a 53.81% conversion and a 32.07% trans product (entry
12). These results showcase that the support material significantly influences the
catalytic performance. Carbon supports enhance electron donation while
stabilising Ru nanoparticles,*®4” but, in contrast, SiO. offers enhanced thermal
stability and better dispersion of the catalyst, albeit with a somewhat reduction in
catalytic activity for some processes attributable to a weakened metal-support
interaction.*® Nevertheless, this property helps to prevent unwanted acid-
catalysed pathways, making it advantageous for a clean isomerisation
reaction.*®*% Alumina (ALQOs), in contrast, introduces Lewis acidity that can
prompt parallel reactions such as hydride shifts, cyclisation, or even
aromatisation reactions,>®%! but a strong interaction between the metal and the
support often results in the over-stabilisation of Ru, which diminishes its catalytic
activity and increases the likelihood of side reactions.> Moreover, the electron-
withdrawing characteristics of alumina inhibit the n-backdonation capability of
Ru, and literature reports confirm that the acidity of alumina can bind reaction
intermediates too tightly, altering product distribution and potentially
deactivating metal sites.>®%! These effects collectively explain the observed lower

performance of Ru-Al.Os compared to the other supports.

In view that both Ru-SiO: and Ru-Al.Os were anyway catalytically active for the
reaction but with notable differences, not only in conversion but also in
selectivity, the micro-structured Ru-supported aluminosilicate zeolite NaY was
prepared and tested as a catalyst. In this case, only 1 wt% of Ru was incorporated
in order to avoid further agglomeration of the Ru catalyst.>® The PXRD
measurements (Figure 6A-1, Appendix 6A-1) confirm the absence of big (>3 nm)

Ru nanoparticles, and since the zeolite support is white and transparent to visible
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and infrared light, in contrast to the carbon support, diffuse reflectance ultraviolet
visible (UV-Vis) and Fourier transformed infrared (FT-IR) measurements of the
Ru supported zeolite could be carried out, indicating the formation of Ru(ll)-
oxide species. HR-TEM images of Ru-NaY confirm the presence of tiny Ru
clusters (Figure 6-4), a Brunauer-Emmett-Teller surface area (BET)
measurement shows that the surface area and micropore volume of Ru-NaY are
practically the same as that of the pristine NaY zeolite (668 m?.g!,
0.323 cm3-g1),> and a Ru 3p XPS analysis shows that Ru is completely in the
form of Ru(ll) or Ru(lll) oxidation state (binding energy at 463.0 eV, Figure 6-
5, left).

[Map Data 1

Spectrum 5 5 Spectiiim 5 Spectrum 5
Spectrum4. '+ ; .
3

~ 10m ' T 1ooam '

100nm

Figure 6-4 High-resolution transmission electron microscopy (HR-TEM) images of the
Ru-NaY zeolite (top) with the corresponding energy-dispersive X-ray spectroscopic

elemental mappings (Si, Al, Na or K, and Ru, bottom).
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An in-situ diffuse reflectance infrared Fourier transform spectrum (DRIFTS) of
the Ru-NaY zeolite with carbon monoxide as a probe shows three peaks
associated to linearly bonded CO-Ru?3* species (Figure 6-5, right): two bands at
2075 and 2125 cm corresponding to the symmetric and asymmetric stretches of
two CO molecules in gem-dicarbonyl Ru compounds, respectively®, and a third
band at 2170 cm™ which can be assigned to Ru®* stabilized by MOy oxides [MOx—
Ru®*—C0].%¢ The absence of any band at <2040 cm™ confirms that any reduced
Ru species, agglomerated or not, are present in significant amounts in the zeolite.
These results strongly indicate that the Ru-NaY zeolite is composed of very small

Ru(l1-111) oxide species, as will be confirmed by XAS experiments (see ahead).
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Figure 6-5 Electronic and surface coordination features of Ru species in Ru-NaY. (Left)
XPS spectrum of Ru 3p confirming the presence of Ru(l1/111) oxidation states. (Right) In
situ DRIFTS spectrum using CO as a probe, indicating the formation of gem-dicarbonyl

Ru species and MO,—Ru**—CO complexes.
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6.3.2. Different Ru-zeolites as catalysts: Ru-ZSM-5 as the

optimum material

It has been reported that the structural conformation of zeolite Y facilitates the
formation of stable, monodisperse Ru species under reaction conditions, thereby
enhancing overall catalytic selectivity.>-% The spatial confinement provided by
the zeolite's channels and cages has been shown to inhibit sintering and promote
a more uniform distribution of Ru atoms, contributing to improved longevity and
selectivity of the catalyst.>*® Furthermore, recent studies have highlighted the
critical role of aligning metal dispersion with the acid/base functionality of
zeolite-based bifunctional catalysts to enable cooperative reaction mechanisms.5
Given these attributes, and recognising that zeolites can be synthesised from
abundant and low-cost raw materials such as kaolinite or volcanic ash, offering
scalability and high purity comparable to carbon supports,®25 but with superior
thermal stability®"%* various Ru-loaded, ion-exchanged forms of zeolite Y were
prepared in the present study. For comparative purposes, analogous Ru-supported
systems based on zeolite MFI (ZSM-5) were also synthesised. The inclusion of
ZSM-5 was justified by its known capacity to stabilise aromatic species,
attributed to the closer match between the size of its 5.5 A channels and the
kinetic radii of aromatics, relative to the larger 7.7 A pores of zeolite Y (Table
6A-2, Appendix 6A-2 and Figure 6-6).

297



Chapter 6. Aromatisation of Linear Alkenes over Few-Atom Ruthenium Oxide Clusters at
300 °C: Mechanistic Insights and Catalytic Performance

Supercage

/

Figure 6-6 Comparison of Structural Properties of HY (a) and HZSM-5 (b) Zeolites

The parent zeolite-NaY was cationically exchanged by a known procedure to
achieve LiY, KY and CsY with the framework Y structure untouched.®® Besides,
the commercially available protic ultra-stabilised Y zeolite (H-USY) was also
tested as a support for Ru.*¢” The alkaline and Ru content for each zeolite was
determined by inductively coupled plasma-optical emission spectrometry (ICP-
OES), and the catalytic results are shown in Table 6-3.
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Table 6-3 Influence of metal identity and zeolite structure on the isomerisation

and aromatisation reaction of 1-octene 1.

No. Catalyst Time (h) 1

Conv. Yield [%0]

[90] 2 (isom.)"  3(cycl)” 4 (arom.)”

1 Ru-HUSY 25 6593  52.30 11.93 1.70
2 RuLiY 25 5868 4876 9.92 0
3 RuNaY 25 6945 5359 18.86 0
4 Ru-KY 25 8127  68.16 13.11 0
5 Ru-CsY 25 1525 1525 0 0
6  RU-HZSM-5 25 3651  20.00 1651 0
7 Ru-HUSY 85 7777 5425 21.12 2.40
8  Ru-HZSM-5 85  57.62  27.97 2754 2.12
9 Ru-HUSY 22 9071 5832 2758 4.81
10 Ru-HUSYimp 22 8836  57.69 20.91 7.15
11 Ru-HZSM-5 22 9767 2759 68.20 1.88
12 R”'Fi'rif)M"r’ 22 8676 6571 21.05 0

*Abbreviation:

isom.=Isomerisation;  cycl.=Cyclisation;  arom.=Aromatisation

Reaction conditions (unless otherwise stated): 1-octene (0.55 mL, 3.5 mmol), catalyst (50
mg, metal wt% as indicated by ICP (Appendix 6A-1)), temperature = 290-300 °C, time
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= 150 min, no additives or solvents. Reactions were carried out in a sealed batch reactor
under an inert atmosphere.

It can be observed that the catalytic activity for the isomerisation reaction under
the optimised reaction conditions after 2.5 h reaction time follows the order Ru-
KY > Ru-NaY = Ru-HUSY > RuLiY > Ru-CsY (entries 1-5 in Table 6-3), and
the selectivity to trans- or cis-2-octene was proportional to the isomerisation yield
(Table 6-3). However, in contrast, the order for the cyclisation/aromatisation
reaction is Ru-NaY > Ru-KY = Ru-HUSY > Ru-LiY > Ru-CsY. In other words,
Ru-KY exhibited the highest conversion of 1 (81.27%) and isomerisation yield
to 2 (69.48%), but Ru-NaY and Ru-HUSY showed the highest yields to cyclised
and aromatic products 3 and 4, despite having a lower conversion of 1. The fact
that the catalytic activity and selectivity peaks at intermediate cation sizes, thus
an intermediate basicity in the zeolite, can be attributed to two primary factors:
(i) a balance between the electronics of the zeolite and the size of the extra-
framework cation, generating some steric hindrance (enhanced for Cs), and (ii)
the Ru species formed in the exchanged Y zeolites are different. For the former,
Li* and Na* have the smallest ionic radii (76 and 108 pm, respectively) among
the alkali metals used, and a relatively high charge density, which helps in
stabilising the Ru species within the zeolite matrix without significantly blocking
the pore entrances.’”*® Moreover, Li* and Na* maintain the openness of the
supercages of the faujasite structure, allowing for efficient substrate diffusion and
interaction with the Ru active sites. Literature reports have consistently shown
that smaller alkali metal cations are less prone to inducing pore blockage and thus
better preserve the catalytic accessibility of zeolite frameworks,®®"® which
explains why the best selectivity to products 3 and 4 occurs in the Ru-NaY, Ru-

HUSY and Ru-LiY zeolites. In contrast, Ru-KY shows the highest conversion,
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but the cyclisation decreases significantly (13.11%), suggesting that larger K*
cations begin to partially hinder reactant accessibility. As the ionic radius of the
alkali metal cation further increases (i.e. K*: 138 pm, Cs*: 167 pm), the catalytic
performance of the corresponding Ru-zeolite Y system declines,” "2 to give just
a mere 15.25% with Ru-CsY. The large Cs* ions likely occupy critical positions
at pore mouths or within supercage windows, a phenomenon referred to as "pore
mouth poisoning".” Spatial hindrance restricts the diffusion of 1-octene 1
molecules and the movement of intermediates, leading to significantly limited
catalytic turnover. This type of inhibitory mechanism has been extensively
documented in similar systems, such as alkane cracking and olefin metathesis.”
A comparative study was also carried out on other Ru-exchanged zeolites, such
as Ru-KY, to assess their similarity to Ru-NaY. These materials were found to
contain similarly small (<2 nm) Ru(ILIII) oxide clusters, consistent with those
observed in Ru-NaY. However, since these catalysts are not central to the scope

of this thesis, the full characterisation data are not included.

