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Abstract

Catalysts have a central role in chemistry and catalytic technology is expected to play an
ever more crucial part in meeting society’s technical challenges of the future. This thesis
examines fundamental studies of catalysts for more sustainable processes, addressing three

particular challenges:

(1) Developing sulfur resistant catalysts that have potential applications in the processing

of biomass for the production of liquid transportation fuels.
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applications in biomass processing, were investigated for their tolerance to sulfur
poisoning using the batch hydrogenation of cyclohexene to cyclohexane in the presence of
thiophene as a screening reaction. Compared to their monometallic counterparts, the
bimetallic catalysts exhibited higher turnover frequencies, both in the absence and
presence of sulfur. XRD analysis of changes in the Pt unit cell size induced by sulfur
poisoning suggest that the observed restructuring of the metal nanoparticles results from
increasing amounts of sulfur species being coordinated to the ruthenium during poisoning,

leading to at least a partial separation of the alloy. However, regeneration of the catalyst in



pure H, at 300 °C shows this to be a reversible process. Preliminary EXAFS investigations
at the Pt L, and Ru K-edges confirmed the alloyed character of the bimetallic catalysts,
and further experiments allowed the clear determination of more detailed changes to the
Pt/Ru bonding environments as induced by sulfur poisoning, i.e. partial particle
dealloying. These results support the proposed sulfur and hydrogen spillover in-situ self

regeneration mechanism.

(2) Reducing energy requirements and increasing the catalyst ease-of-use (especially
water tolerance) for the hydrogenation of aromatics, particularly for the safe and

feasible storage of hydrogen using the reversible toluene/methylcyclohexane couple.

100 .

80

60

%

40

204

0 30 60 90 120 150 180 210 240
Time / min

The second facet of this thesis fits as part of the drive towards ever lower energy, ‘greener’
processing. It was shown that a modified preparation of bimetallic aluminosilicate-
supported Pt-Ru nanoparticles afforded catalysts that can, remarkably, operate under
atmospheric conditions to catalyse the rapid room temperature hydrogenation of aromatics
(toluene and tetralin) at 1 atm of hydrogen. The toluene/methylcyclohexane couple has the
added interest of being a promising cyclic hydrocarbon combination for the storage of
hydrogen. The easily handled, air-stable and water-stable catalysts were prepared using the
incipient wetness method and characterised by ICP-AES, XRD, TEM as well as nitrogen

sorption measurements. Compared to their monometallic counterparts, the bimetallic

Vi



catalysts displayed significantly higher turnover frequencies (TOFs), consistent with a
synergistic relationship between platinum and ruthenium. These mild, high yielding
hydrogenation catalysts are amongst the most active and easily handled catalysts for
aromatic hydrogenations reported to date. Effecting the hydrogenation under mild
conditions is an important challenge in terms of energy conservation and associated
environmental considerations. Doing so in air and independent of moisture content, allows

for a ready hydrogen stream to be generated in mobile applications, e.g. electric vehicles.

(3) Catalytically converting models of lignin building blocks as a source for renewable

aromatic chemicals.
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The final aspect of this research investigated the green catalytic processing of lignin.
Cinnamyl alcohol and 4-(3-hydroxypropyl)phenol, two compounds resembling the lignin
building block p-coumaryl alcohol, can be selectively transformed into different products
by catalytic methodologies based on dimethyl carbonate (DMC) as a green
solvent/reagent. Selectivity can be tuned as a function of the reaction temperature and of
the nature of the catalyst. Basic catalysts such as K,COs, trioctylmethylphosphonium
methylcarbonate  ([Pgss1][CH3OCOO]), and  CsF/aAl,O3  promote  selective
transesterification of the aliphatic hydroxyl group at 90 °C. However, amphoteric solids
such as alkali metal-exchanged faujasites, NaX and NaY, selectively yield the

corresponding alkyl ethers at higher temperatures (165-180 °C). The phenolic hydroxyl
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group of 4-(3-hydroxypropyl)phenol can be methylated similarly with the faujasites at high
temperatures. This preliminary screening for selectivity illustrates reactivity trends and
delineates some of what might be among the most promising synthetic pathways to

upgrade lignin-derived chemical building blocks.
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Additionally, the saturated vapour pressure of DMC was determined over a wide
temperature range, T = (295.75 to 513.15) K. A batch reactor was used to perform the
experiments, to replicate the conditions often used for batch alkylation reactions with
DMC as reagent/solvent. The data could be fitted to the Clausius—Clapeyron equation, and
the enthalpy of vaporisation (AHyap) Was calculated from the experimental data to verify
the reliability of the results. DMC did not thermally decompose for the temperature range

measured.
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Estratto

| catalizzatori hanno un ruolo centrale nelle chimica, ed € previsto che la tecnologia della
catalisi ne giochi uno ancor pia cruciale nell’affrontare le sfide tecnologiche future. Questa
tesi prende in esame lo studio fondamentale di catalizzatori per processi piu sostenibili. In

particolare, affrontando tre sfide:

(1) Lo sviluppo di catalizzatori resistenti allo zolfo, con potenziali applicazioni nel

trattamento della biomassa per la produzione di carburanti liquidi per mezzi di

trasporto.
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Sono stati studiati catalizzatori supportati, constituiti da leghe mono- e bimetalliche di Pt e
Ru, per la loro tolleranza all’avvelenamento da zolfo, usando come reazione modello
I’idrogenazione in batch del cicloesene a cicloesano, in presenza di tiofene. Paragonati alle
loro controparti monometalliche, i catalizzatori bimetallici hanno frequenze di turnover
(TOF) piu elevate, sia in assenza che in presenza di zolfo. Le analisi XRD delle variazioni
in dimensione della cella unitaria di Pt, indotte dall’avvelenamento da zolfo, suggeriscono
che la riorganizzazione delle nanoparticelle metalliche osservata, sia data dall’aumento di

specie sulfuree coordinatesi al rutenio durante I’avvelenamento, portando ad almeno



parziale separazione della lega. Tuttavia la rigenerazione del catalizzatore in idrogeno puro
a 300 °C dimostra come questo processo sia reversible. Studi preliminiari di EXAFS alla
soglia L, del Pt e alla soglia K del Ru hanno confermato le caratteristiche di lega dei
catalizzatori bimetallici, mentre ulteriori esperimenti hanno permesso di determinare in
dettaglio i cambiamenti indotti dallo zolfo nei legami Pt/Ru, ovvero la parziale separazione
della lega. Questi risultati supportano il meccanismo proposto di spillover di idrogeno e

zolfo, con conseguente rigenerazione in-situ del catalizzatore.

(2) La riduzione della domanda energetica ed il miglioramento della semplicita di
utilizzo (in particolare riguardo alla tolleranza all’acqua) di catalizzatori per
l’idrogenazione di aromatici. In particolare, per lo stoccaggio sicuro dell’idrogeno,
attraverso la coppia reversibile toluene/metilcicloesano.
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La seconda parte di questa tesi affronta il tema di nuovi processi meno “energivori”, e
quindi piu verdi. Si dimostra che una preparazione alternativa di nanoparticelle
bimetalliche Pt-Ru, supportate su alluminosilicati, ha generato catalizzatori in grado di
promuovere la rapida idrogenazione di aromatici (toluene e tetralina) a temperatura
ambiente e 1 atm d’idrogeno. La coppia toluene/metilcicloesano ha il valore aggiunto di
essere una promettente combinazione di idrocarburi ciclici per lo stoccaggio d’idrogeno. |

catalizzatori, facili da maneggiare, nonché stabili all’aria e all’acqua, sono stati preparati



per impregnazione e caratterizzati via ICP-AES, XRD, TEM e misure d’assorbimento
d’azoto. In paragone alle loro controparti monometalliche, i catalizzatori bimetallici hanno
dato TOF piu elevate, coerenti con una interazione sinergica tra platino e rutenio. Questi
catalizzatori per 1’idrogenazione di aromatici, che danno alte rese in condizioni blande,
sono tra i pid attivi e di uso piu semplice riportati ad oggi. L’idrogenazione in condizioni
blande ¢ un’importante sfida in termini di conservazione energetica e delle relative
questioni ambientali. Potendo fare cio in condizioni atmosferiche, indipendentemente dalla
percentuale di umidita, potrebbe fornire accesso ad una fonte di idrogeno per applicazioni

mobili (ad es. veicoli elettrici).

(3) La conversione di molecole modello delle componenti della lignina come fonte di

composti aromatici d orgine rinnovabile.
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L’argomento finale di questa ricerca ha riguardato lo studio di processi catalitici “green”
per la conversione della lignina. L’alcol cinnammico e il 4-(3-idrossipropil)fenolo, due
composti modello del componente ligninico alcol p-cumarilico, possono essere trasformati
selettivamente in diversi prodotti attraverso metodologie catalitiche basate sul dimetil
carbonato (DMC) come solvente e reagente “green”. La selettivita puo essere indirizzata in
funzione della temperatura e della natura del catalizzatore. Catalizzatori basici come

K,COgs, triottilmetilfosfonio  metilcarbonato  ([Psss1][CH3sOCOO]) e CsF/aAl,O3

Xi



promuovono selettivamente la transesterificazione del gruppo idrossile alifatico a 90 °C.
Dr’altra parte solidi anfoteri come faujasiti scambiate con metalli alcalini, di tipo NaX e
NaY, danno selettivamente, ad alte temperature (165-180 °C), i corrispondenti alchil eteri.
Il gruppo idrossilico fenolico di 4-(3-idrossipropil)fenolo pud altresi essere metilato in
presenza di faujasiti ad alte temperature. Questo screening preliminare delle selettivita
ottenibili illustra degli interessanti profili di reattivita e delinea alcune che potrebbero

essere le strategie sintetiche pit promettenti per 1'upgrade di molecole ottenute dalla

lignina.
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Infine la tensione di vapore saturo del DMC ¢ stata determinata in un ampio
intervallo di temperatura, T = (295.75-513.15) K. Gli esperimenti sono stati condotti in un
reattore di tipo batch, per riprodurre le condizioni generalmente usate per le reazioni di
alchilazione con DMC come reagente e solvente. | dati posso essere correlati con
I’equazione di Clausius—Clapeyron e ’entalpia di vaporizzazione (AHy,p) é stata calcolata
dai dati spreimentali per verificare la veridicitd dei risultati. II DMC non decompone

nell’intervallo di temperatura indagato.
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Chapter 1

1.1 Introduction

Catalysts play a central role in chemistry, and are used in approximately 90% of all
industrial chemical processes.’ " In the last 250 years, especially during the 20" century,
catalysts were involved in many technological developments that contributed to the
lifestyle and standard of living that we enjoy today. Many of these developments emerged
due to the convenience and abundance of fossil feedstocks. However, with global energy
demands expected to double within the next forty years, peak oil being reached soon or
even past, the growing concerns surrounding carbon dioxide emissions, and the political
instability related to geographical restrictions of oil reserves, there is a growing need for
‘greener’ processing and to develop alternative resources. Just as catalysts played an
important role in the 20" century, they are expected to have an ever more crucial role in

the 21* century, as will be discussed in the subsequent sections.

1.2  Historical Perspective

The first use of catalysts can be traced back approximately 10 000 years, with depictions
of brewing on archaeological remains.* Even back then, catalysts had an important role for
humankind. However, it was not until the 19™ century that the concept of catalysis was
understood. Jons Jacob Berzelius introduced the term catalysis in 1835 before Wilhelm
Ostwald provided a scientific definition in 1895.% Over the next century, catalysts played a
significant role in the development of industrial processes that have greatly influenced
modern society. Arguably the most important catalytic development was the Haber—Bosch
process, which is promoted by iron-based catalysts. Motivated by the need for fertiliser

during the anticipated Chilean embargo on saltpetre, this process has had an enormous

" References for Chapter 1 begin on page 16.
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impact on the development of modern society. On the one hand, it was responsible for
between 100 and 150 million deaths in the 20" century because of its role in the
production of explosives and chemical weapons used in armed conflicts.® Indeed, the
demand for explosives based upon nitric acid had a huge impact on the growth of the
industrial production of bulk chemicals during World War One.” On the other hand, the
Haber—Bosch process is responsible, through the production of agricultural fertiliser, for
feeding approximately 48% of the world’s population in 2008 (Figure 1.1).° As will be
shown briefly in this section, major catalytic developments rarely occurred in isolation.
Rather, they required societal, political, or environmental motivations as drivers. Equally
Important was the accessibility to raw materials, and in turn, new technology created new

demands.
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Figure 1.1 Trends in human population and nitrogen use in the 20" century. Reprinted by
permission from Macmillan Publishers Ltd: NATURE GEOSCIENCE. Erisman et al.
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Although the first crude oil was drilled in 1859, the main feedstock for chemicals at
the onset of the 20" century was coal, based mainly on coal liquefaction, distillation of
coal tar, acetylene, and coal gasification.” As the demands for explosives diminished, the
focus after World War One moved to synthetic fuels. Among the most important catalytic
developments in this period was the use of iron and copper catalysts for the synthesis of
hydrocarbons from carbon monoxide and hydrogen (obtained from coal) by Franz Fischer
and Hans Tropsch in 1923. The Fisher—Tropsch synthesis of fuels is just as relevant today
as it was nearly a century ago. Nonetheless, the widespread use of crude oil as a feedstock
began when Eugéne Houdry developed the catalytic cracking of petroleum in 1936. Lewis
and Gillian modified the process with the introduction of fluid catalytic cracking (FCC) in
1941, and this improvement enabled the supply of the vast quantities of high-octane

aviation fuel needed to supply the Allied Forces in World War Two.

With the end of the war, needs again changed with society, and the automobile
market accelerated in Europe. The increased demands for gasoline created the
petrochemical industry, as petroleum refining enabled the production of plastics,
pharmaceuticals, and specialty chemicals. Crude oil became entrenched as a convenient
and accessible feedstock. The most important development during this period was the use
of a modified X zeolite catalyst in the FCC of petroleum, and one of the most important
concepts in zeolite catalysis was the discovery of shape-selective catalysis in zeolites.’
With these advances, zeolites revolutionised the catalytic cracking and hydrocracking of
the crude oil feedstocks, dramatically improving yield and process efficiencies. Indeed, the
use of zeolite catalysts is estimated to save the petroleum industry 10 billion dollars a

year.’

As the transportation industry and chemical processes expanded, research into new

catalysts was required to meet the regulations regarding vehicle and stationary engine

4
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emissions. Hydrodesulfurisation was developed in the 1960s for the removal of sulfur in
fuels. In 1974, the first oxidation catalytic converter for automobiles was developed,
followed by the three-way catalytic converter in 1978, and the Pd three-way converter in
the 1990s. By 1990, the catalytic converter had reduced emissions from hydrocarbons,

NO,, and CO from vehicles by 90% compared to levels in 1965.

Although emissions control catalysts are among the exceptions, the fundamental
studies on catalysts in the 20" century were mostly focused on achieving high turnover
rates. There is now a growing need to develop alternative resources and lower energy,
‘greener’ processing. Catalysts are expected to play a huge role as many of the challenges
of the previous century will be revisited with changing feedstocks, as will be discussed in

the subsequent sections.

1.3  Catalysts in the 21% Century

1.3.1 The Need for Green and Sustainable Processes

The U.S. Energy Information Administration anticipates that worldwide energy use will
grow by 56% between 2010 and 2040, which is equivalent to global energy demand
increasing by approximately 1.5% a year."® More than 85% of this increase occurs due to
the strong economic growth and expanding populations in developing nations. However,
this rapid increase in energy demand is problematic as finite fossil resources (coal, oil and
gas) currently provide 85% of the world’s energy.” Of the three, oil is the most
concerning, as worldwide reserves of oil are sufficient for only another 55 years.** Indeed,
a recent article in Nature argues that ‘peak oil’ (the time when global production of oil
reaches a peak before declining) was passed in around 2005.* Access to the worldwide oil

reserves is also compromised due to political instability (e.g. in the Middle East, an area
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which accounts for almost 50% of proven oil reserves at the end of 2012),** causing
problems of energy security to developed countries. Moreover, the level of carbon dioxide
in the atmosphere has increased by approximately 40% compared to pre-industrial levels,
largely because of the surge in fossil fuel consumption and land use changes. This
increased carbon dioxide has serious consequences for global warming, with the
International Panel on Climate Change affirming human influence as “extremely likely”

(i.e. 95-100% probability) to be the dominant cause of climate change.®

1.3.2 Green Chemistry and Catalysis

The last thirty years has seen a significant move towards green chemistry, as it is
recognised that the challenges of sustainability will be met with new technologies that
provide society with energy and materials in an environmentally responsible manner.'’
The Brundtland commission defined sustainable development in 1987 as “Meeting the
needs of the present generation without compromising the ability of future generations to
meet their own needs.”™® Four years later, Anastas defined green chemistry as “the
utilisation of a set of principles that reduces or eliminates the use or generation of
hazardous substances in the design, manufacture and application of chemical products”.19

These Twelve Principles of Green Chemistry, listed in Figure 1.2 are the means to

achieving sustainable development.



1.

10.

11.

12.

The Twelve Principles of Green Chemistry

It is better to prevent waste than to treat or clean up waste
after it is formed.

Synthetic methods should be designed to maximize the
incorporation of all the materials used in the process into the
final product.

Wherever practicable, synthetic methodologies should be
designed to use and generate substances that possess little or
no toxicity to human health and the environment.

Chemical products should be designed to preserve efficacy of
function while reducing toxicity.

The use of auxiliary substances (eg solvents, separation
agents, efc) should be made unnecessary wherever possible,
and innocuous when used.

Energy requirements should be recognized for their
environmental and economic impacts and should be
minimized. Synthetic methods should be conducted at
ambient temperature and pressure.

A raw material of feedstock should be renewable rather than
depleting wherever technically and economically practicable.

Unnecessary derivatization (blocking group,
protection/deprotection,  temporary  modification  of
physical/chemical processes) should be avoided whenever
possible.

Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Chemical products should be designed so that at the end of
their function they do not persist in the environment and
break down into innocuous degradation products.

Analytical methodologies need to be further developed to
allow for real-time, in-process monitoring and control prior to
the formation of hazardous substances.

Substances and the form of a substance used in a chemical
process should be chosen so as to minimize the potential for
chemical accidents, including releases, explosions, and fires.

Figure 1.2 The Twelve Principles of Green Chemistry.*
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The Twelve Principles comprise of three main aspects, identified by Sheldon. The
first aspect aims to minimise waste through the efficient utilisation of raw materials.”’
Waste is defined as any material that is generated in a process that does not have realised
value and includes the loss of unutilised energy.? With the need to double energy
production within the next forty years (without increasing carbon dioxide emissions), the
need to develop more energy efficient processes is essential. Secondly, avoiding the use of
toxic and/or hazardous substances is important to circumvent health, safety and
environmental issues. This aspect includes avoiding the use of solvents, which often
account for the majority of mass wasted in syntheses and processes.?” Finally, the third
aspect identified by Sheldon is the use of renewable biomass feedstocks instead of non-
renewable fossil feedstocks. Biomass conversion has become an important area of research
due to the need for new technologies to obtain energy and chemical feedstocks in a

23,24

sustainable manner, and it is a major aim of green chemistry.?

The motivations and drivers in the 21% century have changed. With the need for
alternative resources, catalysts are expected to play an ever more crucial role in the
technological developments for biomass conversion, enabling pathways previously
unavailable in processing alternative feedstocks. Catalysts are also fundamental to
improving the efficiency of reactions by lowering energy input, by avoiding the need for
stoichiometric quantities of reagents, by decreasing the use of processing and separation
agents, and by offering greater product selectivity.?” > Over the next few decades,
catalytic processes will be developed to convert biomass to fuels and chemicals, but no
developments will be made that are not informed by the thinking of green chemistry and

that do not fulfil their role in a sustainable manner.
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In this research project, the key objective was to use catalysts, while guided by the
thinking of green chemistry, to address these global energy challenges. Three different

novel applications of catalysis were investigated and are outlined below.

1.3.3 Designing Sulfur Resistant Catalysts for Biomass Processing

With oil supplies diminishing significantly over the next few decades, there is an
increasing need to develop liquid transport fuels from biomass. Due to the chemical,
thermal, and functionality differences between biomass and petroleum feedstocks, new
chemical pathways need to be developed for biomass processing.’® #" The current
technologies for the conversion of biomass include gasification, pyrolysis, hydrothermal
liquefaction, delignification followed by saccharification and fermentation, and aqueous
phase reforming (APR). Many of these processes involve catalysts, such as APR, which is
a promising technology that uses supported metal catalysts to convert biomass-derived

feedstocks into either hydrogen or alkanes.? 2

An important challenge in developing catalysts for biomass conversion, including
APR, is operating the catalysts in the presence of sulfur in real biomass feedstocks
(e.g., wood: approx. 56 ppm), due to the presence of sulfur-containing amino acids and

from the uptake of nutrients in the soil.*

This sulfur is a problem because sulfur is known
to poison noble metal catalysts.®" ** Although the sulfur tolerance of catalysts was widely
investigated in the 20" century, both for the petrochemical and fine chemical

industries, 3t 3% 3

there has been little research into improving the sulfur resistance of
catalysts for use with biomass feedstocks. Thus, developing sulfur resistant catalysts for

biomass processing is one of the catalytic challenges of the 20™ century that is being
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revisited in the 21% century as feedstocks change from fossil resources to biomass

resources.

The design of supported Pt-Ru bimetallic catalysts with improved sulfur resistance
for biomass processing was a major aim of the author for this thesis. The results are

presented in Chapters 2 and 3.

1.3.4 Hydrogenation of Aromatics and Hydrogen Storage

The second catalytic challenge facing the 21% century fits in with the drive towards lower
energy, ‘greener’ processing. In the previous century, the focus of fundamental studies was
largely on achieving high turnover rates. Now, the main drivers for technological
developments have changed, and a greater focus is on reducing energy requirements. The
hydrogenation of aromatics is an important reaction both for small-scale synthesis and for
industrial reactions, including the production of cyclohexane, which is an important
precursor for the manufacturing of nylon-6,6.2%" These reactions are traditionally carried
out using elevated temperatures and pressures, which often exceed 100 °C and
50 atm H,.%® Furthermore, aromatic compounds are responsible for undesired particle
emissions in exhaust gas, leading to a tightening of fuel legislation.>* *° Thus, being able to
perform the hydrogenations under mild conditions is an important challenge in terms of

energy efficiency and environmental concerns.

Additionally, the reversible toluene/methylcyclohexane couple has the added
interest of being a safe and feasible hydrocarbon combination for the storage of
hydrogen.** Cyclic hydrocarbons have a relatively high hydrogen storage capacity,
produce no carbon dioxide or carcinogenic products, and their volatility range makes them

compatible with existing infrastructure such as refuelling stations and oil tankers for the
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storage and transportation of the liquid hydrocarbons.*** Thus, the cyclic hydrocarbon
combinations have a distinct advantage over other solid hydrocarbons for hydrogen

storage.

A modified method to that used in Chapters 2 and 3 for preparing supported Pt-Ru
bimetallic catalysts was employed to develop robust catalysts for the low temperature and
ambient pressure hydrogenation of toluene and tetralin. The results obtained are presented

in Chapter 4.

1.3.5 Green Catalytic Processing of Lignin

Returning to renewable feedstocks, the third challenge is the need to develop the catalytic
technologies to obtain chemicals from alternative resources. As already mentioned,
biomass is the only renewable source for carbon-based materials. Lignin (which
constitutes approx. 15-30% by weight and 40% by energy content of lignocellulosic
biomass)® is particularly valuable, as its unique structure as an amorphous, highly
substituted, aromatic polymer makes it the major renewable source of aromatics.*®
However, synthetic approaches for the conversion of lignin to chemicals are markedly less
developed compared to the cellulosic components of biomass, partly due to the recalcitrant
nature of lignin that provides plants with their strength.*” Much effort is currently being
devoted to the development of new technology to process low value lignin into higher
value-added chemicals. Although aggressive depolymerisation of lignin yields chemicals
such as benzene, toluene, and xylene, as well as phenols and aliphatic hydrocarbons used
in conventional chemical processes, the selective depolymerisation of lignin could yield
monomeric lignin aromatics which are not accessible by traditional petrochemical routes.

For example, these monomeric lignin aromatics could be obtained from the pretreatment

11
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streams of the pulp and paper industries, which alone produced 50 million tons of
extracted lignin in 2004.“° Extraordinarily, the vast majority of this type of lignin is

burned as a low value fuel — only 2% is used commercially.*®

Now, analogous to the petroleum refinery, a biorefinery could use biomass
feedstocks to produce a range of products. As outlined earlier, the petroleum refinery
developed over many decades in the 20™ century, as crude oil emerged as a convenient and
readily available feedstock. It began with only few products, but as the needs changed with
those of society and new catalytic technology was developed, it expanded to produce
plastics, pharmaceuticals, and speciality chemicals. With the growing need to obtain these
products from renewable resources, the biorefinery is emerging. In the early stages, the
biorefinery will need to produce large volumes of more chemically accessible, lower value
fuels. Later, higher value chemicals produced in smaller quantities will be required to
offset the costs.*”® Finally, it is expected that all components of biomass will need to be
used for a biorefinery to be economically viable. Catalysts are critical to the development
of the new technology for enabling the conversion of biomass. The catalytic challenges for
performing the chemical transformations, which were overcome for crude oil over many
decades in the 20™ century in the petroleum refinery, are being revisited with biomass-

derived feedstocks in the 21 century in the biorefinery.

Currently, there are two approaches for converting biomass-derived resources into
higher-value added fuels. The first is a drop-in strategy, where the biomass feedstocks are
transformed into existing platform chemicals, to directly replace well-established
chemicals currently produced from fossil feedstocks.”® > The other approach, which we
favour, is a curiosity driven broad-based strategy that exploits the existing structure and

functionality of biomass. In this approach, renewable platform chemicals based on the
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structure of biomass could lead to the development of new chemistry and, in the longer

term, a plethora of chemical products with as yet unknown applications.*®

Fundamental to establishing the required catalytic technology for converting
biomass-derived feedstocks into chemicals is an understanding of the reactivity trends and
reaction pathways. The combination of the use of renewable feedstocks with innocuous
solvents and auxiliaries is particularly favourable. The selectivity trends of screening
models of lignin building blocks using different catalytic methodologies based on dimethyl

carbonate (DMC) as a green solvent/reagent are reported in Chapter 5.

1.3.5.1 Saturated Vapour Pressure of Dimethyl Carbonate

Also reported in this thesis is the saturated vapour pressure data obtained for DMC. This
data was collected as part of the investigation into the use of DMC as a green solvent and
reagent for the catalytic upgrading of lignin model building blocks, as there is no
experimental vapour pressure data of DMC available in the literature over a wide

temperature range. The results are reported in Chapter 6.

1.4  Thesis Organisation

This thesis has been structured in the following way. After this introduction are five
chapters. Each chapter is based on a published paper or a manuscript that is in preparation
for publication. Each chapter contains work carried out entirely during the PhD
candidature of Jessica N. G. Stanley, with the exception of Chapter 2, and presents original
findings. The work is principally that of the PhD candidate under the supervision of

Thomas Maschmeyer and Anthony F. Masters (Chapters 2—4, and 6), and Alvise Perosa
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and Maurizio Selva (Chapter 5). The thesis finishes with a conclusion that summarises the
key findings made during the course of this research project, and offers future research
directions. Finally, contained in the Appendices is the extended version of the accepted
paper contained in Chapter 1, and the Supplementary Information for published and

accepted papers, where applicable.

The paper in Chapter 2 was published during the PhD candidature of the PhD
candidate. The critical XRD results included in the paper were obtained during the PhD
candidature. However, part of the catalytic results and preliminary XRD data were
collected earlier. The paper is included herein because the higher level analysis was
performed during the PhD candidature and because the work provides important
background to research subsequently performed during the PhD candidature, presented in

Chapter 3.

The title of each chapter and the relevant publication details are summarised as

follows:
Chapter 1.  Adapted from:

Past and Present Challenges in Catalysis: Towards Green and Sustainable
Processes. Jessica N. G. Stanley, J. Proc. Roy. Soc., New South Wales,

2014, 147, 64-76.

Chapter 2:  Designing Nanoscopic, Fluxional Bimetallic Pt-Ru Alloy Hydrogenation
Catalysts for Improved Sulfur Tolerance. Jessica N. G. Stanley, Katy
Worthington, Falk Heinroth, Anthony F. Masters, Thomas Maschmeyer.

Catal. Today 2011, 178, 164-171.

Chapter 3:  Probing Structure-Functionality Relationships of Catalytic Bimetallic Pt Ru

Nanoparticles Associated with Improved Sulfur Resistance. Jessica N. G.
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Chapter 4:

Chapter 5:

Chapter 6:

Chapter 1

Stanley, Paul Benndorf, Falk Heinroth, Anthony F. Masters, Thomas

Maschmeyer. RSC Adv. 2014, 4, 28062—-28071.

Robust Bimetallic Pt-Ru Catalysts for the Rapid Hydrogenation of Toluene
and Tetralin at Ambient Temperature and Pressure. Jessica N. G. Stanley,
Falk Heinroth, Cameron C. Weber, Anthony F. Masters, Thomas

Maschmeyer. Appl. Cat., A 2013, 454, 46-52.

Reactions of p-Coumaryl Alcohol Model Compounds with Dimethyl
Carbonate. Towards the Upgrading of Lignin Building Blocks. Jessica N.
G. Stanley, Maurizio Selva, Anthony F. Masters, Thomas Maschmeyer,

Alvise Perosa. Green Chem. 2013, 15, 3195-3204.

Determination of Saturated Vapour Pressure of Dimethyl Carbonate over a
Wide Temperature Range. Jessica N. G. Stanley, Alvise Perosa, Maurizio
Selva, Anthony F. Masters, Thomas Maschmeyer. Manuscript in

preparation.

Note on thesis format

Chapters 2-6 have been structured to match the published or prepared papers.

Therefore, there are some variations in formatting between each chapter, which

reflect the differing journals’ publishing guidelines at the times of submission.
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Chapter 2

2.1 Introduction

The finite nature of our fossil fuel reserves, combined with increasing environmental
concerns related to emissions from fossil fuel combustion, make it ever more important to
find sustainable and environmentally-friendly energy sources. In particular, supplies of
liquid transport fuels (petrol, diesel, jet fuel) will be dwindling rapidly in the next forty
years."'"" Biomass is an attractive alternative source of liquid transport fuels, as it is the
only foreseeable source of sustainable liquid fuels and chemicals,* and is more evenly
distributed geographically than are fossil fuel reserves.® However, as biomass-based
feedstocks have a high oxygen and moisture content, lower thermal stabilities, and higher
degrees of functionality than do petroleum feedstocks, new chemical pathways and
catalysts are required for biomass processing.” The current “in-principle” approaches for

the conversion of lignocellulosic biomass to liquid fuels include gasification (followed by

8 10 12

hydrothermal liquefaction,*"

Fischer—Tropsch  chemistry),? pyrolysis,”

delignification (pulping) followed by saccharification and fermentation,” ** and aqueous
phase reforming (APR)." ** Supported metal catalysts play an important role in many of

these processes. For example, the gasification of biomass in supercritical water is

15-20

improved by metal catalysts, and Rioche et al., continuing studies by Chornet et al. on

the steam reforming of bio-oil over Ni-based catalysts,>**® found that ceria-zirconia
supported noble metal catalysts were more efficient than alumina supported catalysts.™

Recently, Dumesic et al. reported that biomass-derived feedstocks can be converted to

27-33 31, 34, 35 d36—41

hydrogen, and to gaseous, and liqui alkanes using supported metal

catalysts, and that the processes can be tailored to produce alkanes rather than hydrogen by

tuning the catalyst and H,/CO concentrations in the reactor.

' References for Chapter 2 begin on page 47.
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However, it is expected that the presence in real biomass feedstocks of sulfur
(present in amino acids such as cysteine and methionine, and resulting from the uptake of
soil nutrients) with values ranging from 10 ppm to 1000 ppm*? will significantly impair
catalytic performance, and thus there is a great need to develop sulfur-tolerant catalysts.
For example, Elliot et al. claimed that the activity of ruthenium catalysts in supercritical
water for the catalytic gasification of wet biomass is strongly decreased by the presence of
sulfur,”® and Osada et al. found that the adsorption of sulfur on the catalyst was at least
partially responsible for the decrease in the process rate for the gasification of lignin.*
Although sulfur tolerance has been widely investigated, both in the petrochemical and fine

45-47

chemical industries, there has been little research into improving sulfur tolerance for

catalysts involved in the processing of biomass, such as when using the APR reaction.