In contrast to alkali-exchanged zeolites, which lack Brgnsted acid functionality,
the protonic forms of zeolites, H-USY and HZSM-5, reintroduce Si—-OH-Al
bridging groups that are capable of stabilising carbocation intermediates and
promoting skeletal rearrangement, cyclisation, and aromatisation pathways.” "
These Bronsted acid sites might be crucial for initiating B-scission, hydride shift,
and ring closure events, which occur in synergy with the hydrogenation—
dehydrogenation steps catalysed by Ru. Indeed, the conversion, cyclisation and
aromatisation with the Ru-HUSY catalyst can reach 90.71%, 27.58% and 4.81%,
respectively, after 22 h of reaction (entry 9 in Table 6-3). Ru—-HZSM-5, in
contrast, demonstrates a lower initial conversion (36.51% at 2.5 h, entry 6 in

Table 6-3), likely due to mass transport constraints imposed by its narrow pore
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openings (~0.55 nm), but, however, its higher acid strength and increased density
of Brensted acid sites results in a markedly higher selectivity for cyclised
products (27.54% at just 2.5 h) and comparable aromatisation yields (2.12%). A
cooperation between metal and acid sites underpins the potential bifunctional
catalytic behaviour observed in both Ru-HUSY and Ru-HZSM-5,° where
more cyclised and aromatic products 3 and 4 are found, particularly at longer
reaction time (entries compare entries 6-12 in Table 6-3). These results are
consistent with literature findings on MFI zeolites, which highlight their shape-
selective catalytic potential for aromatisation,’”8%8! since the MFI topology, with
its intersecting sinusoidal and straight channels, imposes strong spatial
constraints that stabilise compact carbocation intermediates and drive the reaction
toward selective cyclisation and monoaromatic formation. In other words, the
large-pore FAU topology of HUSY enables a wider distribution of products and
strikes a balance between metal-catalysed and acid-catalysed reactions, while, in
contrast, the medium-pore MFI framework of HZSM-5 promotes shape-selective
transformations that favour the formation of monoaromatic compounds. Thus, it
can be concluded that the interplay between Ru, silanols, and the zeolite
framework is crucial for the transformation of linear alkenes into more valuable

cyclic and aromatic products.

To further explore the influence of zeolite structure and acidity, both protonated
forms of HUSY and HZSM-5 were used as supports for Ru, not only after ion
exchange but also by impregnation (imp). Impregnation is the more common
method in industry to prepare metal-supported catalysts since no metal is lost
during the catalyst preparation. The catalytic results for the impregnated Ru-
zeolites were similar to those exchanged (entries 10 and 12 in Table 6-3), which

assures a more efficient employment of the metal when supported. XPS analyses
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of the exchanged and impregnated Ru-HZSM-5 samples show that Ru
predominantly exists in Ru(ll) and Ru(lll) in both, and that only calcination at
500 °C achieves significant amounts of Ru(0) in the zeolite (binding energy=
461.5 eV, Figure 6-7).82°%

RuHZSMSimp FRESH RuHZSMSexch FRESH
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Figure 6-7 X—ray photoelectron spectroscopy (XPS) spectra of the Ru 3ps/> region for
the impregnated (top left), exchanged (top right), and calcined Ru-HZSM-5 catalyst
(bottom).
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Figure 6-8 Comparison of the PXRD patterns for the parent zeolite (grey), the ion-
exchanged sample without subsequent calcination (pink), the ion-exchanged and then
calcined sample (orange), and the impregnated sample (green). The samples were
compared with reference diffraction patterns from the PDF database, specifically MFI-
type zeolite (PDF# 44-0003), metallic Ru (PDF# 06-0663), and tetragonal RuO. (PDF#
65-2824).

Complementary, PXRD analysis was employed to probe the structural integrity
of the zeolite and the phase composition of Ru species (Figure 6-8), and all
samples retained the typical MFI-type diffraction peaks (26 ~ 7-10°, 22-35°,
45°), confirming the preservation of the zeolite framework regardless of the

treatment for the Ru incorporation,®® and only the calcination at 500 °C of the
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sample begins to reveal faint peaks of RuO: in the PXRD pattern.t”8 HAADF-
STEM and energy-dispersive X-ray spectroscopy (EDX) measurements further
confirmed the similarity between both samples, revealing a homogeneous Ru
distribution across the zeolite particles without any bright, high-intensity feature
characteristic of large Ru crystals (Figures 6-9; Figures 6A-3-4; Appendix 6A-3-
4). These results confirm the absence of substantial Ru aggregates, aligning with
the PXRD results, strongly suggesting that the Ru species are highly dispersed

within the zeolite channels as ultrasmall Ru oxide clusters.
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Figure 6-9 Two representative high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images, at low-magnification, of the Ru-HZSM-
5 catalyst, showing the overall morphology and contrast features across the support,
together with energy-dispersive X-ray (EDX) elemental maps and the corresponding

spectrum, showing the spatial distribution of elements and confirming the presence of Ru.
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To further assess the presence of the Ru oxide clusters in the zeolite, AC-HR-
TEM and high-resolution HAADF-STEM (AC-HR-HAADF-STEM)
measurements of the Ru-HZSM-5 zeolite combined with an integrated
differential phase contrast (iDPC) analysis were performed. The results in Figure
6-10 (see Figures 6A-5-6; Appendix 6A-5-6 for more images) show that the Ru
species are homogeneously distributed across the zeolite’s channels, with an

estimated average size of 1 nm.
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Figure 6-10 A representative aberration-corrected high-resolution HAADF-STEM (AC-
HR-HAADF-STEM) image of the Ru-HZSM-5 zeolite, with the corresponding integrated

differential phase contrast (iDPC) analysis (left), and the corresponding histogram (taking

into account more images). The observed Ru particles show sizes between 0.5 and 1.5 nm,

approximately.

306



Chapter 6. Aromatisation of Linear Alkenes over Few-Atom Ruthenium Oxide Clusters at
300 °C: Mechanistic Insights and Catalytic Performance

The Ru-HZSM-5 catalyst retained its catalytic activity upon reuse following
regeneration by calcination.?® This treatment restores access to the microporous
network while maintaining the structural integrity of the HZSM-5 framework.2%
For Ru-HZSM-5, effective calcination typically involves a temperature ramp of
1-5 °C per minute up to 450-500 °C, with airflow rates of 30—50 mL min™' g,
using either air or a 10-20% O2/N2 mixture.?%2 Although similar treatment may
be beneficial for oxRu-C,%9-% jt was not required in this case, as heavier

aromatic compounds were not formed.%

All these results, together, indicate that small (=<1 nm) Ru oxide clusters in
zeolites are active catalysts for the tandem
dehydrogenation/cyclisation/aromatisation reaction of linear chain terminal
alkenes, although still in low yields for the aromatic products at <1 mol% Ru

catalytic loadings.

6.3.3. Transition from batch to flow reaction conditions for a

higher aromatisation reaction

6.3.3.1. The oxRu-C catalyst

After conducting comprehensive initial investigations under batch conditions,
which provided key insights into the reactivity of 1-octene 1 and other alkenes,
the study advanced to continuous-flow operations. This transition aimed at
replicating more realistic process conditions, assessing catalyst performance
under steady-state operation, and ultimately enhancing catalytic productivity and
robustness for the synthesis of aromatics 4. In the first set of flow experiments,

the oxRu/C catalyst was utilised due to its established functionality in
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hydrogenation and dehydrogenation, as well as its widespread application in
industrial processes.®’

First, an optimisation study was carried out to identify the most effective
combination of reaction parameters for the aromatisation reaction. This study
systematically examined the influence of catalyst mass (100-250 mg), total flow
rate (1-15 mL min), reactor temperature (250350 °C), and bubbler temperature
(60-90 °C) on the conversion of 1 and product selectivity. The multi-variable
plots (Figure 6-11) reveal the synergistic effects of flow and thermal parameters
on catalytic performance, and, notably, the flow rate significantly affected the

aromatisation process.
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Figure 6-11 Catalytic performance of Ru-supported catalysts for 1-octene conversion
under varying conditions. (A-F) Product distribution (isomerisation, cyclisation,
aromatisation) and conversion under different operational parameters. Reaction
Conditions: 1-Octene (5vol% in Nz), atmospheric pressure; (A) 250 °C, Sat. Temp.
65°C, 5mL min™', 100 mg; (B) 250 °C, Sat. Temp. 65 °C, 15 mL min™', 100 mg; (C)
250°C, Sat. Temp. 95°C, 15mL min!, 100 mg; (D) 300°C, Sat. Temp. 65 °C,
5 mL min™', 250 mg; (E) 320 °C, Sat. Temp. 65 °C, 5 mL min™', 250 mg; (F) 300 °C, Sat.
Temp. 65 °C, 5 mL min!, 100 mg

A flow rate of 5 mL min™* produced higher overall conversion and significantly
improved aromatic selectivity compared to the higher flow rate of 15 mL min™*
(compare Figures 6-11 A and B), and the enhanced performance at lower flow
can be attributed to the longer residence time, which promotes the sequential
isomerisation, dehydrogenation, and cyclisation steps required for aromatic
formation. The temperature of the bubbler, which influences feed vaporisation
and the partial pressure of the reactant, can also be a critical factor for optimal

performance. Indeed, a bubbler temperature of 65 °C yielded the best vapour-
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phase delivery of 1-octene 1, resulting in a steady-state concentration in the gas
phase without condensation or flooding, since lower bubbler temperatures (50
°C) impeded feed transport, leading to reduced space-time yield and unstable
operation, and higher temperatures (90 °C) did not offer any additional benefits,
since it increased the risk of condensation at the reactor inlets® and the formation
of undesired poly-condensated aromatic by-products (Figure 6-12).%%:1%
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Figure 6-12 The distribution of undesired heavy aromatics

Furthermore, variations in catalyst mass (from 100 mg to 250 mg) and reaction
temperature (300 to 320 °C) indicated that 100 mg and 300 °C are the optimal

parameters for achieving a balance between surface activity and residence time
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(compare Figures 6-11 A, E, F), since increasing the catalyst mass to 250 mg or
increasing the reactor temperature to 320 °C did not enhance aromatics formation;
rather, it promoted over-hydrogenation and minor coking, likely due to prolonged
exposure of intermediates to active Ru sites. In these instances, the metallic Ru
sites are vulnerable to the irreversible adsorption of these large aromatic species.
Over time, this accumulation results in a considerable decline in conversion,
selectivity, and overall catalyst stability.%8%* Finally, the optimised reaction
conditions were set, and the catalytic results in flow with oxRu-C are

shown in Figure 6-13.
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Figure 6-13 Catalytic results in flow for the conversion of 1-octene 1 with the oxRu-C

under the indicated optimised reaction conditions.
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The optimal conditions for maximising aromatics yield using oxRu-C in a
continuous flow system were identified as follows: a flow rate of 5 mL min?, a
bubbler temperature of 65 °C, a reactor temperature of 300 °C, and a catalyst
mass of 100 mg. Under these parameters, the system demonstrated the highest
yield for the desirable mono-aromatic products (68%), such as ethylbenzene
(26%) and o-xylene (34%), after 50 min reaction time, while effectively
minimising side reactions like over-cracking and oligomerisation reactions. The
conversion at this point was 82%, thus the selectivity to the desired aromatics was
higher >70%. However, a rapid deactivation was found with time. Given this, the
catalytic behaviour of oxRu-C was examined at lower reaction temperatures
(Figure 6A-7; Appendix 6A-7). At 160 °C, the reaction exclusively proceeded
via double bond migration, resulting in a mixture of trans- and cis-2-octene. The
initial trans/cis ratio was notably high (~4.5), indicating a thermodynamic
preference for the formation of the more stable trans-isomer. Over a duration of
3 h, this trans/cis ratio gradually decreased to approximately 3.0, suggesting a
slow progression towards thermodynamic equilibrium. The conversion rate was
moderate, at around 38%, without any aromatic products 4 not observed. These
findings are consistent with previous studies that indicate that the Ru(ll)
complexes on carbon supports promote double bond isomerisation at low
temperatures through n-allyl-type intermediates or surface hydride mechanisms,
without causing C-C bond reorganisation.'%1% The isomerisation of 1-decene,
1-hexene, and 1-butene proceeded efficiently under the specified reaction
conditions, even at 120 °C (refer to Figures 6A-8-10; Appendix 6A-8-10). At 200
°C, isomerisation remained the primary reaction pathway, not only for 1-octene
but also for all other alkenes examined (refer to Figures 6A-8-11; Appendix 6A-
8-11). The trans to cis-2-octene ratio decreased from approximately 2.9 to around

1.9 over time, while the conversion rate increased to about 68% after 5 h. Any
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significant amount of aromatic compounds 4 was not detected yet, suggesting that
the barriers to cyclisation or dehydrogenation were not fully surmounted at this
temperature. Interestingly, after one hour, a small yet consistent signal appeared
at 7.36 ppm in the *H NMR spectrum and at 128 ppm in the 3C NMR spectrum,
indicating the presence of a traces amount of benzene. Although GC-MS did not
identify additional aromatic products, the NMR signal for benzene implies that
the initial stages of aromatisation, possibly involving the dehydrogenation of
octene to octadiene, followed by cyclisation, may have already commenced,
albeit with very low conversion rates. This observation aligns with existing
literature regarding the thermal cracking and dehydrocyclisation of alkenes over
other Ru-C catalysts at low hydrogen pressures.*® Consequently, 200 °C signifies
a mechanistic transition zone where isomerisation predominates, while
precursors to aromatics start to form. These observations are consistent with the
previous findings*® which reported that temperatures exceeding 250 °C are
generally required to promote carbocation-mediated cyclisation and complete
aromatic transformation of Cs olefins on metal-acid bifunctional catalysts.’** At
300 °C, as shown in Figure 6-13, a notable shift in the reaction mechanism was
observed and, while isomerisation persisted, with a trans/cis ratio of
approximately 1.4-1.5, a significant quantity of monoaromatic compounds 4 was
also formed, as major products. NMR and GC-MS data reveal that the
aromatisation process initiates with dehydrogenation to generate octadiene
intermediates, which subsequently undergo cyclisation followed by further
dehydrogenation to form the aromatic ring (see mechanistic section). The marked
selectivity for ethylbenzene and o-xylene is likely indicative of the
stereoelectronic effects related to the arrangement of double bonds in the
intermediate diene and the conformation of the transition state during ring

closure. The minimal formation of m- and p-xylene suggests either steric
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hindrance during the cyclisation step or a kinetic preference for proximal
substitution patterns. These findings align with earlier mechanistic studies on
cyclisation—aromatisation over metal-acid catalysts, which demonstrated that
constrained transition states favour the production of ortho-substituted
products.1%

6.3.3.2. The redRu-C catalyst

The aromatisation reaction generates Hy; thus, the Ru catalyst operates under a
Ho-rich atmosphere, which could reduce the supported cationic Ru into metallic
Ru or further aggregated ensembles. To verify this, a second type of Ru-C,
referred to as redRu-C, was prepared by hydrogenating oxRu-C at 300 °C under
a stream of Hy/N2. The PXRD analysis of redRu-C, after exposure to air (Figure
6A-12; Appendix 6A-12), shows the absence of Ru particles larger than 3 nm, as
determined by the Scherrer equation, with the same pattern and Ru average size
as oxRu-C. HAADF-STEM characterisation (Figures 6A-13-14; Appendix 6A-
13-14S) highlights the porous structure of the support before and after the
hydrogenation treatment, shows a good correlation of histograms at increasing
magnifications from 1.1Mx to >4.0Mx, an effective particle dispersion in both
materials, and confirms the similar Ru cluster size in both samples (sizes and

dispersion, approximately 1.0 to 1.5 0.5 nm, respectively).
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Figure 6-14 Aberration-corrected high angle annular dark field scanning transmission
electron microscopy (AC-HAADF-STEM) image of redRu-C showing the presence of
sub-nanometric and nanometric RuOy clusters (circled). Intensity profiles were used to
quantify the size of these subnanometric units and HAADF-STEM image (bottom) and
the corresponding size analysis and histograms (right) of redRu-C, for increasing

magnifications: 1.5.
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However, the digital diffraction pattern (DDP) of redRu-C is typical of reduced
Ru(0) nanoclusters (even after exposure to air) while the DDP of oxRu-C is
indicative of RuOx nanoclusters. Energy dispersive spectroscopy (EDS) of the
redRu-C sample further confirms the absence of RuOx nanoclusters after
reduction, as the oxygen atoms detected by EDS are primarily associated with the
carbon support. The XPS measurements for both samples (Figure 6A-15 A-B;
Appendix 6A-15) show Ru (lI-111) as the predominant surface species, with
binding energies of 282.0 eV and 463.5 eV observed in the Ru3ds;; and Ru3paz
XPS regions, respectively. These findings align with the known tendency for
aerobic oxidation of small Ru clusters on the surface, even after reduction. The
01 XPS results (Figure 6A-15 C; Appendix 6A-15) further support evidence of
oxidation of the supported Ru clusters on the surface of both catalysts. To explore
this phenomenon in detail, the XPS measurement of the redRu-C sample was
repeated while preventing any exposure to air, and the resulting data showed the
expected lower binding energies for Ru(0), specifically 280.7 eV and 462.3 eV
in the Ru 3ds;2 and Ru 3ps;z XPS regions. The corresponding O1s XPS results
also indicate the presence of Ru(0) as the main oxidation state in the redRu-C
sample, as the binding energy for the oxygen atom decreased from 532.4 eV to
531.8 eV. These findings strongly suggest that the oxRu-C sample primarily
contains Ru(l1-111) oxide clusters, while the redRu-C sample features a core of
Ru(0) surrounded by a layer of Ru(ll-l1l) oxide upon exposure to air of the
clusters. Therefore, it can be concluded that the only distinction between oxRu-
C and redRu-C lies in the oxidation state of Ru, specifically (II) and (0),
respectively (Figure 6-15).
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Figure 6-15 A) A representative HAADF-STEM image, histogram and digital
diffraction pattern for oxRu-C. (B) Same analyses for redRu-C. C) EDS mapping of
redRu-C, where the location of C, Ru and O atoms on the solid can be seen.