Catalysts that combine two metals are common in industrial applications, and often
show superior activity, selectivity, and sulfur tolerance compared with their monometallic
counterparts.?® *°! These improvements might be the result of electronic perturbations
(produced by metal-metal bonding, or by changes in the number of available active sites
on the surface of the catalyst) or structural changes leading to more edge-sites, kinks,
defects, etc., or smaller particles.”® Recently, Azad and Duran proposed a mechanism for
sulfur poisoning on Pd-Re catalysts for steam reforming of sulfur-laden logistic fuels
(diesel, gasoline, jet fuel).** >* They proposed that palladium was able to transfer the sulfur
onto the more readily sulfidable rhenium. This ‘spillover’ of sulfur onto rhenium allows
palladium to remain active for longer. Similarly, hydrogen spillover can occur on
bimetallic catalysts, and has been reviewed extensively.>* *> Based on these two spillover
phenomena we envisaged the development of a bimetallic catalyst such that one metal
would act preferentially as the hydrogenation catalyst and the other would interact

preferentially with sulfur-containing compounds. Coupling these functions with hydrogen
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spillover to the metal-coordinated sulfur species, may enable hydrogen to cleave the sulfur

metal bond to effectively regenerate the catalyst.

In the work reported here, platinum was chosen as it displays high activity for the
hydrogenation reaction, whereas ruthenium was selected as studies have shown that it
possesses a higher affinity for sulfur than does platinum.®® The acidic, mesoporous
SIAITUD-1 was used as the support material since it is well-established that noble metals
immobilised on acidic supports are more sulfur-resistant than they are on other
supports.®® "% The mesoporous TUD-1 structure family was chosen because of its

characteristic large surface area, high thermostability, and tunable pore sizes.

Common techniques used to synthesise metal nanoparticles include vapour phase
techniques,® sol-gel methods,® sputtering,®® and co-precipitation.®” The synthesis of
bimetallic nanoparticles is complicated because of the challenges of controlling
composition and size distribution.®® The microemulsion method is an established
alternative that can address these problems, and which has been used in the preparation of

1,9 ™ metal sulfide,”* and metal halide nanoparticles.”” The final size of the

meta
nanoparticles is controlled by the size of the aqueous droplets, stabilised by the surfactant
at the water/oil interface.”® The sizes of the droplets are controlled by the water-to-

surfactant ratio.®® "

The hydrogenation of cyclohexene serves as a useful screening reaction because it
IS very sensitive to sulfur and because hydrogenation reactions are important steps in the
conversion of biomass in various processes.”” Herein, we report the results of studies
probing the performance of bimetallic alloy Pt-Ru catalysts as compared to their
monometallic counterparts during the hydrogenation of cyclohexene at room temperature

in the presence of thiophene as a sulfur poisoning model.
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2.2 Materials and Methods

2.2.1 Materials

The following reagents were used as received: tetraethylene glycol (TEG), polyethylene
glycol dodecyl ether (Brij® 30, M, ~362 amu), hydrogen hexachloroplatinate(1\V) hydrate
(H2PtClg-5H,0), decane (all Adrich), aluminium isopropoxide, hydrazine hydrate
(N2H4-H,0) (both Ajax), ruthenium trichloride trihydrate (RuCls-3H,0) (Strem), n-heptane
(APS), cyclohexene (Prolabo), and tetraethylorthosilane (TEOS) (Alfa Aesar). Absolute
ethanol (Merck) and acetone (Redox) were analytical grade and were used as received.
Deionised water was processed using a Milli-Q (Millipore) Ultrapure Water System.
2-Propanol, purchased from Ajax, was dried over calcium hydride (Aldrich) for 24 h,
distilled under N,, and stored under N, over dried 3 A molecular sieves. Thiophene

(Merck) was purified by passage through neutral alumina.

2.2.2 Catalyst Preparation

The SIAITUD-1 support was prepared using an adaptation of the method described by

Simons et al.’

Aluminium isopropoxide (6.28 g, 30.7 mmol) was added to a mixture of
ethanol (36 mL, 617 mmol), anhydrous 2-propanol (34 mL, 445 mmol), and TEOS
(26 mL, 117 mmol) at 45 °C, and the mixture was stirred until all components dissolved.
TEG (26 mL, 151 mmol) was added, followed by the dropwise addition of a solution
containing ethanol (36 mL, 617 mmol), anhydrous 2-propanol (34 mL, 445 mmol) and
water (6 mL, 333 mmol). This mixture was stirred at RT for 30 min, then aged without
heating or stirring for 6 h. The resultant white gel was dried at 70 °C for 21 h, then at
98 °C for 2 h after which time the dry material was heated under autogeneous pressure at

165 °C in a Teflon-lined autoclave for 8 h. The template was removed by washing the
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material in a Soxhlet extractor (Biichi Extraction System (B-811)) using warm ethanol for
3 h. The white solid obtained was dried at 60 °C before being calcined at 600 °C (ramp

rate 5 °C min™*) for 10 h.

The Pt-Ru, Pt, and Ru nanoparticles were prepared using the water-in-oil
microemulsion method.”” ® Two microemulsions were prepared separately, each
containing 80.5% v/v n-heptane, 16.5% v/v Brij® 30, and 3% v/v aqueous phase of either
the metal salt precursor solution/s or the reducing agent solution. The aqueous phase of the
first microemulsion consisted of either H,PtClg-5H,O solution (0.1 M) or RuCl3-3H,0
solution (0.1 M) or both (each at 0.1 M). The aqueous phase of the second microemulsion
consisted of N,H4-H>O solution (2.5 M). All the solutions were made using deionised
water. The microemulsions were stirred separately for 15 min, before the hydrazine
microemulsion was added to the metal salt microemulsion. The combined microemulsion
was stirred until the metal cations of the precursors had been reduced to the metals, at
which time a colour change occurred and the nanoparticles could be isolated by

precipitation with acetone followed by centrifugation (72 h to 3 weeks).

The Pt-Ru and Pt on SIAITUD-1 catalysts, denoted as Pt;Ru; 5 and Pt respectively
(subscripts indicate the relative molar ratios), were prepared by stirring the SIAITUD-1
with the appropriate nanoparticle suspension. In a typical example, the nanoparticle
suspension (89 mL) was added to the support material (700 mg), and the mixture stirred
for 24 h. The solid was isolated by centrifugation, washed with warm ethanol for 3 h using
the Soxhlet extractor, and dried at 60 °C overnight. The powder was heat-treated at 450 °C
(ramp rate 5°C min) for 2 h under N,. A Pt/Ru on SiAITUD-1 mixed monometallic
catalyst, denoted as Pt;/Ruj, was also prepared in the same manner, by combining Pt and

Ru nanoparticle suspensions with the support as described above.

27



Chapter 2

The Ru (Ru), Ru-Pt (Pt;Ruz), and Pt-Ru (Pt; sRu;) catalysts could not be reduced as
described. In these cases the combined microemulsion solutions were stirred with the
support material before the metal salts were reduced. In a typical example, the combined
microemulsions (89 mL) were added to the support material (700 mg), and the mixture
was stirred for 24 h. The suspension was then centrifuged to isolate the solid, which was
washed for 3 h with warm ethanol using the Soxhlet extractor, and dried at 60 °C
overnight. The powder was calcined in air at 350 °C (ramp rate 5°C min %) for 10 h,

followed by heat-treatment for 0.5 h under Hs.

2.2.3 Characterisation

Powder X-ray diffraction (XRD) measurements were made using a PANalytical X-Pert
PRO MRD X-ray diffractometer equipped with a PIXcel detector, and using Ni-filtered
Cuk, radiation (Asy 1.5419 A). Initial analyses were performed using the PANalytical
HighScore software.”” A Micromeritics ASAP 2020 Accelerated Surface Area and
Porosity analyser was used to measure the N, adsorption/desorption isotherms of the
samples at 77 K. Before analysis, samples were degassed at 200 °C. Transmission electron
microscopy (TEM) images were recorded digitally with a Gatan slow-scan charge coupled
device (CCD) camera on a Philips CM120 Biofilter electron microscope operating at
120 kV. A Varian Vista AX ICP-AES equipped with a CCD detector was used to measure

elemental compositions.

2.2.4 Catalytic Activity

The hydrogenation reaction was performed in a two-necked, round bottom 50 mL glass
Quickfit flask, fitted with Suba-Seal stoppers and equipped with a magnetic stirrer at RT.
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Cyclohexene (160 pL, 1.58 mmol) and decane (200 pL, 1.03 mmol, internal standard)
were added to ethanol (25 mL). The mixture was stirred at a rate of 400 rpm for 5 min in
air and a sample (~0.10 mL) was taken. The catalyst (100 mg) was added to the reaction
vessel, the mixture was stirred for 10 min, and a sample (~0.10 mL) was taken. The reactor
was purged through a cannula with H; provided from a balloon, filled in-house, to replace
the air in the reaction vessel, admitted through a septum cap fitted to one arm of the
reactor, and the reaction was run under 1 bar H, with stirring at 400 rpm for 4 h. Samples
(total 8-12, each ~0.10 mL) were taken at regular intervals using a syringe through a
septum cap fitted to one arm of the reactor. During sulfur poisoning reactions, thiophene
(0.02 uLL or 0.20 pL, in 1.0 mL ethanol, equivalent to a thiophene content of 45 ppm or
450 ppm (v/v), or a sulfur content of 57 ppm or 560 ppm (mol/mol) in 160 pL
cyclohexene) was added through a septum cap fitted to one arm of the reactor, after
admitting H, to the reactor. All samples taken from the reactor were centrifuged to isolate
the catalyst, the supernatant was diluted with ethanol, and the progress of the reaction was
analysed using gas chromatography (Shimadzu GC-17A Gas Chromatograph equipped
with a BP21 column — 30 m x 0.25 mm 1.D.; 0.25 pum film thickness; J & W Scientific -
and a flame ionization detector, using Ar as the carrier gas). For catalyst regeneration
experiments, the catalyst was isolated from the reaction mixture by centrifugation, and
dried in air for use in subsequent reactions. Additionally, for the regeneration reaction with
heat treatment, the catalyst was heat-treated under H, for 1 h at 300 °C (ramp rate

5°C min ™).
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2.2.5 Normalisation

As the TEM micrographs and bulk XRD patterns indicated similar metal particle sizes
across the catalyst batches, it was assumed that the metal dispersion was relatively equal
across all samples. Therefore, the catalytic results were calculated as turn-over-frequencies
(TOF) from the number of moles of product (cyclohexane) at 10% conversion, and then
normalised per mole of platinum (as determined by ICP-AES) per unit time (using the
formula TOF = [mol cyclohexane]/[mol Pt] x time). It should be noted that in all cases the

mass balance was >90%.

2.3 Results and Discussion

2.3.1 Characterisation

The acidic, mesoporous, aluminosilicate SIAITUD-1 used as the catalyst support, was
synthesised according to the literature.”® Its BET surface area of 587 m*g %, total pore
volume of 1.1 cm® g%, and maximum pore size of 15 nm are in close agreement with the
literature values of ~600 m*g ™", 1.1 cm®g ™, and 15 nm, respectively.”® Analysis of the
product using ICP-AES gave the silicon to aluminium ratio (Si:Al) as 4.4:1, consistent

with the 5:1 composition of the starting gel mixture.

The following six catalysts were prepared using this support material, i.e. in
addition to a pure ruthenium (Ru) and a pure platinum (Pt) catalyst, a mixed monometallic
catalyst (Pt1/Ru;) was prepared by first separately reducing the platinum and ruthenium
monometallic precursor solutions and subsequently mixing the resulting suspensions in the
immobilisation step. Three bimetallic alloyed catalysts (Pt;Rus, PtjRuis, and Pty sRu;)
with different ruthenium and platinum ratios were also prepared. As outlined in the

experimental section, not all catalysts could be directly reduced in the water-in-oil
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microemulsion, therefore two different strategies were followed to reduce and immobilise
the metal nanoparticles onto the support material. The first group of catalysts consists of
PtiRuy 5, Pt, and Pti/Rus, which were directly reduced with hydrazine in the water-in-oil
microemulsion and immobilised onto the support, followed by a heat treatment under
nitrogen to remove all organic material. The second group consists of Ru, Pt;Rus, and
Pt1sRu;. For these catalysts it was necessary to immobilise the metal precursors in a first
step by impregnation from solution, followed by calcination and subsequent

hydrogenation. The physical properties of all catalysts are presented in Table 2.1.

Table 2.1 Physical properties of the unloaded support and all catalysts.

Catalyst Metal / Pt/ Ru/ alAP ol A Sget/ Voore!

Wt.%* mol.% mol.% m?gt  comig™
SIAITUD-1 0 - - - - 587 1.10
Ru® 0.50 0 100 2.7098 0.0005 437 1.03
Pt;Ru,’ 0.06 28 72 2.7133 0.0016 451 1.00
Pt;Ru &° 0.20 38 62 3.8905 0.0005 497 111
Pt, sRu,’ 0.10 59 41 3.9178 0.0001 399 0.90
Pt® 1.79 100 0 3.9199 0.0001 455 0.91
Pt./Ru,® 1.73 49 51 3.9153 0.0001 388 0.95

2 Total metal loading determined by ICP-AES. ° a is the lattice constant. ¢ o is the error of the
lattice constant. ¢ Immobilised followed by reduction with hydrogen. ¢ Reduced with hydrazine

followed by immobilisation.
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The Pt to Ru ratios for the bimetallic alloyed catalysts, determined by ICP-AES
(Table 2.1), cover a broad range from 1:1.6 for Pt;Ru; 5 to 1:2.6 for Pt;Rus to 1.4:1 for
Pt1sRu;, and the mixed monometallic Pti/Ru; catalyst exhibits a metal ratio of 1:1. All
metal ratios are in good agreement with those expected from the concentrations of the
starting precursor solutions. Nitrogen sorption measurements of the catalysts, listed in
Table 2.1, indicate a general decrease in surface areas and pore volumes compared with
the unmodified support material. The surface areas and pore volumes were calculated to be
between 390 to 500 m? g * and 0.9 to 1.1 cm® g%, respectively. The decrease in the surface
area of the material compared to that of the pure silica can be attributed to the heat
treatment of the support material during the immobilisation step and to the immobilisation

£.80

itself.™ A general trend is not apparent between metal loading and surface areas. As

expected, the pore size of silica is not affected by the immobilisation process.

As shown in Figure 2.1a, the XRD patterns of all samples display the typical
reflections for platinum or ruthenium, indicating the presence of the metal nanoparticles,
and in the case of the bimetallic samples, the formation of a Pt-Ru or Ru-Pt alloy. All
supported nanoparticles have retained small particle sizes, generally below 15 nm, except
Pt; sRu;, which has a particle size of 20 nm, as determined using the Scherrer equation. It
can be deduced from the XRD pattern that the sample Pt;Rus exhibits the hcp crystal
structure characteristic of ruthenium which is also observed in the pure catalyst Ru, which,
for the Pt;Rus sample, is consistent with its high ruthenium content (Pt to Ru ratio of
1:2.6). However, extrapolating from the Pt-Ru equilibrium phase diagram of bulk
ruthenium and platinum (reported only for T > 500 °C),® reflections attributable to the fcc
phase of platinum might also be expected to be observed in the XRD pattern in the present
case as in this range both metals are immiscible (at least at T > 500 °C).%% 8 Although a

second phase could not be detected in the XRD pattern, the intensities of the reflections
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observed are relatively weak and broad due to the nature of the supported nanoparticles. In
the literature different observations have been reported, for instance, Chu et al. could
detect both phases in the XRD data of ca. 13 nm Pt-Ru nanoparticles with the same metal
ratio.®* In contrast, Pan et al. published results of alloyed Pt-Ru nanoparticles, again with
the same metal ratio, where only a twinned fcc structure could be detected indicating the

threshold between the fcc and hep structures.®
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Figure 2.1 XRD patterns a) of all catalysts, b) in the range 37—43 26 showing the (111)
reflection of platinum and c) in the range of 4048 20 showing the (101) reflection of
ruthenium with (A) Ru, (B) Pt;Rus, (C) PtiRuys, (D) PtisRug, (E) Pt and (F) Pti/Rus.
Patterns of references are JCPDS 00-001-1190 for platinum (4) and JCPDS 00-006-663 for

ruthenium (V).%#7
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When the platinum content is slightly increased as in catalyst Pt;Ru; s, the catalyst
exhibits the fcc crystal structure characteristic of platinum, rather than the hcp crystal
structure of ruthenium, which is in good agreement with the literature.®® 8 % The XRD
patterns of catalyst Pt; sRu; and the pure catalyst Pt show the typical platinum patterns, as
expected due to their high platinum content. However, due to a small reflection at
44 degrees in 26 in the XRD pattern of catalyst Pt;sRu;, the presence of an additional
minor Ru phase cannot be completely excluded. In the case of the mixed monometallic
catalyst Pti/Ru;, in which the two separately reduced monometallic platinum and
ruthenium suspensions were mixed prior to the immobilisation, the resulting XRD pattern
reveals mainly the Pt reflections. Nevertheless, reflections of the ruthenium phase can also

be found, indicating its presence.