The catalytic results with redRu-C in the gas phase (Figure 6A-16, Appendix 6A-
16) are very similar to oxRed-C (compare with Figure 6A-7), and the analysis of
both samples by AC-HAADF-STEM after reaction does not show clear
differences (Figures 6A-17-1; Appendix 6A-17-19). Both catalysts are
composed, after reaction, of small Ru clusters and even isolated Ru atoms.
However, a clearly different initial kinetic profile can be found not only in the
gas phase (see initial points in Figures 6A-7 and 6A-16) but particularly in the
liquid phase, where an induction time is observed for the redRu-C catalyst at all
reaction temperatures. However, when the redRu-C catalyst is reused, the
induction time disappears and the kinetic profile is now as that of oxRu-C. No
leaching is not observed for the redRu-C catalyst, as with oxRu-C. The XPS
signals for Ru3dss,, Ru3ps2 and O1; from the spent redRu-C and oxRu-C catalysts
demonstrate similar values to the parent oxRu-C catalyst (or the exposed to air

redRu-C catalyst). Notably, a new C1s signal appears at 288.7 eV, indicative of
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adsorbed alkene compounds. These results strongly suggest that the Ru species
supported on the oxRu-C catalyst, i.e. the Ru oxide clusters, are the true
catalytically active species for the reaction, and that the redRu-C catalyst evolves
to oxRu-C during reaction. Indeed, XANES and EXAFS experiments of the spent
oxRu-C catalysts at different reaction temperatures (Figures 6A-20; Appendix
6A-20) show that Ru(0) is barely formed during reaction.

6.3.3.3. The Ru-zeolite catalysts

The good results with Ru-HUSY and Ru-HZMS5 found above in batch prompted
catalytic exploration within the gas-phase continuous-flow system, which better
reflects industrial conditions and offers advantages in scalability and product
control. The Ru-HUSY catalyst was evaluated first, in a fixed-bed gas-phase
reactor under the optimal conditions previously established for oxRu-C (300 °C
in the reactor, 65 °C in the bubbler, and a flow rate of 5 mL min?). Due to material
constraints and the limitations of the flow reactor, 50 mg of Ru-HUSY were
physically blended with 50 mg of inert SiO2, which allowed for the maintenance
of a comparable catalyst bed mass while introducing acidity into the system.
Under these experimental conditions, the conversion of 1-octene 1 remained high,
with the majority of products comprising 2-octene isomers, predominantly in the
cis configuration, signifying strong isomerisation activity. However, in contrast
to oxRu-C, any aromatic products were not detected at any point under these

reaction conditions (Figure 6-16).
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Figure 6-16 Kinetic profile for the reaction of 1-octene 1 using Ru-HUSY as a catalyst,
under the optimal conditions for oxRu-C.

These results contrast sharply with those observed in the batch process. Several
mechanistic and system-level factors may elucidate this discrepancy. First, the
physical dilution of Ru sites due to the incorporation of SiO: likely diminished
the density of these sites. Previous studies have demonstrated that close proximity
between hydrogenation-dehydrogenation and acid functionalities is vital for
facilitating skeletal rearrangement, cyclisation, and the final dehydrogenation to
aromatic compounds.1®1%” Second, the residence time in the flow reactor was

significantly shorter than in batch mode. As aromatisation occurs through
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multiple sequential steps, including isomerisation, carbocation rearrangement,
ring closure, and dehydrogenation, a shorter contact time may not suffice to
complete this complex transformation.® It has been reported that aromatic yields
over zeolites can be dramatically reduced under conditions where residence time
limits intermediate evolution.® Third, the absence of hydrogen co-feeding may
have indirectly influenced the lack of aromatic products. While hydrogen is not
directly involved in the formation of aromatic rings from olefins, it plays a crucial
role in stabilising intermediate species, influencing hydrogenation-
dehydrogenation equilibria, and preventing metal sintering or coke formation.
Hydrogen-rich atmospheres can enhance the stability and selectivity of metal-
acid bifunctional catalysts under similar conditions.*%!! Besides, using a smaller
amount of active catalyst compared to the experiment with oxRu-C (50 vs 100
mg) likely led to a decreased overall availability. In the mixed bed with inert
support, local heat and mass transfer gradients may have further influenced the
reactivity profile, particularly for reactions necessitating synchronised
bifunctional activity, such as aromatisation. Previous research on zeolite-based
reforming and hydrocarbon upgrading systems has illustrated that catalyst
dilution and bed packing directly impact product distribution.!*?

The Ru-HZSM-5 catalyst was then tested under flow reaction conditions. While
the yield of aromatisation in batch conditions was modest, the significant
production of cyclic intermediates, especially in the exchanged form of
RuHZSM-5, indicated the potential for successfully completing the aromatisation

process with the right conditions and residence time.
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Figure 6-17 Kinetic profile for the reaction of 1-octene 1 with the Ru-HZSM-5 catalyst,
under the optimal conditions for oxRu-C.

The results in Figure 6-17 show that, under the optimal conditions for oxRu-C,
cyclized intermediates constituted approximately 60.78% of the total product
distribution at early reaction stages (1 h), progressing into aromatic compounds
to around 32.92% at 5 h. Furthermore, the formation of aromatic hydrocarbons
increased significantly, reaching 59.82% at 2.5 h and stabilising at approximately
51.74% by 5 h. Among the identified aromatics, ethylbenzene and xylenes
emerged as the dominant products, accounting for about 19.74% and 31.25% of
the total product yield at 2.5 h, and approximately 18.06% and 28.17% at 5 h,
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respectively. These figures correspond to roughly 33% ethylbenzene and 53%
xylenes of the total aromatic yield, with the remainder potentially attributed to

trace higher aromatics or minor alkylbenzenes.

The preference for xylenes over ethylbenzene in reactions involving the Ru-
HZSM-5 zeolite highlights the significant rearrangement of molecular structure,
potentially aided by hydride shifts and methyl group migrations. The lower yield
of ethylbenzene indicates limited availability of the ethylation pathway, as
bulkier alkylated benzenes face higher resistance to diffusion, resulting in
potential trapping or secondary transformations. The batch process tends to yield
more aromatics than the continuous-flow systems, as longer contact times enable
cyclic intermediates to accumulate efficiently for desorption. In contrast, shorter
residence times in flow systems can impede the desorption of bulkier aromatics,
leading to diminished yields. To further explore this, two additional flow rates
were tested: a reduced flow rate of 3 mL min, intended to prolong the contact
time between the reactants and the catalyst surface, and an increased flow rate of
7 mL min?, aimed at assessing how reduced residence time affects the
progression of sequential reactions, particularly the transformation of cyclic

intermediates into aromatics.
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Figure 6-18 Kinetic profile for the reaction of 1-octene 1 under slower (3 mL min?, A)
and faster (7 mL min, B) flow rates compared to the optimal flow rate of 5 mL min?,
using Ru-HZSM-5 as a catalyst.

The results (Figure 6-18) show that, on one hand, the longest residence time leads
to nearly complete substrate conversion (over 95%) and high yields of cyclisation
products (up to 72%) from the initial time points. The isomerisation products
remained relatively substantial (approximately 20-27%), suggesting that
prolonged contact with the acidic sites of Ru-HZSM-5 significantly promotes
double-bond migration and ring closure. Initially, the aromatic compounds were
low (<1% at 2 h), but they gradually increased over time, ultimately reaching
around 21% at 7 h. This steady accumulation highlights the time-dependent
nature of aromatisation, which is a slower, multistep process involving
dehydrogenation, skeletal rearrangement, and hydride transfer, all of which
require sustained interaction with the zeolite framework. In contrast to the results
observed at 5 mL min, where aromatic content exceeded 50% at 5 h, it is clear

that while the same types of intermediates are formed at 3 mL min, their
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conversion into aromatics occurs at a considerably slower rate. On the other hand,
the reaction operated under conditions of short residence time kept the conversion
of 1-octene 1 high, but the product distribution was predominantly skewed
towards unconverted cyclic olefins and a few isomerisation products. Aromatic
compounds were infrequently observed, with the aromatic content consistently
remaining <2% throughout the test duration. This clearly demonstrates that the
contact time was inadequate for slower secondary reactions, such as ring
dehydrogenation and methyl group rearrangement, to occur. Unlike cyclisation,
which proceeds quickly through carbocation intermediates, aromatisation
requires extended interaction with the catalytic sites and sufficient thermal
activation, conditions that high flow rates do not allow. Consequently, even
though the zeolite structure and Ru functionality remain unchanged, the residence
time emerges as the limiting factor in accessing deeper reaction pathways that
yield aromatics. The optimal flow rate of 5 mL-min? represents the best
compromise between effective throughput and thorough conversion, enabling
both cyclisation and aromatisation to occur within a reasonable time frame. This
systematic approach provides a detailed assessment of how residence time
influences the balance between isomerisation, cyclisation, and aromatisation over

Ru-HZSM-5 under dynamic flow conditions.

To enhance the understanding of the catalytic performance observed at different
flow rates, post-reaction AC-HAADF-STEM and iDPC imaging were conducted
on the spent catalysts. The images in Figure 6-19 show a high similarity with the
solid ancestor (Figure 6A-21; Appendix 6A-21), with a major fraction of Ru
species remaining confined within the zeolite micropores, appearing as faint,
highly dispersed features below 1 nm. XPS measurements confirm the integrity
of the Ru oxide clusters inside the zeolite (Figure 6A-22; Appendix 6A-22).
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Figure 6-19 Representative aberration-corrected high-resolution HAADF-STEM (AC-
HR-HAADF-STEM) images of the spent Ru-HZSM-5 zeolite after the in-flow reaction

at 5 mL-min, with the corresponding integrated differential phase contrast (iDPC)

analysis (left), and histogram (taking into account more images). The observed Ru

particles still show sizes between 0.5 and 1.5 nm, approximately.
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6.3.4. Structural Evolution and Thermal Stability of Ru-Loaded
Zeolites: Insights from Ex- and In-Situ HR-TEM

To evaluate the structural robustness of the ion-exchanged Ru-H-ZSM-5 catalyst
under conditions pertinent to olefin aromatisation, high-resolution transmission
electron microscopy (TEM) experiments were conducted at the SUperTEM
facility at Université Paris Cité. The differential pumping system and MEMS
heating chips of the instrument facilitated the examination of the same specimen
in two distinct conditions: (i) under high vacuum during stepwise ex-situ
annealing and (ii) in situ while subjected to a flowing 1-heptene/argon stream at
the reaction temperature. This comprehensive investigation elucidates the effects
of atmospheric conditions and thermal history on metal migration, particle
growth, and the integrity of the catalyst framework.