To evaluate the bimetallic character of these catalysts, the (111) reflection of
platinum (Figure 2.1b) and the (101) of ruthenium (Figure 2.1c) were analysed. In
Figure 2.1b it is obvious that with increasing ruthenium content (Pt < Pt; sRu; < Pt;Ru; 5)
the (111) reflection shifts to higher 26 values. Thus, the lattice constants for these catalysts
decrease from 3.9199 A for pure platinum in catalyst Pt to 3.9178 A for Pt; sRu; and down
to 3.8905 A for Pt;Ru;s (Table 2.1). This result reflects the fact that more ruthenium,
which has a smaller atomic radius than platinum (rr, = 1.34 A vs rp = 1.38 A), is being
incorporated in the platinum lattice, and is consistent with alloy formation. Interestingly,
catalyst Pt;/Ru; also shows a small shift to higher 26 values, displaying a lattice constant
of 3.9153 A. This smaller lattice constant indicates a volume fraction of alloy, which might
arise during the final heat treatment. However, as the shift to lower 26 is only slight, in
spite of the relatively high ruthenium content, it is likely that most of the ruthenium does,
indeed, exist in a separate phase. In the case of catalyst Pt;Rus, a small but obvious shift

towards smaller 26 values is observed, which indicates the incorporation of the larger
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platinum into the ruthenium lattice. The lattice constants were calculated to be 2.7098 A
for the pure Ru catalyst and to be 2.7133 A for Pt;Rus. This result, in combination with the
lack of a second phase, indicates at least partial alloy formation, which is contrary to the
phase diagram of the bulk materials but in agreement with the work of Pan et al. However,
due to the nature of the XRD data set a second platinum phase cannot be completely
excluded. All other XRD results of the bimetallic alloyed catalysts are in good agreement
with the trends observed in studies of Pt-Ru and Ru-Pt alloys with various

compositions.?% 84 &

The TEM micrographs of the catalysts, presented in Figure 2.2, reveal a good
dispersion of the nanoparticles on the surface of the supports. It is apparent that the
nanoparticles have retained their spherical shape, dispersion and a narrow size distribution
(12-15 nm). The main exception, Pt;sRu; (Figure 2.2d), has a larger particle size of
approximately 20 nm, which is in good agreement with the size obtained from the XRD

analysis.
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Figure 2.2 TEM micrographs of the catalysts prepared: a) Ru, b) Pt;Rus, c¢) Pt;Ru; s, d)

Pt1sRu;, €) Pt and f) Pti/Ru;. The nanoparticles are highlighted with white circles.
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2.3.2 Catalytic activity

The turn-over-frequencies (TOF) were determined at 10% conversion to minimise
distortions due to batch conditions and variance of metal loading between catalysts. They
are summarized in Table 2.2. All alloy catalysts exhibit higher activity than the
non-alloyed catalysts. Ruthenium alloys are more sulfur tolerant than pure platinum or a
mixture of supported platinum/ruthenium nanoparticles. Ruthenium on its own is not
active. At 57 ppm of added sulfur there appears to be a trend that shows the greater the
ruthenium component of the alloy the greater its sulfur tolerance. However, at low activity

in the presence of 560 ppm sulfur this trend becomes less clear.
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Table 2.2 TOF results of the hydrogenation of cyclohexene in ethanol at RT under
1 bar Ha.

Catalyst TOF /s
0 ppm S° 57 ppm S° 560 ppm S°

Ru®¢ 0 0 0
Pt;RU5? 63.3 9.8 1.8
Pt;RUy 5" 23.0 8.9 33
Pt,RU, 5° 24.9 - -
Pt;RU; 5 4.7 - -
Pty sRu,® 34.7 6.4 2.3
Pt’ 1.4 0.3 0
Pty/Ru,” 1.9 0.4 0

 Immobilised followed by reduction with hydrogen. ® Reduced with hydrazine followed by
immobilisation. ¢ At 10% conversion, TOF = [mol cyclohexane]/[mol Pt] x time. ¢ Catalyst was
completely inactive for the reaction studied. ¢ After recycling and reduction under hydrogen. " After
recycling and drying in air at RT. Y Equals a proportion of 45 ppm or 450 ppm thiophene in 160 pL

cyclohexene.

The close to linear conversion with time after the first 30 min (Figure 2.3a) for the
alloys as compared to pure platinum are consistent with a hydrogen/sulfur spillover
equilibrium having been established. The study of the alloyed catalysts reveals that the
platinum to ruthenium ratio plays a crucial role for the catalytic performance and needs

further investigations.
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Figure 2.3 Plot of cyclohexene conversion (®), formation of cyclohexane (A ), and mass
balance (m), a) in the presence of 560 ppm sulfur and b) in the presence of 0 ppm sulfur

but after being exposed to 560 ppm sulfur, isolated and re-used (without being

To determine the influence of sulfur poisoning on the alloy character of the
bimetallic catalysts, the Pt(111) reflection in the case of Pt;sRu; and Pt;Ru;s and the
Ru(101) reflection for Pt;sRu; of the XRD powder patterns were monitored before and

after the catalytic reaction with 560 ppm sulfur (Figure 2.4 and Figure 2.5). This
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comparison involves the catalyst having been isolated from the thiophene-containing
solution after the flow of hydrogen was stopped. Figure 2.4 (A and B) illustrates that after
poisoning Pt;Ruy s with 560 ppm sulfur the Pt(111) reflection shifts towards lower 26. This
shift indicates that the catalyst loses some of its alloy character, partially separating into
two metal domains, and the lattice constant increases accordingly to 3.9060 A. This value
is between the lattice constant of the catalyst before poisoning (3.8905 A) and the lattice
constant of pure platinum (3.9199 A).% This result suggests that the ruthenium has been
sequestered in the presence of thiophene, maybe in the form of ruthenium sulfide or a
ruthenium-thiophene complex. The co-ordination of sulfur to ruthenium would lead to an
internal restructuring of the particle, which suggests that ruthenium is acting as a sulfur
trap. The observed shift of the reflections in the XRD patterns is consistent with studies by
Menegazzo et al., who observed similar shifts, in their investigations of sulfur poisoning
on Pd-Au catalysts.” They attributed the shift to the formation of palladium sulfide, which
could be confirmed by the presence of an additional palladium sulfide reflection, although
no additional reflections could be observed in the present case. However, Menegazzo et al.
used sodium sulfide (not thiophene) as sulfur source to poison the catalyst. It should be

noted that this shift cannot be observed when 57 ppm sulfur is used to poison the catalyst.
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Figure 2.4 XRD patterns of Pt;Ruy 5 catalyst (A) before sulfur poisoning, (B) after sulfur
poisoning with 560 ppm sulfur and (C) after regeneration with heat treatment under H..
The solid line indicates the reflection position in the absence of sulfur and the dotted line,

that in the presence of sulfur.

To test if the sulfur poisoning and Pt-Ru alloy internal restructuring is reversible, a
Pt;Ru, 5 catalyst, previously operated in the presence of 560 ppm sulfur, was heat-treated
under hydrogen for 1 h at 300 °C. Upon heat treatment, the XRD powder pattern (C in
Figure 2.4) shows that the reflection has shifted back towards higher 26 and the lattice
constant (3.8891 A) has almost reached its former value. This observation would be
consistent with the catalyst returning to its original Pt-Ru alloy form, suggesting that the
sulfur is no longer coordinated to the ruthenium, which has been incorporated back into the
platinum lattice. Hence, there appears to be a dynamic alloy/de-alloying process occurring
during the poisoning and regeneration processes. To verify that the catalyst was indeed
regenerated, it was subsequently tested for its hydrogenation activity in the absence of

sulfur, yielding a TOF of 24.9 s™*, which is comparable to the TOF before poisoning (TOF
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of 23.0 5%, Table 2.2). This reversibility is consistent with the suggestion made above as to
the occurrence of hydrogen/sulfur spillover in-situ explaining the sulfur tolerance of the
alloy catalyst to some degree. To underpin this suggestion, in an additional experiment the
PtiRu;s catalyst, again exposed to 560 ppm sulfur, was isolated and re-used in a
subsequent hydrogenation reaction in the absence of added thiophene, but this time
without being re-conditioned by heat treatment under hydrogen. The catalyst yielded a
TOF of 4.7 s which is higher than the TOF achieved in the presence of 560 ppm sulfur
(TOF of 3.3 s, Table 2.2), as shown in Figure 2.3a and Figure 2.3b. If the sulfur species
had been adsorbed irreversibly on the catalyst surface, no subsequent improvement in the
activity of the catalyst would have been observable. However, as the catalyst did regain
some activity, this result suggests that the sulfur poisoning is a dynamic and reversible
process. The precise fate of the thiophene (simple equilibrium or conversion into
eventually H,S) will be elucidated with further experiments using very precise vibrational
spectroscopic techniques that can deal with the very low surface coverages. However,
under the relatively mild screening conditions used here, one would not assume full

decomposition to H,S, and we found no evidence of this gas being present.

In the case of Pt;Rus no observable shift could be found (Figure 2.5a), despite it
being severely poisoned. This lack of shift could be attributed to the high content of
ruthenium in Pt;Rus that results in the hcp crystal structure, making the segregation of
ruthenium out of the alloy impossible to observe. Contrarily, in the XRD patterns of
PtisRu; (Figure 2.5b), a minor shift towards lower 26 is observed. This XRD result
indicates the internal restructuring of the Pt-Ru alloy, similar to the restructuring observed
for Pt;Ruys, although the shift towards the (111) reflection of pure platinum is less
pronounced for Pt; sRu; than for Pt;Ru; 5. A reason can be that Pt; sRu; had a much higher

relative platinum content (Table 2.1) and therefore a smaller initial shift after the
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incorporation of the ruthenium into the lattice than Pt;Ru; 5. Whereas the lattice constant of
Pt;Ruy 5 after poisoning is 3.9060 A, indicating a partial separation of the alloy into metal
domains, the lattice constant of Pt; sRu; after poisoning is 3.9214 A (cf. the lattice constant
of platinum of 3.9199 A). Thus, the XRD pattern after poisoning suggests that Pt; sRu; no
longer displays any alloyed character, and the Pt-Ru appears to have completely separated

into two metal domains, limiting the events of hydrogen and/or sulfur spillovers.
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Figure 2.5 XRD patterns of a) Pt;Rus and b) Pt;sRu;, (A) before and (B) after sulfur
poisoning with 560 ppm sulfur. The solid line indicates the reflection position in the

absence of sulfur and the dotted line in the presence of sulfur.

In combination with the catalysis results there appears to be a correlation between
the presence of an alloy character after poisoning with sulfur and the activity of the
catalysts. The catalyst that is least poisoned (Pt;Ruis) exhibits only partial alloy
separation, whereas the catalyst which displays greater overall poisoning (PtisRu;)

exhibits complete alloy separation.
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2.4 Conclusion

Improved sulfur tolerance in the catalysis of cyclohexene hydrogenation is observed for
catalysts consisting of bimetallic Pt-Ru nanoparticles supported on a high surface area
mesoporous Si/Al support of the TUD-1 type. This sulfur tolerance, observed for certain
Ru to Pt ratios, might be due to sulfur and hydrogen intra-particle spillover. Regeneration
of sulfur poisoned catalysts by heating in hydrogen after the reaction has been
demonstrated. This is consistent with the operation of an in-situ self regeneration process
during the reaction. To get a better understanding of the (self-) regeneration processes

in-situ EXAFS studies are being pursued.
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Chapter 3

3.1 Introduction

Biomass is one of the most promising renewable sources for liquid fuels and
chemicals.*™>" Due to the differences in oxygen and moisture contents, thermal stabilities,
and functionality between biomass and petroleum feedstocks, new chemical approaches
are required for biomass processing, and catalysts are involved in many of the processes.® ’
A promising technology for biomass conversion is aqueous phase reforming (APR).2 APR
uses supported metal catalysts at relatively low temperatures and pressures for the

13, 16, 17

conversion of biomass-derived feedstocks to hydrogen,> ™ gaseous alkanes, and

liquid alkanes,*®?

and the products can be tailored by altering the catalyst and H,/CO
concentrations in the reactor. However, it is expected that the performance of the catalysts
will be impaired by the sulfur present in real biomass feedstocks (e.g., already for wood it
IS approx. 56 ppm, significant protein content worsens this situation further, the sulfur
substantially deriving from the amino acids cysteine and methionine and the uptake of soil

nutrients),? as sulfur is well-known to poison noble metal catalysts.” % Thus, there is a

great need to develop sulfur-resistant catalysts for biomass conversions.

We envisage the operation of a combined sulfur and hydrogen spillover mechanism
on supported bimetallic catalysts to overcome these issues. Bimetallic catalysts are used in
industrial applications as they often show improved activity, selectivity, and sulfur
resistance compared to their monometallic counterparts."" 2"*° This improved performance
could result from metal-metal bonding or changes to the number of available active sites
on the surface of the catalyst leading to electronic perturbations, or edge-sites, kinks, or
defects resulting in structural changes.®® The concept of a sulfur ‘spillover’ was proposed
by Azad and Duran for Pd-Re catalysts that have applications in the steam reforming of

sulfur-laden logistic fuels (diesel, gasoline, jet fuel).®" ** They suggested that the catalyst

v References for Chapter 3 begin on page 84.
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could remain active for longer as palladium is able to transfer sulfur onto the more readily
sulfidable rhenium. Although we acknowledge that ‘sulfur spillover’ is only loosely
33, 34

connected to the extensively studied conventional hydrogen spillover mechanism,

given the literature precedent, we adopt the same terminology sulfur as well.

To facilitate these two spillover mechanisms on the same catalyst, we chose
platinum for its hydrogenation ability and ruthenium, as it has a greater affinity for sulfur
than does platinum.*® Thus, any sulfur species that binds to platinum could spillover to
ruthenium. Similarly, hydrogen could spillover from platinum to the sulfur species bound
to ruthenium, and cleave a sulphur-containing derivative, effectively regenerating the
catalyst. Note that these spillover mechanisms are most likely to occur if the platinum and
ruthenium are separated only by atomic dimensions, e.g., if they exist in the same lattice,
perhaps as an alloy or a solid solution. A schematic of the proposed in-situ self

regeneration pathway is shown in Figure 3.1.

60



Chapter 3

e ————————
‘-—
-

‘o
XC,yH,zS Pt Y ;;..‘9_"
products \
i
1
I
1
H N i
H \ & ;’
N Pt WRU Y H, /
1 rd
/ s
’ AN .
/ O
\\ 4 ooy -
------ ﬂ-____—:---"—

Figure 3.1 Schematic of the proposed in-situ self regeneration mechanism, showing

thiophene as sulfur poisoning model compound.

Indeed, we have designed bimetallic Pt-Ru catalysts, supported on mesoporous
SIAITUD-1, that exhibit improved sulfur resistance and promising potential for the APR
of model compounds, using the hydrogenation of cyclohexene to cyclohexane as a
screening reaction.®® These bimetallic catalysts achieve turnover frequencies higher than
their monometallic counterparts in both the absence and presence of sulfur-containing
species (as thiophene). What is more remarkable is that while the monometallic catalysts
are completely poisoned, the bimetallic catalysts remain active even in the presence of
sulfur concentrations that are ten times that expected in woody biomass feedstocks — a
concentration that is equivalent to a sulfur:metal molar ratio of 17:1 for the bimetallic
catalyst with the highest metal loading, Pt;Ru;s (of course, not all metal atoms are

exposed, so the ratio of sulfur to active metal species is much higher). Thus, these catalytic

61



Chapter 3

results are completely consistent with the operation of the proposed sulfur and hydrogen

spillover mechanism on the bimetallic catalysts.