6.3.4.1. Ex-situ TEM Heating: Thermally Induced Migration of Ru

Species from Zeolite Channels

Systematic ex-situ heating of ion-exchanged Ru/H-ZSM-5 (Figure 6-20) under
high vacuum (= 10~¢ mbar) was used to visualise temperature-dependent metal
mobility. HAADF-STEM micrographs recorded at RT, 150, 200, 250, 300 and
350 °C on two independent regions (see Figures 6-21 and 6-22) revealed a
reproducible sequence of structural events that can be correlated with the catalytic

temperature profile for 1-heptene upgrading.
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Spot A

Figure 6-20 Low-magnification HAADF-STEM image of the Ru-H-ZSM-5 crystal, with
two selected regions of interest (ROIs) indicated for detailed analysis in subsequent

figures.

The first Ru-related contrast on the external crystal facets appeared at =~ 200 °C,
whereas intra-channel contrast diminished (Figure 6-21). This temperature
coincides with the onset of olefin isomerisation and is attributed to partial
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dehydroxylation of Brgnsted acid sites (BAS). Density-functional calculations
indicate that, once BAS are dehydrated, the diffusion barrier for single Ru atoms
in MFI channels drops below 1.2 eV, enabling outward migration of sub-

nanometre clusters.%8113.114

150°C 200°C

20 nm %

RIS

Figure 6-21 HAADF-STEM images of Spot A at increasing temperatures, illustrating the
temperature-dependent migration behaviour of Ru nanoparticles during ex situ thermal
treatment.

At 250 °C, an increase in the mobility of Ru species is observed, which coincides
with the temperature typically associated with the onset of aromatisation
catalysis. Under these conditions, Ru begins to form 1-2 nm nanoclusters
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predominantly at the external surfaces of the zeolite crystals, accompanied by a
noticeable decline in metal density within the internal pore structure. This
redistribution suggests that thermal energy facilitates the migration of metal
species, likely driven by progressive dehydroxylation of the zeolite framework,

which lowers the energetic barriers for diffusion.tt3115

At 300 °C, the growth of ruthenium particles remains markedly limited: even
after outward migration from the zeolite channels, the average particle size does
not exceed 3 nm. This size-confinement effect is attributed chiefly to the steric
constraints imposed by the MFI framework, which restrict the coalescence of

neighbouring clusters once they approach the pore mouth, 3115

150°C 200°C

250°C 300°C

Figure 6-22 HAADF-STEM images of Spot B captured at successive temperatures,
highlighting the gradual relocation of Ru nanoparticles as a function of thermal treatment

during ex situ heating.
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Several complementary stabilisation mechanisms further inhibit extensive
agglomeration (Figure 6-22). First, Ru nanoparticles residing on the external
crystal surfaces experience strong metal-support interactions that raise the
energetic penalty for coalescence, thereby suppressing classical sintering
pathways. Second, geometrical confinement within the zeolite micropores
inherently resists particle growth; comparable behaviour has been reported for
high-aluminium ZSM-5, where sub-nanometer Ru clusters (<1 nm) persist even
after prolonged thermal exposure. Finally, the presence of Brgnsted acid sites
(BAS) plays an electronic role: partial electron transfer from framework AlO4
units stabilises cationic Ru® species, anchoring them within the lattice and
discouraging migration. Progressive dehydroxylation at elevated temperatures
weakens this BAS—metal interaction, enabling limited diffusion, yet steric and
interfacial factors continue to cap the ultimate particle size. Together, these
effects ensure that, despite thermal activation, ruthenium remains highly
dispersed and structurally robust within the H-ZSM-5 matrix under the conditions

investigated.58 113-115

6.3.4.2. In Situ HAADF-STEM Investigation of Ru Nanoparticle
Stability Under Reactive Conditions

To investigate the structural evolution of Ru nanoparticles under conditions akin
to those encountered during catalytic operations, in situ high-angle annular dark
field scanning transmission electron  microscopy (HAADF-STEM)
measurements were conducted using the THEMIS microscope at the SUPER-
TEM facility (Université Paris Cité). The Ru-H-ZSM-5 sample was

incrementally heated from 280 °C to 300 °C while maintaining a flow of
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hydrocarbons. Images (Figure 6-23) were captured over a five-hour period to

monitor both temporal changes and variations in response to temperature.

280°C 300°C

Figure 6-23 Time-resolved in situ HAADF-STEM analysis of Ru nanoparticles in H-

ZSM-5 under reactive conditions, showing preservation of dispersion at 300 °C.

At 280 °C, initial HAADF-STEM imaging (0—15 min) revealed well-dispersed
Ru nanoparticles, predominantly located on the external surface of the zeolite
crystallites. Upon increasing the temperature to 300 °C, a series of images

acquired at 15, 45, 90, 150, 210, and 270 minutes showed negligible particle
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migration or agglomeration. Throughout the experiment, no significant particle
growth or coalescence was observed, with the majority of Ru clusters remaining

below 2—3 nm in diameter.

This remarkable stability stands in contrast to the temperature-induced migration
observed under ex-situ vacuum conditions. The preservation of dispersion and
confinement during in situ heating suggests that the presence of gas-phase
adsorbates, particularly hydrocarbon intermediates, plays a stabilising role,
suppressing both dehydroxylation and metal mobility. Recent studies have
demonstrated that the nano-environment within zeolites, including the presence
of retained hydrocarbon species, can significantly influence the behaviour and
stability of encapsulated metal nanoparticles, preventing their migration and
aggregation under reaction conditions.!*5-118 For example, Xu et al. showed that
the interaction between Ru and ZSM-5, as well as the chemical state of Ru, are
crucial for maintaining high dispersion and catalytic performance, with the
zeolite framework and adsorbed species inhibiting sintering even at elevated
temperatures.'® Moreover, the consistent HAADF contrast observed throughout
the experiment indicates that Ru remained in a reduced and metallic state, further
supporting the catalytic relevance of the observed structural configurations.
These in situ observations affirm that under relevant reaction conditions, the
Ru/H-ZSM-5 system maintains its structural integrity, which is crucial for
sustaining activity and selectivity in reactions such as 1-heptene isomerisation

and subsequent aromatisation. 8

In summary, the literature supports the hypothesis that gas-phase adsorbates and
the zeolite nano-environment are key factors in stabilising Ru nanoparticles
during catalysis, in stark contrast to the migration and aggregation observed under

vacuum or in the absence of stabilising species.
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6.3.5. Mechanistic studies

To mechanistically validate the proposed aromatisation pathway of linear Cg
olefins over the Ru-HZSM-5 catalyst, a series of model reactions were conducted
using 1-methyl-1-hexene 3a as the feed molecule. This cyclic olefin was chosen
as a plausible intermediate resulting from the skeletal isomerisation and
intramolecular cyclisation of linear octenes, serving as a key probe for assessing
the subsequent dehydrogenation step. The main objective of this study was to
determine whether the transformation of cyclic olefins into aromatic compounds
constitutes the rate-limiting step in the overall aromatisation mechanism and to

quantify the influence of reaction temperature on this process.

|
! Ru-supported (0.35 wt%)
E S O —_—
240-300 °C, 21 h
3a 4

3b

Figure 6-24 Reaction pathway for the aromatisation reaction of 1-methyl-1-hexene 3a as

reactant over the Ru-HZSM-5 catalyst.

Catalytic tests were performed under controlled feed and pressure conditions,
with temperature incrementally varied at 240 °C, 260 °C and 300 °C, using Ru-
HZSM-5 as the solid catalyst. The product distributions obtained from the
experiments shown in Figure 6-24 provided significant evidence of a
temperature-sensitive transition in reaction pathways. At 240 °C, the yield of
unconverted 1-methyl-1-hexene 3a was notably high, 87.90%, with only trace

amounts of aromatics (2.46%) present, predominantly toluene (1.76%).
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Additionally, minor quantities of dienes (6.15%) and isomerised ketones (1.76%)
were observed, suggesting limited skeletal rearrangement and minimal
dehydrogenation activity at this temperature.''® At 260 °C, a marked alteration in
the product profile was evident. The conversion of the starting material 3a
increased, leading to a decline in the yield of unreacted olefin to 57.41%.
Concurrently, aromatic production exhibited a more than sixfold increase, with
toluene rising to 16.6%. The formation of dienes increased modestly to 8.90%,
while isomerised ketones decreased slightly to below 1.50%. This indicates that
the onset of enhanced dehydrocyclisation activity and partial olefin cracking is
around 260 °C.”” At 300°C, the reaction pathway further shifted towards
aromatisation, with the conversion of 1-methyl-1-hexene 3a reaching 69.13%,
signifying heightened catalytic activity. Notably, isomerisation products
remained low at 1.39%, and dienes decreased slightly to 7.87%. The majority of
the product stream consisted of aromatic products 4, with toluene accounting for
29.43% of the total product yield. Trace amounts of ethylbenzene and benzene
were also detected. The presence of these minor aromatics may imply the
involvement of Friedel-Crafts alkylation and/or dealkylation reactions,
facilitated by the Brgnsted acid sites within the zeolite framework.” Under
elevated temperatures, these sites are recognised for catalysing electrophilic
substitution reactions, particularly when alkylcarbenium intermediates are
stabilised on the catalyst surface.’?® Together, these findings demonstrate that
aromatisation emerges as the predominant reaction pathway at elevated
temperatures. This is driven by the synergistic interaction between Ru-mediated
dehydrogenation functions and the acidic sites of the zeolite, which together
facilitate complex rearrangements, cyclisation, and aromatising dehydrogenation
reactions.” These empirical findings lend support to the hypothesis that the

dehydrogenation of cyclic intermediates serves as the rate-limiting step in the
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aromatisation pathway. While Ru-HZSM-5 effectively catalyses the initial
processes of cyclisation and isomerisation under relatively mild conditions,
dehydrogenation necessitates a higher input of thermal energy.”’:79-81.121

The same mechanistic insights were then expanded to 1-hexene 7 and 1-heptene
9. Both substrates lead to the formation of internal alkene isomers’” and saturated
and unsaturated cyclic hydrocarbons, such as methylcyclopentane and
methylcyclohexene, which generate benzene and toluene.'?? Simultaneously, a
parallel cracking pathway was observed, in which B-scission of long-chain
alkenes (including the feed and intermediate isomers) generates smaller
fragments. Among these, ethylene was found as a prominent product.”” Although
ethylene is a gaseous molecule often lost during reaction venting or workup, GC-
MS analysis of the post-reaction organic extract (in CDCls) reveals a sharp peak
at m/z = 28, confirming its presence in the reaction mixture (Figure 6A-23;
Appendix 6A-23). The concurrent presence of benzene and ethylene within the
acidic micropores of Ru-HZSM-5 would facilitate a secondary Friedel-Crafts-
type alkylation, resulting in the formation of ethylbenzene. This compound is
generated not through dehydrogenation pathways but rather from the in-situ
alkylation of benzene by ethylene. Indeed, *H NMR analysis of the extracted
organic phase reveals a distinct set of aromatic proton signals at 6 ~7.36 ppm,
corresponding to benzene, along with additional resonances, including a quartet
centred at § ~2.65 ppm that integrates for two protons. This is indicative of a
benzylic —CH>—group adjacent to an aromatic ring. These values align with
reference spectra for ethylbenzene, thereby confirming its formation as a
secondary product. The consistent identification of ethylbenzene via both H
NMR and GC-MS provides robust support for the Friedel-Crafts-type

mechanistic pathway.”>’®"® The sequence of transformations is summarised in
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Figure 6-25 (top), which also shows the catalytic results for the transformation of
1-heptene 9 over the Ru-HZSM-5 catalyst (bottom).

1. Metal-catalysed isomerisation:

1-heptene = 2-heptene = 3-heptene

2. Beta-scission reactions generate ethylene.

=

B -Scission ’\‘-ﬂ 7 ~
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Bronsted Acid

Acidic Support (H")

3. Catalysed cyclisation:
2-/3-heptene — methylcyclopentane / methylcyclohexene

4. Dehydrogenation to aromatics:

cyclic intermediates — benzene / ethylbenzene
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5. Alkylation with ethylene:
benzene + ethylene — ethylbenzene

(Friedel-Crafts reaction)
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Figure 6-25 Reaction sequence and catalytic results for the transformation of 1-heptene
over the Ru-HZSM-5 catalyst.
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Parallel experiments were conducted using 1-hexene 7 as a substrate. It is
important to note that 1-hexene lacks the additional methylene unit found in 1-
heptene 9, which could affect the kinetics of ring closure and the distribution of
cracking products. However, under the same catalytic conditions with Ru-
HZSM-5, a similar product spectrum was observed. Aromatics such as benzene
and toluene were prominently detected in both GC-MS and NMR analyses.”
Crucially, the characteristic signals for toluene were revealed by H NMR
analysis: a singlet near 2.36 ppm was noted, corresponding to the methyl group
(-CHs) attached to the benzylic carbon, and a multiplet between 7.0 and 7.2 ppm,
integrating to five protons, was attributed to the aromatic protons of the
monosubstituted benzene ring. Furthermore, the presence of a molecular ion at
m/z = 92, corresponding to toluene, and another at m/z = 28, indicating ethylene,
was confirmed by GC-MS. This evidence supports the conclusion that beta-
scission and alkylation proceed concurrently, even when starting from a C6
precursor.’?® The formation of toluene from 1-hexene 7 strongly supports the
occurrence of the beta-scission reaction to generate ethylene. Consequently, in-
situ isomerisation, beta-scission, cyclisation, dehydrogenation, and alkylation
reactions are applicable to linear olefins ranging from C¢ to Cyo. For 1-hexene 7,
cyclisation through a six-membered transition state is regarded as more
kinetically accessible compared to longer chains, facilitating the production of
benzene precursors.'* Moreover, the cracking of shorter olefins to produce
ethylene is considered to be more efficient due to lower activation barriers. The
significant formation of toluene and ethylbenzene in both 1-hexene 7 and 1-
heptene 9 emphasises the role of ethylene as an alkylating agent and illustrates
the dual function of Ru-HZSM-5 in rearranging hydrocarbon skeletons while

upgrading through secondary alkylation.
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At this point, the CO- was introduced as a co-reactant with both 1-hexene 7 and
1-heptene 9, which significantly alters the reaction pathway by quenching the H.

generated after the Ru-catalysed hydrogenation of CO, to methane (Table 6-
4).125—127

Table 6-4 Comparative performance of Ru-HZSM-5 in the conversion of 1-

hexene 7 and 1-heptene 9 with and without CO- co-feeding.

C0: Dominant
Feedstock Co- Main Pathway
Products
feed
1-Heptene No Ethylbenzene, Isomerisation — Cyclisation —
9 benzene Alkylation
1—He§ tene Yes CHa, C2Ha, CsHs CO--promoted deep cracking
1-Hexene No Ethylbenzene Cracking + Benzene formation +
7 (major) Ethylene alkylation

Under our optimised catalytic conditions, employing a CO-/alkene molar ratio of
0.35 leads to the complete suppression of aromatic species formation. As a result,
the product stream is dominated by low-molecular-weight alkanes and olefins,
particularly methane, ethylene, and propylene (Figure 6A-24; Appendix 6A-24).
As a result, the catalytic behaviour shifts toward enhanced C—C bond cleavage
and cracking, resulting in minimal formation of condensed-phase hydrocarbons.
These findings align with previous reports on CO:-induced pathway switching in
bifunctional systems and confirm its significant modulatory role. To distinguish
catalytic activity from thermal effects, literature on the intrinsic thermal
decomposition of 1-heptene 9 in the absence of a catalyst is referenced.!?” These

studies, utilising mass spectrometric analysis, have identified two primary
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degradation pathways: classical y-scission and the diradical retro-ene mechanism.
Commonly observed fragment ions at m/z =42, 56, and 70 correspond to Cs, Ca,
and Cs hydrocarbons, respectively. The peak at m/z = 70 is indicative of the
diradical retro-ene mechanism, wherein a hydrogen atom undergoes a concerted
shift through a cyclic transition state, forming a diradical that subsequently
undergoes B-scission, yielding ethylene and shorter-chain fragments. The peaks
at m/z = 56 and 42, associated with butenes and propenes, arise from either
pathway. Furthermore, the appearance of peaks at m/z = 41 and 57 supports the
involvement of y-C—C bond cleavage, yielding allyl and butyl radicals. Quantum
chemical calculations further reinforce this dual-pathway model, with y-scission
bond dissociation energies reported in the range of 64.8 to 74.6 kcal/mol,
indicating that both pathways are feasible at elevated temperatures.'?®12° These
data, altogether, strongly indicate that CO: exerts an inhibitory effect on both the

cyclisation-aromatisation and alkylation pathways.

In order to study the influence of the acidity and confinement provided by the Ru-
HZSM-5 zeolite, the synthesis of basic and hierarchically structured ZSM-5
catalysts was carried out, aiming to overcome the well-known diffusion
limitations associated with conventional microporous zeolites. Two modified
catalysts were prepared: Ru-NaOH-ZSM-5, generated through alkaline
desilication, and Ru-NaOH+TPAOH-ZSM-5, synthesised using a dual-template
approach that combines base-assisted mesopore formation with organic structure
direction. In the case of Ru-NaOH-ZSM-5, desilication was carried out by
treating the parent zeolite with a 0.3M sodium hydroxide solution.3%13! This
basic treatment selectively removed silicon from the framework, resulting in the
formation of disordered mesopores while preserving the crystallinity and

Bransted acidity of the zeolite. Although this approach significantly improved
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the diffusion properties, the randomness of the mesopore network occasionally
led to a slight loss in shape selectivity and a more varied product distribution,
with enhanced formation of heavier alkylated aromatics and polycyclic species.
To further refine the pore architecture and address this limitation, a dual-template
strategy employing a mixture of 0.3 M NaOH and 0.25M tetrapropylammonium
hydroxide (TPAOH) in a 1:1 volume ratio was performed. In the Ru-
NaOH+TPAOH-ZSM-5 catalyst, NaOH facilitates silicon extraction and initial
mesopore formation, while TPAOH, acting as a soft template and crystal growth
modifier, guides the recrystallisation and stabilisation of the external surface,
yielding a more uniform mesopore network. This tailored structure resulted in a
catalyst with different textural properties, including increased mesopore volume
and more accessible catalytic sites, while maintaining the intrinsic microporous
features of Ru-ZSM-5. The dual-template treatment also subtly adjusted the
acidity of the zeolite, typically lowering the overall Brgnsted acid site density
while increasing their accessibility, a factor known to influence reaction

selectivity and reduce coke formation.