X-ray diffraction (XRD) characterisation of the bimetallic catalysts suggests that
platinum and ruthenium atoms are incorporated in the same lattice, which is required for
the operation of the regeneration mechanism. Further XRD studies of the used Pt;Ru; s
catalyst suggest changes to the Pt unit cell size after poisoning, indicated by the shifting of
the Pt reflections and changes to the Pt lattice constant. These changes are consistent with
the catalyst losing some of its defined alloy character, partially separating into two
amorphous and maybe somewhat elementally distinct domains. Thus, the XRD analyses
suggest that the observed restructuring of the metal nanoparticles results from increasing
amounts of sulfur-containing species being co-ordinated to the ruthenium atoms during
poisoning, leading to change in alloy structure. Regeneration of the catalyst in pure

hydrogen at 300 °C shows this to be a reversible process.

Although the catalytic results and the XRD analysis are consistent with the
proposed regeneration pathway, extended X-ray absorption fine structure (EXAFS) was
needed to probe the alloyed character of the bimetallic catalysts at the atomic level (in
terms of nearest neighbour environments), and to provide further insights into the
regeneration mechanism. Moreover, EXAFS was required to afford structural information
on the bimetallic catalysts for which the peak shifts in the XRD was slight or not apparent,
and to examine the possible contribution(s) of amorphous phases. The fingerprint of the
X-ray absorption near edge structure (XANES) spectra is also useful in qualitatively

determining the metallic character of the catalysts.

Herein, we report the XANES and EXAFS results of experiments confirming the

alloyed character of Pt;sRu;, PtiRu;s, and Pt;Rus bimetallic catalysts, and the EXAFS
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results of experiments probing the sulfur poisoning and regeneration mechanism of

Pt sRu, and Pt;Rus catalysts.

3.2 Results and Discussion

The synthesis, general characterisation, and catalytic activity of Pt, Ru, Pt/Ru, Pt;Rus,

Pt;Ruy 5, and Pt; sRu; mono- and bimetallic catalysts have been described previously.®

3.21 XANES

The XANES spectra of the unused catalysts at the Pt L;-edge and Ru K-edge are shown in
Figure 3.2. The spectra of the reference materials (Pt foil, Ru foil, PtO,, and RuQO,) are
included for comparison with those of the catalysts. At the Pt L;;-edge (Figure 3.2a), the
absorption positions of the catalysts were similar to the Pt foil, suggesting a highly
metallic character. On the other hand, at the Ru K-edge (Figure 3.2b), some oxidation was
suggested for the Pt;Rujy 5 catalyst, as shown by the flat top between the two characteristic
absorptions of metallic ruthenium. The oxidation of ruthenium is not surprising, as
ruthenium is oxophillic,” and no precautions to exclude air were taken when handling the
catalysts. However, this contrasts with the Ru XANES spectra of other catalysts, which are
similar to that of the Ru foil, suggesting that they have predominantly metallic character.
The higher metal loading of the Pt;Ru; s catalyst compared to the other two bimetallic

catalysts could account for why oxidation was only readily observed for this catalyst.*
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Figure 3.2 XANES spectra at the a) Pt L;;-edge and b) Ru K-edge for the unused catalysts

compared with the reference samples.

3.2.2.1 Reference Foils and Monometallic Catalysts

To test the reliability of the EXAFS analysis procedure, the Pt and Ru foils (fits shown in
Figure 3.3 and Figure 3.4, best-fit parameters reported in Table 3.1 and Table 3.2, for the
Pt L;-edge and Ru K-edge, respectively) were analysed first. The co-ordination numbers

for the foils were fixed as determined by their respective crystal structures, i.e. fcc for
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platinum and hcp for ruthenium. All other parameters, including co-ordination numbers,
bond distances and Debye—Waller factors were free to vary. Using single scattering, only
the first shell could be fitted due to strong back scattering at the higher shells. Thus,
multiple scattering was used to analyse all samples. In fitting the monometallic Pt and Ru
catalysts (best-fit parameters reported in Table 3.1 and Table 3.2, respectively), for the Ru
catalyst it was necessary to restrain the co-ordination number for the fifth Ru shell to less
than 12 to obtain a value that is physically meaningful, due to too strong a correlation
between the Debye-Waller factor and the co-ordination number. In addition, it was
necessary to fix the Debye—Waller factor in the second Ru shell to the value obtained for

the first Ru shell Debye—Waller factor for the Ru catalyst.
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Figure 3.3 a) Raw y(k)xk® EXAFS data and b) Fourier transformed EXAFS data from Pt

foil measured at the Pt Lj-edge. Observed (solid line), calculated (short dashed line),

residual (dotted line), and window (long dashed line).
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Table 3.1 Best-fit parameters obtained by fitting EXAFS data measured from the Pt foil

and monometallic Pt catalyst at the Pt L,;-edge, where f = fixed value.

Pt L;,-edge
Pt foil Monometallic
Pt catalyst

R/A N o?l A? R/A N o/ A?
Pt-Pt 2.76 12; 0.001 Pt-Pt 2.76 8.9 0.003
Pt-Pt 3.91 6¢ 0.002 Pt-Pt 3.91 4.4 0.004
Pt-Pt 4.80 24 0.002 Pt-Pt 4.80 15.9 0.004
Pt-Pt 5.53 12 0.003 Pt-Pt 5.53 8.9 0.006
R-factor = 5.81% Chi®=0.57 R-factor = 8.22% Chi®=0.53
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FT Amplitude

Figure 3.4 a) Raw x(k)xk® EXAFS data and b) Fourier transformed EXAFS data from Ru

foil measured at the Ru K-edge. Observed (solid line), calculated (short dashed line),

residual (dotted line), and window (long dashed line).
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Table 3.2 Best-fit parameters obtained by fitting EXAFS data measured from the Ru foil

and monometallic Ru catalyst at the Ru K-edge, where f = fixed value.

Ru K-edge
Ru foil Monometallic
Ru catalyst

R/A N o’ IA? R/A N o’ 1 A?
Ru-Ru 2.67 12; 0.002 Ru-Ru 2.67 8.3 0.002
Ru-Ru 3.79 6¢ 0.002 Ru-Ru 3.79 4.4 0.002;
Ru-Ru 4.25 2 0.001 Ru-Ru 4.26 0.5 0.0009
Ru-Ru 4.67 18; 0.003 Ru-Ru 4.67 6.1 0.0004
Ru-Ru 5.08 12 0.001 Ru-Ru 5.08 12.5% 0.003
Ru-Ru 5.33 16¢ 0.003 Ru-Ru 5.33 6.6 0.0008
R-factor = 11.0% Chi?=2.15 R-factor = 10.3% Chi?=1.41

4 Restrained where N5 < 12

Good fits were obtained for the Pt and Ru foils, as shown in Figure 3.3 and
Figure 3.4, and as suggested by the low R-factors and chi? values reported for the best-fit
parameters in Table 3.1 and Table 3.2, at the Pt L;;;-edge and Ru K-edge, respectively. The
refined bond distances were all consistent with the corresponding crystal structures.® It is

worth noting that six shells were required to obtain a good fit for the Ru foil, as a model
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using five shells previously reported in the literature for the same range was inadequate in

fitting the present data.*’

Similarly, good fits were obtained for the Pt and Ru monometallic catalysts
(best-fit parameters reported in Table 3.1 and Table 3.2, respectively). For the Ru catalyst,
it was necessary to fix the Debye—Waller factor in the second shell to 0.002 o, which was
the value obtained for the Debye—Waller factor in the first Ru shell, as a physically
meaningful value could not be obtained when this parameter was free to vary. Fixing this
parameter resulted in only a slight increase of the R-factor, from 8.69% to 10.3%, and the
chi? value decreased, from 2.10 to 1.41. Thus, as the R-factor did not significantly change,
the chi? value was low, and all the other parameters were sensible, the discrepancy of one
Debye—Waller factor can be considered to be within the limitations of the model. The
Pt Ly- and Ru K-edge models determined for these references samples were subsequently

used as the basis for the models of the three bimetallic catalysts.

3.2.2.2 Particle Size Determined from EXAFS Results

In fitting the data from the Pt and Ru catalysts, the co-ordination numbers were found to be
smaller than those of their respective foils, which could be due to the small particle size of
the nanoparticles or due to a change in the particle morphology.**** When calculating the
particle sizes from the EXAFS data, substituting the first shell co-ordination numbers (CN)
in the formula log10(1000/d) = 2.5763 — 0.1319 x (CN) and assuming hemispherical

nanoparticles,*® *

the particle sizes were 4.0 nm for the Pt catalyst and 3.3 nm for the Ru
catalyst. These particle sizes are smaller than the particle sizes of ~12—-15 nm obtained by
the XRD and TEM analyses for the supported nanoparticles that were reported

previously.®® Note that similarly to the monometallic Pt and Ru catalysts reported in the
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present case, the weighted first shell co-ordination numbers for the three bimetallic
catalysts (best-fit parameters discussed in the next section) suggested small particle sizes

(<10 nm).

The discrepancies between the small nanoparticle sizes calculated from the first
shell co-ordination numbers obtained by EXAFS and the previous characterisation could
arise as the values obtained from EXAFS represent an average of all the metal atoms
present in the catalyst, i.e., crystalline and non-crystalline domains, whereas the XRD
results include only crystalline domains. Furthermore, at these very small sizes the
Scherrer equation is edging towards its limits of applicability and as only the relatively
larger nanoparticles are detected by XRD this biases the calculation of the particle sizes.
Similarly, the three dimensional pore structure of the SIAITUD-1 support also makes it

very difficult to distinguish the smaller nanoparticles by TEM inspection.

3.2.2.3 Alloyed Character of Bimetallic Catalysts

To evaluate the alloy character of the catalysts, EXAFS data sets were collected at both the
Pt L;-edge and the Ru K-edge for fresh samples of each bimetallic catalyst: Pt;Rus,
Pt;Ru; s, and Pty sRu;. The data from each catalyst was initially fitted with the the best-fit
parameters obtained for the foil at the edge at which the data were collected. For example,
the data for the Pt;Rus catalyst measured at the Pt Lj,-edge was fitted with the model for
the Pt foil, then one Pt-Ru shell was added (i.e., a Ru scatterer with a Pt-Ru bond length of
2.70 A was added to the first co-ordination shell), which resulted in an improvement in the
quality of the fit. All parameters were free to vary. Subsequent heteroatom scatterers were
added to the second co-ordination shell, third co-ordination shell, etc., until the addition of

further heteroatom shells did not result in an improvement in the quality of the fit. The fits
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for all the bimetallic catalysts improved with the addition of one or more heteroatom shells
at both the Pt Lj;-edge and the Ru K-edge, which is consistent with alloy formation. The
best-fit parameters are reported for the Pt Lj-edge and Ru K-edge in Table 3.3 and
Table 3.4 respectively. Although there are a few occurances where the Debye—\Waller
factors are smaller than normal, as the R-factors and chi? values are low, and all the other
parameters are sensible, these discrepancies can be considered to be within the limitations

of the model.

The best fit for the Pt; sRu; catalyst required the addition of one Pt-Ru shell at the
Pt Lj;-edge and one Ru-Pt shell at the Ru K-edge (Table 3.3 and Table 3.4, respectively).
The first shell bond distance for the Pt-Ru and Ru-Pt shells were 2.72 A at both edges,
which is intermediate between the values for the bond distances of Pt-Pt (2.76 A) and
Ru-Ru (2.68 A). The value for the heteroatom bond distance suggests the contracting of
the Pt host lattice by the smaller Ru atoms, which provides further evidence for alloy

formation.

The best fit for the Pt;Ru; catalyst required four Pt-Ru shells at the Pt L;-edge and
one Ru-Pt shell at the Ru K-edge (Table 3.3 and Table 3.4, respectively). The first shell
bond distance for the Pt-Ru and Ru-Pt shells in this case was 2.70 A at both edges,
suggesting the expansion of the Ru host lattice by the larger Pt atoms. At the Pt L;-edge,
the bond distances obtained for the second to fourth Pt-Ru shells also suggested an
expansion of the Ru host lattice. The bond distances obtained for all Pt-Ru shells were
consistent with those reported by Nashner et al. for simultaneously fitted Pt L-edge and

Ru K-edge EXAFS data obtained for carbon-supported [PtRus]/C nanoparticles.*

In the case of the Pt;Ru; 5 catalyst, the inclusion of an Ru-O shell (with a Ru-O
bond distance of 2.0 A) in addition to an Ru-Pt shell was required at the Ru K-edge
(Table 3.4), consistent with the oxidation suggested in the XANES spectrum for this
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catalyst (Figure 3.2b). At the Pt Lj-edge, one Pt-Ru shell was needed. The Pt-Ru and
Ru Pt bond distances were 2.70 A, which is smaller than the Pt-Ru and Ru-Pt bond
distances obtained for the Pt;sRu; catalyst, and is consistent with the incorporation of

more Ru atoms into the Pt host lattice of Pt;Ru; s compared with the Pt; sRu; catalyst.

Table 3.3 Best-fit parameters obtained by fitting EXAFS data measured from fresh

samples of the Pt;Rus, Pt;Ru; 5, and Pty sRu; catalysts at the Pt Ly-edge.

Pt Lj-edge
Pt; sRu, Pt;Ru; 5 Pt;Ru;
R/IA N o’ 1 A? R/IA N o?l A? R/IA N o2l A?

Pt-Pt 2.76 9.9 0.0008  Pt-Pt 2.76 5.9 0.001 Pt-Pt 2.75 3.1 0.001

Pt-Pt 3.91 4.9 0.001 Pt-Pt 3.91 25 0.001 Pt-Pt 3.90 1.7 0.003

Pt-Pt 4.80 16.6 0.001 Pt-Pt 4.79 7.8 0.002 Pt-Pt 4.78 3.0 0.0009

Pt-Pt 5.53 9.9 0.003 Pt-Pt 5.53 5.9 0.004 Pt-Pt 5.53 0.4 0.001

Pt-Ru 2.72 1.2 0.009 Pt-Ru 2.70 0.3 0.001 Pt-Ru 2.70 2.2 0.002
Pt-Ru 3.79 0.3 0.0009
Pt-Ru 4.70 3.9 0.007
Pt-Ru 5.41 2.2 0.005

R-factor = 4.96% Chi?=1.45 R-factor = 5.78% Chi?=0.50 R-factor = 9.67% Chi?=2.41
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Table 3.4 Best-fit parameters obtained by fitting EXAFS data measured from fresh

samples of the Pt;Rus, PtRu; 5, and Pt; sRu; catalysts at the Ru K-edge.

Ru K-edge
Pt; sRu, Pt;Ru; 5 Pt;Ru;

R/IA N o’/ A? R/IA N o’/ A? R/A N o?/ A?
Ru-Ru  2.68 7.8 0.003 Ru-Ru  2.68 2.7 0.002 Ru-Ru  2.67 8.5 0.003
Ru-Ru  3.79 2.4 0.0008 Ru-Ru 3.78 13 0.0003 Ru-Ru  3.79 2.8 0.0007
Ru-Ru  4.26 0.2 0.001 Ru-Ru 4.23 19 0.005 Ru-Ru  4.29 3.1 0.001
Ru-Ru  4.68 7.0 0.002 Ru-Ru  4.68 34 0.003 Ru-Ru  4.67 6.2 0.0009
Ru-Ru  5.05 4.1 0.0008 Ru-Ru 5.07 55 0.002 Ru-Ru  5.08 12.2 0.004
Ru-Ru 5.34 4.2 0.0006 Ru-Ru 5.34 2.6 0.01 Ru-Ru 5.34 9.4 0.002
Ru-Pt 2.72 2.3 0.005 Ru-Pt 2.70 34 0.006 Ru-Pt 2.70 0.2 0.001

Ru-O 2.00 0.7 0.001

R-factor = 5.84% Chi*=0.64 R-factor = 16.6% Chi?=1.41 R-factor =6.17%  Chi’=1.74

3.2.2.4 Dealloying During Sulfur Poisoning

Previously published XRD data for the Pt;Ru;s catalyst suggested that dealloying/re-
alloying was occuring during sulfur poisoning.* This dealloying, which could occur if the
sulfur species becomes preferentially co-ordinated to the ruthenium and the ruthenium
separates out of the platinum lattice, is consistent with the occurance of a sulfur spillover
mechansim. Likewise, the re-alloying after heat treatment with hydrogen is consistent with

a hydrogen spillover mechanism to remove the sulfur. For these spillovers to occur in-situ,
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platinum and ruthenium are required to be present in close proximity, e.g., in the same
lattice. As discussed in the treatment of the EXAFS results above, the improvement of the
fit with the addition of the metal heteroatoms, and the agreement of the first shell Pt-Ru
and Ru-Pt bond distances at both the Pt L;;-edge and Ru K-edge, suggested that this is

indeed the case.

The EXAFS investigation into the sulfur poisoning and regeneration mechanism
was continued for the Pt; sRu; and Pt;Ru; catalysts. As there are relatively fewer Ru atoms
in Pt;sRu; compared to Pt;Ru;s, the shifting in lattice parameters observed by XRD is
only slight, while in the case of the Pt;Rus catalyst, no shifting of peak positions in the
XRD pattern is observed, likely because of the noisy data. For these two catalysts, EXAFS
experiments were performed on fresh, poisoned and regenerated catalyst samples. ‘Fresh’
refers to unused catalyst. ‘Poisoned’ refers to the catalyst that was used in the model
hydrogenation reaction in the presence of 450 ppm of sulfur and then dried at room
temperature in air. ‘Regenerated’ refers to the catalyst that was used in the presence of
450 ppm of sulfur, dried at room temperature in air, and heated for 2 h under hydrogen at

400 °C.

The raw and Fourier transformed EXAFS data for Pt;Ru; at the Pt Lj-edge are
shown in Figure 3.5. Qualitative analysis of the Fourier transformed data suggested
differences between the poisoned sample and the fresh and regenerated samples. The
dominant peak at ~2.5 A in the Fourier transform results from contributions of both Pt and
Ru scatterers. In the poisoned sample, the shoulder to the right of the peak disappeared, but
was present in the regenerated sample. Thus, changes to the sample during poisoning
appear to take place and can be followed with atomic resolution (in terms of nearest
neighbour), and these changes are reversed (in terms of what can be glean via EXAFS

analysis and catalytic performance data) after the regeneration of the catalyst.
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Figure 3.5 Raw y(k)xk® EXAFS data for the a) fresh, b) poisoned, and c) regenerated

sample and Fourier transformed EXAFS data for the d) fresh, e) poisoned, and f)

regenerated sample of the Pt;Ru; catalyst measured at the Pt Lj-edge. Observed (solid

line), calculated (short dashed line), residual (dotted line), and window (long dashed line).

76



Chapter 3

Quantitative analysis of the EXAFS data for both the Pt;Ruz and Pt; sRu; catalysts
provided further insights into structural changes to the Pt and Ru bonding environments
induced by sulfur poisoning and re-activation, and provided evidence at the atomic level
that a dealloying/re-alloying mechanism was occurring. The poisoned and regenerated
samples were fitted starting with the parameters obtained for the fresh Pt;Rus and Pty sRu;
catalysts, reported in Table 3.3 and Table 3.4 (above). As the focus of the analysis was on
changes to the co-ordination numbers between the different samples (i.e. fresh, poisoned,
and regenerated samples) for each catalyst, the Debye—Waller factors and passive electron
amplitude reduction factor (Sy?) were fixed to the values obtained for the fresh samples, as
the co-ordination numbers were found to be highly correlated with these parameters. All
other parameters were free to vary. Tables with the complete best-fit parameter sets for
both catalysts can be found in Appendix B. Note that as EXAFS shows the average of all
the metal atoms, contributions from atoms not involved in the alloying are not
discriminated against. This means that the overall effect is less pronounced compared to
the clear changes in the Pt unit cell that could be observed for Pt;Ru;s by XRD.*® Thus,
while the overall effect is evident in EXAFS, it is diluted compared to the effect visible in

XRD, since the XRD effectively filters out all amorphous particles.

The analyses of the results for the Pt;Rus and Pt;sRu; catalysts are shown in
Figure 3.6 and Figure 3.7, respectively. The graphs depict the relative percentage of Pt and
Ru metal in the first shell for fresh, poisoned, and regenerated samples, at both the Pt
L-edge (Figure 3.6a and Figure 3.7a) and Ru K-edge (Figure 3.6b and Figure 3.7b). The
first shell co-ordination numbers only were used in the calculation as a single metal

heteroatom shell was modelled in all but one case.
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Figure 3.6 Relative percentages of Pt and Ru metal in the first shell of fresh, poisoned, and
regenerated samples of the Pt;Rus catalyst, calculated for the a) Pt Lj-edge and b) Ru

K-edge.

Examining the graph for the Pt;Rus catalyst at the Pt Lj-edge (Figure 3.6a), it is
clear that the relative percentage of platinum increased after sulfur poisoning, while the
relative percentage of ruthenium decreased. That is, after sulfur poisoning there were
relatively more Pt-Pt bonding environments and relatively fewer Pt-Ru bonding
environments. Conversely, at the Ru K-edge (Figure 3.6b), after sulfur poisoning there

were relatively more Ru-Ru bonding environments and relatively fewer Ru-Pt bonding
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environments. These results are consistent with the catalyst dealloying during poisoning,
which could be due to the ruthenium being complexed to sulfur residues and the platinum
separating out of the lattice. This situation was reversed when the catalyst was regenerated,
which is consistent with the sulfur no longer being complexed to the ruthenium, and the

platinum being reincorporated into the ruthenium host lattice.
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Figure 3.7 Relative percentages of Pt and Ru metal in the first shell of fresh, poisoned, and
regenerated samples of the Pt; sRu; catalyst, calculated for the a) Pt L;-edge and b) Ru

K-edge.
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Although the effect is only subtle (see above), similar trends were seen in the
poisoned samples for the Pt; sRu; catalyst (Figure 3.7), suggesting that this catalyst was
also partially dealloying during sulfur poisoning. At the Pt Ly -edge (Figure 3.7a), there
were slightly more Pt-Pt bonding environments compared to Pt-Ru environments after
sulfur poisoning, while the opposite was true at the Ru K-edge (Figure 3.7b). However,
although it is clear at the Ru K-edge that the catalyst had re-alloyed after regeneration, this
was not evident at the Pt L -edge. Indeed, the XRD data for the regenerated sample
suggested the existence of an extra platinum phase. As platinum is a much stronger
scatterer than ruthenium, this additional platinum phase could make it difficult to see the
Pt-Ru bonding environments using EXAFS analysis, which appears to be the case with this

sample.

While it was previously suggested that a correlation could exist between the
presence of the alloy character after poisoning and the activity of the catalysts,* a similar
trend could not be determined in the present case. Nonetheless, these results suggested that
the sulfur resistance could be improved if, during poisoning, a catalyst was more readily
able to retain its alloy character, which could be achieved through the more efficient
operation of the spillover mechanism. If there is more ruthenium available to act as a
sulfur trap, sulfur-resistance could be improved, but if the ruthenium ratio is too high

compared with platinum, the spillover mechanism could be hindered.

3.3 Conclusion

We are able to confirm the alloyed character of three bimetallic catalysts that show
improved sulfur tolerance in the presence of thiophene for a model APR reaction.

Analyses of the first shell EXAFS best-fit parameters of the Pt;Rus and Pt; sRu; catalysts
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clearly shows that the metal partially dealloyed during poisoning, which we suggest is due
to the ruthenium being sequestered by the sulfur species. However, after regenerating the
poisoned catalysts under hydrogen, the sulfur is removed and the alloy is reformed.
Evidence that this re-alloying could occur is suggested by the EXAFS analyses of the
regenerated catalysts. Thus, these results provide evidence that the in-situ self regeneration
mechanism, proposed earlier,®® occurs indeed, i.e. during poisoning the metal partially
dealloys, but a sulfur spillover and a hydrogen spillover take place to regenerate the
catalyst in-situ, and the platinum and ruthenium are then re-alloyed, enabling the catalyst

to remain active, and, significantly, sulfur-tolerant.

3.4 Experimental Section

3.4.1 Catalyst Preparation

The syntheses, general characterisation by ICP-AES, XRD, TEM, and nitrogen sorption
measurements, and catalytic activity of the Pt, Ru, Pt;sRu;, Pt;Ru; s, and Pt;Rusz mono-
and bimetallic catalysts have been described elsewhere.*® The XAS studies described
below were measured using the same samples to facilitate the continued investigation into
the sulfur poisoning mechanism. In addition, a Pt foil, Ru foil (both EXAFS Materials),
PtO sample (Johnson Matthey), and RuO, sample (Aldrich), were used as reference

materials to inform and aid the modelling of the catalytic samples.

3.4.2 X-ray Absorption Spectroscopy

The XAS experiments were performed at the wiggler XAS beamline at the Australian

Synchrotron, Victoria, Australia. Spectra of the catalytic samples, the PtO and RuO,

81



Chapter 3

samples, were recorded at the Pt L;;-edge (11580 eV) and at the Ru K-edge (22135 eV), at
~12 K in fluorescence mode with a 100-element solid-state Ge detector (Canberra). The
scan range extended to k = 18 A (EXAFS) with a step size of 0.01 A at the pre-edge
region, 0.00025 A at the edge region, and 0.035 A at the EXAFS region. Reference spectra
of the Pt and Ru foils were measured in transmission mode at ~12 K at the Pt L;;-edge and

Ru K-edge, respectively.

Samples measured at the Pt L;,-edge were pre-cooled in liquid nitrogen before
being cooled and maintained at ~12 K using a closed-cycle He cryostat (Cryo Industries),
whereas samples measured at the Ru K-edge were cooled directly in the cryostat. The total
data acquisition time per scan was approximately 45-60 min., and repeat scans (up to a
total of three scans per sample) were acquired to improve the signal-to-noise ratios of the
scans. Thus, the data reported represent averages of up to three individual acquisitions,

with a total collection time of up to 3 h per data set.

The effect of sulfur poisoning and regeneration on the Pt/Ru bonding environments
was investigated by measuring fresh, poisoned, and regenerated catalyst samples. ‘Fresh’
refer to catalysts that have not been used in any catalytic reaction. ‘Poisoned’ samples
were obtained by performing an hydrogenation reaction (described previously) in the
presence of thiophene (0.20 uL, in 1.0 mL ethanol, equivalent to a thiophene content of
450 ppm (v/v), or a sulfur content of 560 ppm (mol/mol) in 160 uL cyclohexene.)* The
poisoned samples were subsequently isolated from the reaction mixture by centrifugation,
and dried at room temperature in air. ‘Regenerated’ samples were poisoned and isolated as
described above, before being heat-treated under H, for 1h at 300 °C (ramp rate
5 °C min™).

Catalytic samples were ground using an agate mortar and pestle to ensure

homogeneity, before being packed into a PMMA multi-slit sample holder (slit size 2 x
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5mm) sealed with Kapton tape. PtO and RuO, were diluted with cellulose (1 wt.%),

similarly ground, and packed into the sample holder.

Calibration, averaging, and normalisation of XAS data were performed using the
Average and Spline programs within the XFit software package.*® Fittings of EXAFS data

were performed using the XFit software based on the FEFF6 code.*’
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Chapter 4

4.1 Introduction

The hydrogenation of aromatics is an important reaction, both for small-scale synthesis,
and for industrial processes such as the production of cyclohexane — an important
precursor in  the manufacturing of nylon-6,6.°" In particular, the
toluene/methylcyclohexane couple is a promising cyclic hydrocarbon combination for the
safe and feasible storage of hydrogen.* Not only is the toluene/methylcyclohexane couple
reversible and highly selective, but it is free from carcinogenic products. Furthermore, it
has a relatively high hydrogen storage capacity (6.2 wt.%, 46.5 kg-H./m®), and the
volatility range of the constituents makes the couple compatible with existing
transportation infrastructure, such as storage tanks and refuelling stations, giving it an

advantage over other solid hydrocarbons for hydrogen storage and transport.*”’

However, the hydrogenation of aromatics, including toluene, is traditionally
performed using elevated temperatures and pressures, which often exceed 100 °C and
50 atm H,.2 Thus, effecting the reduction under mild conditions is an important challenge
in terms of energy conservation and associated environmental considerations. This is of
particular concern when examining the suitability of the toluene/methylcyclohexane
couple for the reversible storage of hydrogen, i.e. the system’s usability in a decentralised

transport infrastructure.

Despite much research on the model hydrogenation of toluene (particularly over
the last decade) at room temperature, elevated pressures are still required. Additionally,
the catalyst preparations are often challenging, and yield catalysts with low activity and/or
low stability.? Furthermore, many of these catalyst preparations and/or hydrogenation
reactions require an inert atmosphere, resulting in additional difficulties in catalyst

preparations and manipulations.

v References for Chapter 4 begin on page 111.
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In Table 4.1, the most competitive literature results for the hydrogenation of
toluene under mild conditions are summarised. A number of groups have demonstrated
that metal nanoparticles can perform aromatic hydrogenation under mild conditions, and
have undertaken considerable work in developing highly water-soluble surfactants to
stabilise these particles in aqueous solution (entries 1-3, 6, 8, 13, 19, 20).> **° In these
cases the hydrogenation reactions are then performed in biphasic conditions, with the
nanoparticles suspended in the aqueous phase. Similarly, other groups have investigated
the use of ionic liquids for nanoparticle stabilisation (entries 5, 7).** '8 A further
approach to overcome the problems of stability has been to immobilise the nanoparticles
on a solid support, such as silica (entries 4, 11, 17, 18, 24, 29), boehmite nanofibers
(entry 10), multi-walled carbon nanotubes (entries 21 and 25), titanium dioxide (entry 29),
and others (entries 14-16, 23, 27).% % 193! Recently, Ozkar et al. reported the
hydrogenation of aromatics at room temperature under 3atm H, using colloidal
nanozeolite framework-stabilized ruthenium(0) nanoclusters (entry 26), and obtained a
turnover-frequency (TOF) of 1800 h™! for the hydrogenation of toluene. However, their
reaction preparation and catalyst manipulations still required air-free conditions and thus
the careful handling of the catalyst.** Where no inert conditions or special precautions are
required and competitive TOFs are obtained (entries 8, 15, 21, 23, 24, 29), it appears
elevated hydrogen pressures are necessary, presumably to achieve higher rates and/or to

stabilise the catalytic surfaces.

Here, we introduce a system that combines the desirable aspects of simple

preparation, stability and high activity under atmospheric conditions.
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Table 4.1 Literature overview of catalysts, conditions, and reported TOFs for the batch

hydrogenation of toluene.

Entry  Catalyst Conditions Notes / Remarks TOF? Ref

1 Rh(0) 20°C/1atm/water Stirred 1500 min'. Stabiliser: 53 10
hydroxyalkylammonium salt.

2 Rh(0) 20°C/1latm/water  Stirred 1500 min . Inert 92 11
conditions. TOF determined for
100% conversion. Stabiliser: N-

alkyl-N-(2-
hydroxyethyl)ammonium (HEA-
Cis).
3 Rh(0) 20°C/1atm/water Stirred 1500 min®.  Inert 256 9

conditions. TOF determined for
100% conversion. Stabiliser: N-

alkyl-N-(2-
hydroxyethyl)ammonium (HEA-
Cie).
4 Ru(0)/SiO, 100 °C /30 atm / Stirred 1500  rpm.  Inert 360 19
n-octane conditions. TOFs average of at
least 3 runs.
5 Ir(0) 75°C/4atm/neat  Inert conditions. Stabiliser: 1- 44 (78) 12

nbutyl-3-methylimidazolium
hexafluorophosphate (BMI*PF6).

6 Rh(0) 20°C/1atm/water Stirred 1500 min’.  Inert 83 3
conditions. TOF determined for
100% conversion.  Stabiliser:
N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl)ammonium
chloride (HEA16CI).

7 Pt(0) 75°C/4atm/neat Inert conditions. Stabiliser: 1-n- 17 16
butyl-3-methylimidazolium
hexafluorophosphate (BMI*PF6).

8 Ir(0) 20 °C /40 atm / water  Stirred 1000 min . TOF 375 13
determined for 100% conversion.
Stabiliser: N,N-dimethyl-N-
cetyl-N-(2-
hydroxyethyl)ammonium
chloride.

9 Ru(0) 75°C/4atm/neat  Inert conditions. No stabiliser. 45 17
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Rh/AIO(OH)

Rheon/SiO;

Ru(0)

Ru(0)

Rh/C
Rh/AIO(OH)
RU/CNF-P

Rh-Si120

Rh-SiO,

Rh(0)

Ru(0)

Rh/MWNTSs

RuO,-3H,0

Ru/FDU-15-
Hz

Ru/silica-PVP

RuL-

22 °C /1 atm/ hexane

20 °C /1 atm / water

20 °C /1 atm / water

20 °C /30 atm / water

RT /1 atm / methanol

75 °C /4 atm / neat

100 °C/ 30 atm / neat

RT /1 atm / hexane

20 °C /1 atm / hexane

RT /1 atm / water

20 °C /1 atm/ water

25°C /10 atm/ neat

75 °C /4 atm / neat

60 °C /40 atm/
water/ethanol

110 °C/ 40 atm / neat

50 °C /40 atm/

Stirred 1500 min %, TOF
determined for 100% conversion.