The PXRD patterns (Figure 6A-25; Appendix 6A-25) provide clear evidence of
the structural consequences of different desilication strategies. Treatment with
0.3 M NaOH alone resulted in a slight loss of peak intensity and broadening,
indicating partial degradation of the crystalline MFI framework. In contrast, the
combined treatment with 0.3 M NaOH and 0.25 M TPAOH (1:1 volume ratio)
preserved the intensity and sharpness of the characteristic MFI reflections,
confirming that the microporous architecture was maintained. This indicates a
more controlled and selective desilication process, where TPAOH acts to stabilise
the framework during silicon removal. As a result, mesopores were likely

introduced within an intact microporous matrix, successfully achieving
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hierarchical porosity. Complementary, Fourier-transformed infrared (FT-IR)
spectroscopy with pyridine adsorption further elucidated the impact of these
treatments on acidity (Figure 6-26). Both Brensted and Lewis acid sites were
probed, with characteristic bands observed near 1545 cm™ for Bronsted sites and
around 1450 cm™ for Lewis sites. The NaOH-treated sample exhibited a
reduction in Bregnsted acidity, likely due to partial dealumination or framework
collapse. However, the sample treated with NaOH and TPAOH retained more
Bronsted acid sites, indicating that the co-treatment preserved the acid
functionality more effectively. The relative increase in Lewis acid features may
reflect extra-framework Al species generated during desilication. Overall, these
findings confirm that the NaOH-TPAOH treatment not only promotes the
formation of mesopores but also maintains the essential structural and acidic
properties of ZSM-5, making it more suitable for reactions involving bulky
aromatic molecules where both accessibility and acidity are critical for

performance.®

342



Chapter 6. Aromatisation of Linear Alkenes over Few-Atom Ruthenium Oxide Clusters at
300 °C: Mechanistic Insights and Catalytic Performance

Parent Zeolite HASMS NaOH - HZSM5
@ B BeL L
\, f l‘ IO N VAN B9[NP PP
1 \ | ] i
\ \
\ ]\ / |
M) Ny S 1 i 'L,\(
_ | ™~ | ANng ) e
T e ~ ] i
< r ] | ]
E] : M AN I
: _ i L L~ allis
N SN rsre
S I S AN T
., i ] i
M P
I\ HE R e+
A\ 1AL~
: N R AN,
e 1 i
T T T T
3000 3800 3R 3600 IS0 3400 1700 1650 1600 1550 1500 1450 1400 3900 3800 30 360 IS0 3400 1700 1650 1600 1550 1500 1450 1400
o fcmly ulem™y ufem’) v (em™y
NaOH-TPAOH-HZSMS Ru-NaOH-TPAOH-HZSMS
@ | ol @ TBloL L
i N Y 38 P
] “ - ' T F 50
\ P bl ‘ |
J RN 1| |
— Ay 4 b
g — MM 20 1 \
i ~ e
£} . 3 R N N
ER l P ‘\, £
= \ AN N e -
| & ] e
= T ] w b
M L J sivc
AN N — ]
\ | o+ v 1
D N
] < - laoarc
T T T T T T - T T T T T T T T T T T T
3900 3800 300 3600 3500 3400 17M0 1650 I6M) 1550 1500 1450 1400 3900 3800 30 360 350 3400 1700 1650 1600 1550 1500 1450 1400
 (em™) o emy w (em?) u fem™)

Figure 6-26 Fourier-transformed infrared (FT-IR) spectroscopy of adsorbed pyridine on
MFI zeolites after desilication with NaOH and NaOH-TPAOH.

Ru-NaOH-ZSM-5 exhibited a marked decline in catalytic performance compared
to Ru-ZSM-5, as evidenced by a decrease in conversion from 69.13% to 35.73%
and a corresponding drop in total aromatic yield from 29.43% to 18.86%.
Furthermore, there was a significant alteration in product distribution:
ethylbenzene increased to 9.55%, xylenes rose to 2.71%, while toluene dropped
to just 3.5%. This shift reflects, according to literature,}¥2!3 the partial
degradation of the microporous structure and the emergence of irregular, non-
uniform mesopores, which undermined the original shape selectivity. In contrast,

Ru-NaOH+TPAOH-ZSM-5 resulted in a significant enhancement in catalytic
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performance, with an excellent conversion of 81.62% and aromatic yield of
25.55%, with ethylbenzene (15.07%), toluene (5.45%) and xylenes (4.5%) as the
predominant aromatic products. Apparently, the co-templated desilication
approach benefits from TPAOH's role as a mesopore-directing agent, which also
supports the stability of the zeolite framework during the hydroxide attack, to
generate more uniform and interconnected mesopores while maintaining the

integrity of the microporous MFI domains.**
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6.4. Conclusion

This study successfully achieved its primary objective: the development of a
selective and sustainable catalytic system for the transformation of linear olefins,
such as 1-octene 1, into valuable alkylated aromatics 4, specifically xylenes and
ethylbenzene, under relatively mild thermal conditions (300 °C) and in the
absence of strong acidic or basic promoters. A combination of catalyst design,
optimisation of reaction conditions, and advanced characterisation techniques
facilitated a comprehensive understanding of the interplay between catalyst

structure and function.

Batch experiments demonstrated significant catalytic behaviour of various Ru-
based solid catalysts, highlighting concurrent processes of isomerisation,
cyclisation, and aromatisation. Among the materials evaluated, ion-exchanged
Ru-HZSM-5 emerged as the most effective catalyst, achieving over 85%
conversion and more than 60% selectivity toward cyclic and aromatic products.
This high performance is attributed to the dispersion of ultrasmall (= 1 nm) Ru
oxide clusters within the zeolite micropores, which is confirmed by a
comprehensive characterisation of the solid catalyst before and after reaction. In
contrast, oxRu-C exhibited high isomerisation activity but limited aromatisation
capabilities in batch, underscoring the critical role of the support in catalytic
performance. Time-resolved batch studies further corroborated that aromatic
products are secondary products, forming after the accumulation of isomerised
and cyclic intermediates. This observation supports a stepwise mechanism that
begins with isomerisation, followed by cyclisation and dehydrogenation

reactions.
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In flow, oxoRu-C allowed us to identify the optimal operating conditions, which
were subsequently applied to Ru-HUSY and Ru-HZSM-5, effectively exploiting
its catalytic characteristics. These experiments confirmed the robustness of the
ion-exchanged Ru-HZSM-5 zeolite catalyst, particularly at moderate flow rates
(5 mL min'). Under these conditions, the catalyst retained a high aromatic yield
(>50%) with good stability over time. Post-reaction analysis of the used catalysts
confirmed the stability of the zeolite, with highly dispersed Ru oxide clusters
confined within the zeolite micropores (less than 1 nm), thereby preserving

catalytic activity.

Mechanistic reactive experiments with different alkenes confirmed the
intermediacy of cycloalkene products 3 towards the desired aromatic products 4,
and the generation of both ethylene and benzene for the production of ethylene.
A reactive sequence involving isomerisation, beta-scission, cyclisation,
aromatisation, and Friedel-Crafts reactions is proposed based on the experimental

data compiled here.

In summary, these findings validate that small Ru (I, I11) oxide clusters dispersed
within solid supports (carbon or zeolite frameworks) provide an efficient and
tunable platform for converting linear alkenes, particularly relatively long-linear
alkenes such as 1-octene 1, into high-value aromatics 4. The support’s structure,
porosity, and the electronics of Ru (l1, 111) oxide cluster sites were identified as
key determinants of catalytic performance, while reaction engineering parameters
offered an additional degree of control over product distribution. All in all, the
research establishes a strong foundation for designing Ru-based solid catalysts
for alkene aromatisation from renewable or fossil-derived olefins, supporting

broader goals of sustainable and selective petrochemical production.
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6.5. Appendix

a) 6A-1

Ru 06-0663
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Figure 6A-1 Powder X-ray diffraction (PXRD) analysis of the NaY zeolite before and
after incorporating the Ru (Ru-NaY).
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b) 6A-2
Table 6A-2 Comparison of Structural and Catalytic Properties of HY and HZSM-
5 Zeolites
Parameter HY Zeolite HZSM-5 Zeolite
Pore Size Large (~0.74 nm) Medium (~0.55 nm)
Acidity Moderate Brgnsted acidity Strong Brgnsted acidity
Shape-Selectivity Low High
Aromatics Yield
2.40% 2.12%
(510 min) 0% °
Product Broad, potential for over- Narrow, favouring
Distribution cracking monoaromatics
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c) 6A-3

Figure 6A-3 High-magnification HAADF-STEM images of the Ru-HZSM-5 zeolite.
Small Ru particles appear dispersed on the zeolite surface. In the left image, structural
channels with dimensions of approximately 11.3 A are visible.
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d) 6A-4

Specimen [ STEM DF ] —10.0nm
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Figure 6A-4 Representative high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images for the exchanged Ru-HZSM-5 catalyst (top), and
also for the impregnated Ru-HZSM-5 catalyst (Ru-HZSM-5imp, bottom), together with

the elemental mapping and EDX analysis.
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e) 6A-5

Figure 6A-5 Aberration-corrected high-resolution HAADF-STEM (AC-HR-HAADF-
STEM, top) and aberration-corrected high-resolution transmission electron microscopy
(AC-HR-TEM) images of the Ru-HZSM-5 zeolite, with the corresponding integrated
differential phase contrast (iDPC) analysis and crystalline channel size recognition,

respectively.
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f) 6A-6

Figure 6A-6 Two representative aberration-corrected high-resolution HAADF-STEM
(AC-HR-HAADF-STEM) images of the Ru-HZSM-5 zeolite, with the corresponding
integrated differential phase contrast (iDPC) analysis to detect the small Ru oxide

clusters.
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Figure 6A-7 Kinetic plots for the conversion of 1-octene 1 at 160 °C (top) and 200°C
(bottom) with the oxRu-C catalyst under flow reaction conditions.
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Figure 6A-8 Kinetic results for the isomerisation 1-decene 5 at 160-200 °C and the
corresponding internal alkenes 6 in the gas phase (short and long reaction times) under
the indicated reaction conditions, catalysed by oxRu-C. Discontinuous lines indicate the

stopping of the reaction and N purge.
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Figure 6A-9 Kinetic results for the isomerisation of 1-hexene 7 to the corresponding
internal alkenes 8 in the gas phase, catalysed by oxRu-C at different reaction

temperatures. Molar fraction refers to the yield of the corresponding internal alkene

product, in %.
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Figure 6A-10 Kinetic results for the isomerisation of 1-butene 11 to the corresponding
internal alkenes 12 in the gas phase, catalyzed by oxRu-C at different reaction
temperatures. Molar fraction refers to yield of the corresponding internal alkene product,
in %.
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Figure 6A-11 Comparative kinetic results for the isomerisation of different linear
terminal alkenes in the gas phase, catalysed by oxRu-C at 200 °C. Molar fraction refers