Stirred 1500 min! Stabiliser:
methylated cyclodextrin (Me-b-
CD).

Using  stirrer  bar.  TOF
determined for 100% conversion.
Inert  conditions.  Surfactant:
N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl) ammonium
chloride (HEAL16CI).

Stirred 800-900 min*.
Inert conditions.

Stirred 1500 min™™. TOF
determined for 100% conversion.

Stirred 1500 min~*. Inert
conditions.
Stirred 1500 min*. Inert

conditions. TOF determined for
100% conversion. Surfactant: N-
hexadecyl-N-tris-(2-
hydroxyethyl) ammonium
chloride (THEAL6CI).

Stirred 1500 rpm. Surfactant:
N,N-dimethyl,N-hexadecyl,N-(2-
hydroxyethyl)-ammonium

(HEA16Cl) and  randomly

methylated cyclodextrins
(RAME-bh-CD).

Stirred ~600 rpm.

Inert conditions.

Stirred 1200 rpm.

Inert conditions.

300

107

17

150

600
500
14200

452

282

100

10.1

838
(1949)"1

556 (1635)

1213

28500°

100 (192)°

33

34

20

21

22

23

24

14

15

25
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MWCNT ethanol
26 NFS-Ru(0) 25°C/2.8atm/neat Initial TOF. Inert conditions. 1800 32
27 Ru/PVPy 120 °C /10 atm/ THF Inert conditions. 69 30
28 Rh@TiO, RT /1 atm / water Stirred 1700 min %, TOF 222 31
determined for 100% conversion.
29 Fe;0,@Si0,- RT /10 atm / neat 16000 26
Rh(0) NPs

& All TOFs are reported as calculated in the respective references by taking the moles of hydrogen
consumed per moles of catalyst per hour, unless otherwise indicated. ® TOF calculated by taking the
number of molecules reacted per unit “weight of catalyst per unit time”.”® © TOF calculated by taking the
moles of substrate transformed per moles of catalyst.® ¢ TOF in parentheses is corrected for exposed metal

as reported in the respective references.'? 18:2>2

Thus, we report the hydrogenation of toluene at room temperature under 1 atm H,
using a mesoporous aluminosilicate-supported, air-stable Pt-Ru bimetallic catalyst. The
ratio of Pt;Ru; 5 was chosen as this ratio displays improved sulfur tolerance in the model
hydrogenation of cyclohexene in the presence of sulfur-species, which is an important
feature for the catalyst’s application to the hydrogenation of aromatics in real refinery
streams, as sulfur is well-known to poison noble metal catalysts.*® *” Similarly, the acidic,
mesoporous SIAITUD-1 was chosen as support material as it is well-established that noble
metals immobilised on acidic supports are more sulfur-resistant than they are on other
supports.®® % The mesoporous TUD-1 structure family was chosen because of its
characteristic large surface area, high thermostability, and tunable pore sizes. Toluene was
chosen as substrate because the toluene/methylcyclohexane couple is a promising
hydrocarbon combination for hydrogen storage.* Additionally, tetralin was chosen as a
model compound for aromatic hydrogenation, as there is an increasing need for an ever

lower aromatic content in petroleum fuels as such compounds are responsible for
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undesirable particulate emissions, leading to environmental concerns and the subsequent
tightening of fuel legislation.** ** By analogy with the examples given above for toluene,
tetralin hydrogenation is accomplished with high turnover frequencies typically only at
elevated temperatures and pressures, hence the ability to hydrogenate this substrate under

ambient temperatures and pressures would be desirable.*®

4.2 Methods and Materials

4.2.1 Materials

The following reagents were used as received: tetraethylene glycol (TEG), polyethylene
glycol dodecyl ether (Brij® 30, M, ~362 amu), hydrogen hexachloroplatinate(IV) hydrate
(H2PtClg-5H,0), decane (all Adrich), aluminium isopropoxide, hydrazine hydrate
(N2H4-H,0), toluene (all Ajax), ruthenium trichloride trihydrate (RuCls-3H,0) (Strem),
n-heptane (APS), tetralin (BDH), and tetraethylorthosilane (TEOS) (Alfa Aesar). Absolute
ethanol (Merck) was analytical grade and was used as received. De-ionised water was

processed using a Milli-Q (Millipore) Ultrapure Water System.

4.2.2 Catalyst Preparation

The SIAITUD-1 support was prepared using an adaptation of the method described by
Simons et al.*’ Aluminium isopropoxide (6.28 g, 30.7 mmol) was added to a mixture of
ethanol (36 mL, 617 mmol), anhydrous 2-propanol (34 mL, 445 mmol), and TEOS
(26 mL, 117 mmol) at 45 °C, and the mixture was stirred until all components dissolved.
TEG (26 mL, 151 mmol) was then added, followed by the drop-wise addition of a solution

containing ethanol (36 mL, 617 mmol), anhydrous 2-propanol (34 mL, 445 mmol) and
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water (6 mL, 333 mmol). The mixture produced was stirred at RT for 30 min, then aged
without heating or stirring for 6 h. The resultant white gel was dried at 70 °C for 21 h, then
at 98 °C for 2 h after which time the dry material was heated under autogenous pressure at
165 °C in a 50 mL Teflon-lined autoclave for 8 h. The template was removed by washing
the material in a Soxhlet extractor (Biichi Extraction System (B-811)) using warm ethanol
for 3 h. The white solid obtained was dried at 60 °C before being calcined at 600 °C

(ramp rate 5 °C min™?) for 10 h.

The catalysts were prepared following the incipient wetness method. Platinum and
ruthenium precursor solutions were made by adding the necessary volume of deionized
water to the H,PtCl;-5H,0 and RuCl;-3H,0 precursor salts. The nanoparticle precursor
solution (0.84 mL) was added drop-wise to SIAITUD-1 (800 mg, pore volume
1.05 cm®g %) whilst stirring. The sticky solid obtained was dried at 100 °C for 12 h then

heat treated under H, for 2 h at 400 °C (ramp rate 5 °C min™%).

4.2.3 Characterisation

Powder X-ray diffraction (XRD) measurements were made using a PANalytical X-Pert
PRO MRD X-ray diffractometer equipped with a P1Xcel detector, using Ni-filtered Cug,
radiation (Ayy 1.5419 A). A Micromeritics ASAP 2020 Accelerated Surface Area and
Porosity analyser was used to measure the N, adsorption/desorption isotherms of the
samples at 77 K. Before analysis, samples were degassed at 200 °C. Transmission electron
microscopy (TEM) images were recorded digitally with a Gatan slow-scan charge coupled
device camera on a Philips CM120 Biofilter electron microscope operating at 120 kV. A
Varian Vista AX ICP-AES equipped with a CCD detector was used to measure elemental

compositions.
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4.2.4 Catalytic Activity

The hydrogenation reactions were performed at room temperature (RT) in a two-necked,
round bottom 50 mL glass Quickfit flask, fitted with Suba-Seal stoppers and equipped with
a magnetic stirrer. In general, toluene or tetralin (200 mg) and decane (200 uL, 1.03 mmol,
internal standard) were added to ethanol (25 mL). The mixture was stirred at a rate of
400 rpm for 5 min in air and a sample (~0.10 mL) was taken. The catalyst (200 mg) was
added to the reaction vessel, the mixture was placed in an ultra-sonic bath for 30 s, and a
sample (~0.10 mL) was taken. Prior to reaction, the reactor was purged through a needle
with H; provided from a balloon, filled in-house, with the H, admitted through a septum
cap fitted to one arm of the reactor. The reaction was carried out under 1 bar H, with
stirring at 400 rpm for 4 h. In the case of tetralin, the reaction time was extended to 19 h.
Samples (total 10, each ~0.10 mL) were taken at regular intervals using a syringe through
a septum cap fitted to one arm of the reactor. All samples taken from the reactor were
centrifuged to isolate the catalyst, the supernatant was diluted with ethanol, and the
progress of the reaction was analysed using gas chromatography (Shimadzu GC-17A Gas
Chromatograph equipped with a BP21 column — 30 m x 0.25 mm I.D.; 0.25 pum film
thickness; J & W Scientific - and a flame ionization detector, using Ar as the carrier gas).
The formation of the products was confirmed by analysing the reaction mixture at the end
of the reaction by GC-MS (Shimadzu GCMS-QP2010 Gas Chromatograph equipped with

a Rtx-5Sil MS column —30 m x 0.25 mm 1.D.; 0.25 pum film thickness; Restek).

4.25 Turn-Over-Frequencies

The catalytic results were recorded as uncorrected TOFs, defined as the number of moles

of hydrogen consumed per moles of metal (total moles metal, determined by ICP-AES) per
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unit time. Due to experimental limitations that prevented the amount of hydrogen
consumed being measured directly, and the fact that three moles of hydrogen were
required to react with one mole of substrate, the uncorrected TOFs were obtained by
dividing three times the number of moles of substrate consumed by the number of moles of
catalyst per unit time. Corrected TOFs were calculated by applying a model of surface
exposed metal atoms (assuming that on average half of the surface atoms are accessible),
based on the ICP metal loadings, an average particle size of 10 nm, and assuming a single
element (Ru) with spherical shape (see Appendix C).** In all cases, the TOFs were
calculated using the slope of conversion, as the reactions appear to be zero-order (see 4.3

Results and Discussion).

4.3 Results and Discussion

4.3.1 Characterisation

The acidic, mesoporous, aluminosilicate SIAITUD-1 used as the support material, was
synthesised following a literature protocol.*’” Its BET surface area of 567 m*g %, total pore
volume of 1.1 cm® g%, and maximum pore size of 15 nm are in good agreement with the
literature values of ~600 m*g ™, 1.1 cm® g%, and 15 nm, respectively.*’ The ICP analysis
gives a silicon to aluminium ratio (Si:Al) of 4.1:1, which is consistent with the 5:1

composition of the starting gel mixture.

Four catalysts were prepared with this support material using the incipient wetness
method. In addition to a pure platinum (Pt), a pure ruthenium (Ru), and a bimetallic
platinum-ruthenium (Pt;Ruy s) catalyst, with theoretical total metal loadings of 5.0 wt.%, a

bimetallic platinum-ruthenium (Pt;Ru;s) catalyst was prepared with a theoretical metal
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loading of 0.5 wt.%. The physical properties and molar compositions of the catalysts

prepared are presented in Table 4.2.

Table 4.2 Physical properties and molar compositions of all catalysts.

Catalyst Total Metal load. /wt.%  Pt/mol.%  Ru/mol.%  Sger/m’g* Veore/ M gt
Pt;Ru; 5 0.4 40 60 419 1.01
Pt;Ru; 5 4.0 41 59 370 0.85
Pt 35 100 0 396 0.98
Ru 4.2 0 100 371 0.85

All metal loadings, determined by ICP-AES (Table 4.2), are in good agreement
with the theoretical metal loadings of 5.0 wt.% and 0.5 wt.%, ranging from 3.5 to 4.2 wt.%
for the higher loading catalysts, and 0.4 wt.% for the lower loading catalyst. The Pt to Ru
ratios for the bimetallic catalysts are in good agreement with the concentrations of the
starting precursor solutions. Henceforth, the bimetallic catalysts will be referred to as
PtiRu;s (4.0 wt.%) and Pt;Ru;s (0.4 wt.%). Nitrogen sorption measurements of the
catalysts, listed in Table 4.2, indicate a general decrease in surface areas and pore volumes
compared with the unmodified support material. The surface areas and pore volumes were
calculated to be between 370 to 419 m?g ' and 0.85 to 1.01 cm® g%, respectively. The
decrease in the surface area of the catalysts compared to that of the unmodified support can

be attributed to the impregnation of metal sites due to the incipient wetness method.*
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As shown in Figure 4.1, the TEM micrographs of the catalysts reveal particle sizes
below 10 nm and a good dispersion of the nanoparticles on the surface of the support.
XRD patterns of the Pt and Ru catalysts (C and D in Figure 4.2) show the typical
reflections of platinum and ruthenium, respectively. The particle sizes for the Pt catalyst
and Ru catalyst are 8 nm and 11 nm, respectively, as determined by the Scherrer equation.
However, pronounced crystalline peaks are not observed for the bimetallic catalysts (A and
B in Figure 4.2). Nevertheless, for the more highly loaded catalyst (B in Figure 4.2), broad
low intensity reflections in the range of the platinum (111) reflection and the ruthenium
(101) reflection can be seen. The lack of observable crystallinity could be attributed to the
small particle size of the catalysts, consistent with the TEM micrographs, and/or the metal
loadings in the case of Pt;Ru;s/SIAITUD-1 (0.4 wt.%) (determined by ICP-AES) being
just below the threshold for detection by XRD. Moreover, it has been reported that a loss
of crystallinity is observed with increasing ruthenium content of bimetallic Pt-Ru

nanoparticles.*
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Figure 4.1 Representative TEM micrographs of the catalysts prepared:
a) Pt;Ru; s/SIAITUD-1 (0.4 wt.%), b) Pt;Ru; 5/SIAITUD-1 (4.0 wt.%),

¢) PUSIAITUD-1 (3.5 wt.%), and d) Ru/SIAITUD-1 (4.2 wt.%).
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1/ a. u.

30 40 50 & 70
26/°

Figure 4.2 XRD patterns of the catalysts prepared with by incipient wetness impregnation:
a) Pt;RuLs/SIAITUD-1 (0.4 wt.%), b) PtiRu s/SIAITUD-1 (4.0 wt.%), c) PUSIAITUD-1
(3.5wt.%), and d) Ru/SIAITUD-1 (4.2 wt.%). Patterns for references: JCPDS 00-001-
1190 reference for platinum (solid line) and JCPDS 00-006-663 for ruthenium (dashed

line).>" °2

4.3.2 Catalytic Activity

4.3.2.1 Catalytic Hydrogenation of Toluene

The catalytic activity of all catalysts prepared was tested in the hydrogenation of toluene in
ethanol at room temperature under 1 atm of hydrogen. Toluene is selectively hydrogenated
to methylcyclohexane with high conversion. Moreover, it should be noted that no
by-products were observed by GC analysis and excellent mass balances obtained. It is
apparent in the graphs of conversion as a function of time (Figure 4.3) that the bimetallic
catalyst (4.0 wt.%) exhibits a higher activity compared with the monometallic catalysts
(metal loadings of 3.5 and 4.2 wt.%). The conversion increases linearly with time for all
catalysts suggesting the reaction is zero-order in toluene, which means that the calculated
activity is independent of conversion. Even at the low metal loading, the bimetallic catalyst
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PtiRu; 5 (0.4 wt.%) is active for the hydrogenation of toluene (Figure 4.3b). Interestingly,

an induction period of approximately two hours can be observed for the pure ruthenium

catalyst (Figure 4.3d) after which an apparently zero-order reaction occurs.
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Figure 4.3 Plot of loss of toluene (e), formation methylcyclohexane (A), and mass

balance (m) for the hydrogenation of toluene as a function of time for a) PtiRu;s

(4.0 wt.%), b) Pt;Ru; 5 (0.4 wt.%), c) Pt (3.5 wt.%), and d) Ru (4.2 wt.%), in ethanol at RT

under

1 atm H,.
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The uncorrected turn-over-frequencies for toluene conversion (TOFs, moles
H./moles total metal/hour) were calculated by dividing three times the number of moles of
toluene consumed by the number of moles of catalyst (total moles metal) per unit time.
Note that these TOFs were not corrected for the number of active surface sites, leading to a
significant underestimation of the TOFs. When applying a model of surface exposed metal
atoms, based on the average particle size, assuming a single element (Ru) with spherical
shape, and the cross-sectional area of each sphere, the TOF per mole surface metal
increased by a factor of 15 (see Appendix C).” Unless otherwise indicated, the TOFs
presented in the literature are calculated for total moles of metal, and no attempts to correct
these TOFs for exposed metal have been attempted due to the unavailability of the
necessary ancillary data. Furthermore, Redel et al. point out that estimating TOFs based on
exposed surface atoms can be problematic, e.g. due to effects such as rearrangement of the
surface atoms of the nanoparticle during catalysis, and the influence of the precise details
of surface topology, etc.>® Nonetheless, we believe that this correction is justified in the
present case because (a) the correction is modest, (b) because it is modest, it is likely an
underestimate of the correction for effects such as the influence of surface topology, and
(c) our experiments are at RT and 1 atm, under which conditions, catalyst rearrangements
are likely to be less significant than at the higher temperatures of many studies summarised
in Table 4.1. Finally, many of the catalysts in the literature are present as aqueous colloidal
suspensions (and thus have a higher percentage of exposed metal atoms), making it more

reasonable in those instances to calculate the TOFs based on total moles of metal.