to the yield of the corresponding internal alkene product, in %.
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Figure 6A-12 Powder X-ray diffraction (PXRD) spectra of redRu-C exposed to air (top)

compared to oxRu-C (bottom), and the corresponding nanoparticle size average

according to the Scherrer equation using a shape factor of 0.9.
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Figure 6A-13 Representative high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images (left) and the corresponding size analysis
and histograms (right) of redRu-C, for increasing magnifications: 3.1 to 12.5 Mx (from

top to bottom).
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n) 6A-14

red-Ru/ C‘

Figure 6A-14 Representative high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images of oxRu-C (left) and redRu-C (right)
showing the porosity of the solid catalyst.
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Figure 6A-15 X-ray photoelectron spectroscopy (XPS) comparison of red—Ru/C exposed
to air and oxRu/C, both in fresh and used forms from gas-phase flow reactions. Spectra

are shown for Ru3ds/ (top left), Ru3ps/2 (top right), and O 1s regions (bottom) .
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Figure 6A-16 Kinetic results for the isomerisation of 1-decene 5 to the corresponding
internal alkenes 6 in the gas phase under the indicated reaction conditions, catalyzed by
redRu/C. Discontinuous lines indicate the stopping of the reaction and the N purge.
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Figure 6A-17 HAADF-STEM images of the oxRu-C sample after reaction with
increasing magnifications: 1.5 to 12.5 Mx (top, middle and bottom left). The
corresponding EDX analysis shows the presence of rutile RuOy nanoparticles (middle
left). Single Ru atoms are circled in yellow. Size analysis and histogram of representative

microimages are also shown (bottom right).
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Figure 6A-18 HAADF-STEM images of the redRu-C sample after reaction with
increasing magnifications: 1.5 to 12.5 Mx (top and bottom left). Single Ru atoms are

circled in yellow. Size analysis and histogram of representative microimages are also
shown (bottom right).
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Figure 6A-19 Comparison of representative AC-HAADF-STEM images of redRu-C
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(top left) and oxRu-C (top right) after the isomerisation of 1-decene 5 to the
corresponding internal alkenes 6 in the gas phase, in flow, and comparative histograms
of the Ru-C catalysts after reaction. Single Ru atoms are circled in orange (circles are

used as a guide to the eye).
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Figure 6A-20 Normalised X-ray absorption near-edge structure (XANES) spectrum for
the fresh and used oxRu-C catalysts at different reaction temperatures, at the Ru K-edge,

compared to RuO; and metallic Ru as references.
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Figure 6A-21 Comparison of the Ru particle size distribution in Ru-HZSM-5 before
(blue) and after (brown) the in-flow reaction.
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Figure 6A-22 X-ray photoelectron spectroscopy (XPS) spectra of the Ru 3ps/2 region for

the exchanged (left)

reaction.

and impregnated (right) Ru-HZSM-5 catalyst after the in-flow
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Figure 6A-23 GC-MS spectrum of the post-reaction organic extract (in CDCls) of 1-
heptene with Ru-HZSM-5, showing a peak at m/z =28 corresponding to ethylene.
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Figure 6A-24 Effect of CO: co-feeding on the product distribution during the 1-heptene
9 transformation over Ru-HZSM-5. GC analysis of gas- and hydrocarbon-phase products
with and without CO: co-feed. Channel 1 (A, B) monitors permanent gases (Hz, N2, Oa,
CO»), while Channel 2 detects hydrocarbon species.(C, D) Enlarged views of selected
regions from (A) and (B), respectively, highlighting changes in hydrocarbon distribution
under CO: co-feeding.
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Figure 6A-25 Powder X-ray diffraction (PXRD) patterns of the MFI zeolites after
desilication with NaOH and NaOH-TPAOH treatments.
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7.1. General Conclusions

This thesis investigates three catalytic systems designed to enhance the
sustainability and efficiency of the petrochemical industry through the
valorisation of hydrocarbon feedstocks. It emphasises the transformation of
naphtha-derived intermediates, specifically KA oil, acetylene, and 1-octene, into
high-value chemicals while providing insights for the development of effective

catalytic processes.

Chapter 4 presents a solvent-free, hydrogen-borrowing coupling reaction
utilising KA oil and bio-based alcohols, catalysed by Pd/C with KOH. This
method produces hydrocarbon-rich mixtures suitable for sustainable aviation fuel
(SAF) under mild conditions. The system is notable for its recyclability, ease of
operation, and alignment with green chemistry principles, marking it as a

promising alternative for renewable jet fuel production.

Chapter 5 examines the semihydrogenation of acetylene to ethylene, a crucial
purification step in polyethylene production. It evaluates the performance of Pd-
and Pd-Au-based catalysts supported on metal-organic frameworks (MOFs) and
zeolites. While MOF-supported catalysts provide in-depth mechanistic insights,
zeolite-supported catalysts achieve a more favourable balance of conversion,
selectivity, and stability, underscoring the importance of support characteristics

on catalytic performance.

Chapter 6 focuses on converting terminal olefins, such as 1-octene, into BTX
aromatics using Ru-based solid catalysts. The findings reveal a stepwise
mechanism involving isomerisation, cyclisation, and aromatisation, with Ru-

HZSM5 displaying enhanced activity and selectivity due to the unique properties
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of its support. This highlights the role of support acidity and metal distribution in
shaping catalytic effectiveness.

Collectively, these studies demonstrate that strategic catalyst design, including
alloy composition and support selection, can significantly influence product
outcomes and reaction efficiency. While each process targets different
applications, they share a unified foundation in transforming naphtha-derived
intermediates using noble metal catalysis in an environmentally responsible

manner.

This thesis ultimately contributes to a vision of a sustainable petrochemical
industry by integrating catalytic science with practical industrial considerations.
It highlights the potential for innovations in catalyst development and reaction
engineering to create new reaction pathways, minimise carbon emissions, and
enhance the utilisation of renewable feedstocks. Given the pressing demands of
the modern world, the findings reinforce the transformative capacity of catalysis
to drive industrial processes toward greater sustainability and economic viability,
making significant strides toward achieving long-term environmental goals

within the petrochemical sector.

396



Chapter 7. General Conclusions

397



398



Publications






Publications

List of Publications and Patents Related to the Current Thesis:

Ballesteros-Soberanas, J., Martin, N., Bacic, M. et al. A MOF-
supported Pd1-Aul dimer catalyses the semihydrogenation reaction of
acetylene in ethylene with a nearly barrierless activation energy. Nat
Catal 7, 452-463 (2024)

Bacic, M., Oliver-Meseguer, J., Leyva-Pérez, A. Palladium on carbon-
catalysed carbon-carbon coupling reactions of cyclohexanone (KA oil)
and alky! alcohols for the synthesis of zero net emission jet fuels. Appl.
Catal. A Gen. 674, 119632 (2024)

Bacic, M., Soberanas, J. B., Manzorro, R., Hernandez-Garrido, J. C.,
Martin-Diaconescu, V.; Oliver-Meseguera, J., Leyva—Pérez, A., Few-
atom Ru oxide clusters catalyse the aromatisation of linear alkenes at
300°C. (inrevision - NATCATAL-25071561)

Bacic, M.; Leyva Perez, A.; Mon Conejero, M. Aromatizacion de
alquenos terminales y lineales de cadena larga catalizada por rutenio
soportado en solidos; Spanish Patent Application P202330801, filed
September 26, 2023.

Pardo Marin, E. J.; Ferrando Soria, J.; Leyva Pérez, A.; Ballesteros
Soberanas, J.; Bacic, M. Catalizador dimero heterometalico
estabilizado en una red metalorgénica con metilcisteina y su uso en
semi-hidrogenacién de acetileno; Spanish Patent Application, filed July
14, 2023.

401



Publications

Other Scientific Publications:

Bacic, M., Tejeda-Serrano, M., Zheng, Y., Oliver-Meseguer, J., Leyva-
Pérez, A. HY zeolite catalyzes the ortho—methylation of 1-naphthol.
Appl. Surf. Sci. Adv. 21, 100598 (2024)

Lumbreras-Teijeiro, A., Bacic, M., Oliver-Meseguer, J., Leyva-Pérez,
A. A Cascade Sonogashira Cross-Coupling-Substitution-Elimination
Reaction for the Synthesis of Linear Conjugated Dienynes. Chem. Eur.
J. 28, 202202421 (2022)

Leyva-Pérez, A., Bilanin, C., Bacic, M., Greco, R. Acid and Base
Water Coexists in a Micro-Structured lonic Liquid and Catalyzes
Organic Reactions in One-Pot. ChemCatChem 14, 2718-2723 (2022)

Milaki¢, M., Sali¢, A., Ba&i¢, M., Zeli¢, B., Sagud, 1., Horvath, O., &
Skorié, 1. Photocatalytic Oxygenation of Heterostilbenes—Batch versus
Microflow Reactor. Catalysts 11, 395 (2021)

Bati¢, M., Ljubi¢, A., Gojun, M., Sali¢, A., Jurinjak Tusek, A., & Zelié,
B. Continuous Integrated Process of Biodiesel Production and
Purification—The End of the Conventional Two-Stage Batch Process?
Energies 14, 403 (2021)

Gojun, M., Ljubi¢, A., Ba&ié¢, M., Jurinjak Tusek, A., Sali¢, A., Zeli¢,

B. Model-to-model: Comparison of mathematical process models of

lipase catalysed biodiesel production in a microreactor. Comput. Chem.

402



Publications

Eng. 145, 107200 (2021).

e Gojun, M., Bati¢, M., Ljubi¢, A., Sali¢, A., Zeli¢, B. Transesterification
in Microreactors—Overstepping Obstacles and Shifting Towards

Biodiesel Production on a Microscale. Micromachines 11, 457 (2020)

403






“It always seems impossible until it’s done.”

Nelson Mandela

“Fais de ta vie un réve et d’un réve une réalité”’

Antoine de Saint-Exupéry