In all cases, the TOFs were calculated using the slope of the conversion/time plots,
as the reactions appear to be zero-order in toluene. The catalytic results are summarised in

Table 4.3 showing the uncorrected and the corrected TOFs.
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Table 4.3 TOF results of the hydrogenation of toluene in ethanol at RT under 1 bar H,.

Catalyst Metal loading / wt.% TOF/ hfla Corrected TOF / hflb
Pt;RU; 5 0.4 32.1 483
Pt;Ru; 5 4.0 22.0 331

Pt 3.5 3.7 55

Ru 4.2 2.2 34

8 TOF defined as moles of hydrogen consumed per moles of catalyst (total moles metal) per hour.

® TOF corrected for moles exposed metal.

As listed in Table 4.3 and indicated in the discussion of the conversion vs time
graphs, the TOFs are significantly higher for the bimetallic catalysts compared with the
monometallic catalysts. Hence, a synergistic relationship between the platinum and
ruthenium is suggested, which might be the result of electronic perturbations (produced by
metal-metal bonding, or by changes in the number of available active sites on the surface
of the catalyst) or structural changes leading to more edge-sites, kinks, defects, etc., in
agreement with literature reports.® **°° These electronic perturbations or structural
changes could explain the high activity of the bimetallic catalysts compared to their

monometallic counterparts.

The TOFs calculated for the bimetallic catalysts of 32.1/483h™*
(uncorrected/corrected) for Pt;Ruy s (0.4 wt.%) and 22.9/331 h™ for Pt;Ruy 5 (4.0 wt.%) are
very competitive when compared with the literature (Table 4.1) and taking into account the

mild reaction conditions employed here, including the solvent ethanol (which enhances
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operational ease, but does not dissolve hydrogen as readily as water or neat toluene).
Indeed, half the catalysts in Table 4.1 needed inert conditions and only five that did not
require inert conditions were tested at RT and ambient pressure, achieving TOFs of 300,
107, 600, 452, and 222 h™* (entries 10, 11, 14, 17, and 28). However, they were all based

on pure rhodium, rather than the less expensive ruthenium/platinum alloy presented here.

4.3.2.2 Catalytic Hydrogenation of Tetralin

To explore the capability of the bimetallic catalysts, Pt;Ruis (4.0 wt.%) and Pt;Ru;s
(0.4 wt.%), the catalytic study was extended to the hydrogenation of tetralin, under the
same mild conditions. The results for tetralin hydrogenation are presented in Figure 4.4

and Table 4.4.
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Figure 4.4 Plot of loss of tetralin (e), formation of trans-decalin (A), formation of

cis-decalin (¢ ) and mass balance (m) for the hydrogenation of tetralin as a function of time

for a) Pt;Ru;s (4.0 wt.%), and b) Pt;Ru;s (0.4 wt.%) in ethanol at RT under 1 atm H,.

108



Chapter 4

Table 4.4 Summary of hydrogenation results for Pt;Ru; s/SIAITUD-1 for toluene and tetralin in ethanol at RT under 1 bar H,.

Substrate Cat. Loading / wt.% Time/h Conv. / %* TOF / h'® Corrected TOF / h™
Toluene 0.4 4 9.5 321 443
Toluene 4.0 4 79 22.9 331
Tetralin 0.4 4 1.1 (100:1)° - -
Tetralin 4.0 4 19.7 (75:25)" - -
Tetralin 0.4 19 12.8 (75:25)" 4.4 66
Tetralin 4.0 19 90.7 (73:27)" 4.1 62

2 Conversions determined by GC analysis. ° Ratios in parentheses indicate the selectivity towards the cis- and trans-decalin products, respectively. ¢ TOF

defined as moles of hydrogen consumed per moles of catalyst (total moles metal) per hour. * TOF corrected for moles exposed metal.
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As shown in Figure 4.4a and Table 4.4, the hydrogenation of tetralin in ethanol
using Pt;Ruys (4.0 wt.%) at room temperature under 1 atm H; achieved a conversion of
19.7%, with selectivities of 75% and 25% to cis-decalin and trans-decalin, respectively.
The bimetallic catalyst with the lower metal loading, Pt;Ru; s (0.4 wt.%), was also tested
for this reaction. At a conversion of 1.1% after 4 h (Figure 4.4b and Table 4.4) only
cis-decalin product could be observed. The catalysts were then further tested by leaving
the tetralin hydrogenation reaction to run overnight. The conversions increased linearly, as
expected for zero-order reactions and after 19 h, Pt;Ru; 5 (4.0 wt.%) achieved a conversion
of 90.7%, with a selectivity to cis-decalin of 75% and to trans-decalin of 25%. Similarly,
PtiRu;s (0.4 wt.%) showed an increased yield at the longer reaction time, with a
conversion of 12.8% and selectivities of 73% and 27% for cis- and trans-decalin,
respectively. Remarkably, corrected TOFs of up to 66 h™* were achieved, calculated for the

19 h reaction (Table 4.4).

4.4 Conclusions

The incipient wetness method, requiring no inert conditions, for the preparation of the
bimetallic catalysts, Pt;Ru; 5 (4.0 wt.%) and Pt;Ru; 5 (0.4 wt.%), proved to be an effective
and simple route to highly active catalysts for the hydrogenation of toluene at room
temperature and 1 bar hydrogen. The advantages of this system over the few similarly
active pure rhodium catalysts reported in the literature are that these catalysts are robust
under atmospheric conditions, i.e. air-free conditions are not required for their handling,

and that the alloys discussed are less expensive.

The synergistic effect within the Ru and Pt alloy is subject of further investigations

at the atomic level by in-situ EXAFS.
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Chapter 5: Reactions of p-Coumaryl Alcohol Model
Compounds with Dimethyl Carbonate. Towards the
Upgrading of Lignin Building Blocks.

This chapter was published in Green Chemistry.
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Chapter 5

5.1 Introduction

As the availability and security of organic fossil resources dwindle, and environmental
concerns regarding emissions from the combustion of fossil fuels continue to grow, the
percentage of chemicals and fuels obtained from renewable sources, such as
lignocellulosic biomass, can be expected to rise. Lignocellulose, which is more evenly
distributed geographically than fossil resources,™"" is comprised mainly of cellulose,
hemicellulose, and lignin, with lignin generally comprising 15-30% by weight and 40% by
energy content. Synthetic approaches for the conversion of lignin to chemicals are not as
well developed as for the cellulosic components, which is partly due to the recalcitrant
nature of lignin that gives plants some of their strength.? However, the unique structure of
lignin as an amorphous, highly substituted, aromatic polymer, makes it particularly
valuable as a potential source for a variety of chemicals, especially as it is the major
bio-based source of aromatics.®> Much effort is devoted to the development of new
chemical technology to process lignin streams into higher value-added compounds.
Aggressive depolymerisation of lignin yields BTX (benzene, toluene, xylene) chemicals,
plus phenol and aliphatics that can all be used in conventional chemical processes.
Selective depolymerisation could instead yield monomeric lignin aromatics, not accessible
by traditional petrochemistry. Sources of this kind of monomeric lignin include
pretreatment streams, such as those from the pulp and paper industries (Kraft and Sulfite
pulping), as well as new feedstock streams from biorefinery schemes (e.g. organosolv,
steam explosion, pyrolysis, ammonia fibre explosion, hot water, and dilute acid, etc.).**
The products consist of lignin with a molecular weight that ranges from 50,000-20,000 for

lignosulfonate from sulfite pulping, to 2,000-3,000 in Kraft liquors, to under 1,000 for

organosolv. These fractions consist of monomeric lignin molecules based on C9

VI References for Chapter 5 begin on page 152.
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phenylpropenyl units with an average number of C, H and O atoms of approximately 9,
6-9, and 2.5, respectively. The molecular complexity of these monomeric streams has
prompted the use of simpler low molecular weight lignin model compounds to aid their
investigation. It has been recognised that many of the products derived from the disruption
of various lignin linkages resemble p-coumaryl-, coniferyl-, and sinapyl alcohol
(Figure 5.1), and effort has been placed on the conversion of these models to other target

chemicals by exploiting their functionality.

HO HO HO

OH oH I I on !

Figure 5.1 p-Coumaryl alcohol, coniferyl alcohol, and sinapy! alcohol.

Such an approach, however, poses the issue of the overabundance of targets that
can potentially be produced. The experience of the chemical industry shows that this
complexity is best handled by using broad-based technologies (selective reductions and
oxidations, bond making/breaking processes, catalysis, etc.) to produce multiple outputs,”

as opposed to a ‘like-for-like’ target-based approach aimed at replacing well-established

chemicals produced from fossil feedstocks.®’

A curiosity driven broad-based strategy was, therefore, in our opinion a
constructive approach towards the development of new chemistry and, in the longer term,

a plethora of new chemicals. Some products are already in commercial use by the chemical
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industry, making them interesting in the short term, while others might be structural

building blocks that enable new products/applications.

For the present study we focused our attention on two compounds resembling
p-coumaryl alcohol: cinnamyl alcohol 1, and 4-(3-hydroxypropyl)phenol 2. These
compounds were chosen because they not only have -OH groups that closely resemble the
ones present in p-coumaryl alcohol, but they are also readily available in the pure form,

and their derivatives are easily identifiable by standard analytical techniques.

Dimethylcarbonate (DMC) is an excellent reagent and solvent for the upgrading of
these compounds with lignin chemical functionalities, especially when viewed from a
‘green’ perspective. DMC is a good alternative to traditional methylating agents such as
harmful dimethylsulfate and methyl halides,® while the only by-products obtained during
methylation reactions are carbon dioxide and methanol. The latter can, in principle, be
recycled to form DMC.* *° Furthermore, DMC is one of six organic carbonates that have
been identified as especially useful green solvents.** Thus, we propose to develop
chemistry with compounds that model lignin functional groups by combining their use

with a green methylating agent and solvent.

A further advantage of DMC is that its reactivity can be tuned for a variety of
nucleophiles.**™® Of particular relevance to the reactivity of p-coumaryl model compounds
investigated in the present case, is the tuneable selectivity of DMC towards aromatic and
aliphatic OH groups, depending on the catalyst and reaction conditions.*® **2! For
example, basic catalysts can be used to promote a transesterification process, that is an
equilibrium reaction, to form methyl alkyl carbonates, while weak bases or alkali

metal-exchanged faujasites can be used to form methyl ethers irreversibly (Scheme 5.1).

Furthermore, the methoxycarbonylating vs methylating selectivity of DMC can also be
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tuned by changing the reaction conditions,?* while basic catalysed methylation could also

occur on aromatic OH groups.

ArOH
o ArOCH3
Zeolites Bases
RO DMC ROCO,CH;
ROH

Scheme 5.1

The main focus of this work was to assess greener and easily accessible synthetic
procedures for the transformation of cinnamyl alcohol 1, and 4-(3-hydroxypropyl)phenol
2, with DMC. This was performed by investigating range of catalysts, including solid
K,COs, CsF/aAl,O3, NaX, NaY and an ionic liquid (IL) [Psss1][CH3OCOQ], for the
methylation and transesterification of the target compounds used as models of p-coumaryl
alcohol. Cinnamyl alcohol, 1, was chosen as it contains a propylene side chain with a
terminal OH, which is a common feature in many lignin streams.”® Likewise, 4-(3-
hydroxypropyl)phenol 2, was chosen as a compound to model lignin functionalities as it
has both an aliphatic OH on a propyl side chain, as well as a phenolic OH in the para
position. The focus of this study lies on screening the product selectivity associated with
different catalyst types and reaction conditions. Our interest was therefore focused on
understanding the reactivity trends of DMC with the different OH groups, the relevant
reaction equilibria, and the reaction pathways. A thorough understanding of these types of
reactivities is of fundamental importance for the development of new greener processes
aimed at transforming phenolic streams derived from lignin into higher value bio-based

chemicals. Thus, we report that the selectivity of methylation/decarboxylation on the
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aliphatic and phenolic OH sites of these compounds in the presence of DMC can be tuned
by changing the catalyst and/or reaction temperature. A range of products was observed of
which four are highlighted, as they could be obtained selectively and isolated in good
yields: cinnamyl methyl carbonate (la, Scheme 5.2), cinnamyl methyl ether (1b,
Scheme 5.2), 3-(4-hydroxyphenyl)propyl methyl carbonate (2c, Scheme 5.4), and 3-(4-

methoxyphenyl)propyl methyl carbonate (2d, Scheme 5.4).

5.2 Results

5.2.1 Cinnamyl Alcohol, 1

The reaction of DMC with cinnamyl alcohol, 1, was investigated first at 90 °C and then at
165 and 180 °C. In both cases a solution of 1 (0.3 g, 1.9 mmol) in DMC (0.36 mol, 30 mL;
DMC serving both as a reagent and solvent) was set to react in the presence of different
catalysts: K,COs, CsF/aAl,03, NaX, NaY, or [Pggs1][CH3;0COQ] (the weight ratio (Q) of
solid catalyst: substrate was 3:1; the molar ratio [Pggs1][CH3OCOQ]:1 was 0.05:1). The
reaction conditions for the solid catalysts in particular were chosen based on previously
reported experimental conditions.'® 2* The weight ratios were not optimised. The progress
of the reactions was followed by GC-MS. When operating at 90 °C all reactions were
carried out in glassware under atmospheric conditions. When operating at 165 and 180 °C

a stainless steel autoclave was used and the mixture was flushed with N,.

The study was aimed at understanding the effect of different catalysts and
temperatures on the conversion of 1, in terms of its extent and the relative selectivities

achievable.
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Three main compounds were observed, isolated, and characterised by GC-MS and
'H NMR (1a, 1b, and 1c, Scheme 5.2). Unidentified by-products amounted to < 17%. The

results are listed in Table 5.1 (90 °C) and Table 5.2 (165-180 °C).

AN
1

Catalyst \ 90-180 °C

Scheme 5.2
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Table 5.1 The reaction of DMC with 1 at 90 °C in the presence of K,COg, [Pgss1][CH3OCOO], NaX and NaY

Entry Catalyst Q% (wt : wt) or mol:mol (IL) Time/h Conv. /% GC-MS Selectivity / %
la 1b Others*
1 K,CO; 3 96 91 90 2 8
2 [Psss1][CH;OCOQ] 0.05 55 89 90 4 6
3 CsF/aAl,0; 3 50 94 81 3 17
4 NaX 3 24° 0 - - -
5 NaY 3 24° 0 - - -

2 Q is the weight (or molar) ratio between catalyst and substrate.  Time to reach equilibrium. ¢ Time reaction stopped. ¢ Others: unidentified by-products

detected by GC-MS analyses.
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Chapter 5

Entry Catalyst Q" (wt : wt) or mol:mol (IL) Temp/°C Conv. /% GC-MS Selectivity / %
la 1b 1c Others®
1 K,CO; 3 165 98 82 10 3 4
2 [Psge1][CHs0CO0] 0.05 165 71 86 5 1 8
3 NaY 3 165 51 4 70 21 5
4 NaX 3 165 85 29 45 21 6
5 NaY 3 180 100 - 91 8 2
6 NaX 3 180 100 - 56 39 5

2 All reactions lasted 3 h.” Q is the weight (or molar) ratio between catalyst and substrate. ¢ Others: unidentified by-products detected by GC-MS analyses.

127



Chapter 5

For the reaction catalysed by CsF/aAl,O3 at 90 °C, a typical plot of the conversion
of 1 as a function of time is shown in Figure 5.2. In the case of K,COs,
[Pssgs1][CH3OCOOQ], and CsF/aAl,O; (Table 5.1, entries 1-3; Figure 5.2), the reaction
proceeded with high conversion (89-94%) and good selectivity (81-90%) towards the
transesterification product, cinnamyl methyl carbonate (1a), with only traces of cinnamyl
methyl ether (1b). The transesterification equilibrium was achieved in 5.5 h to 96 h, for
[Psgs1][CH3OCOOQO] and K,COs, respectively. As shown in Figure 5.2 for CsF/aAl,Os3,
equilibrium was achieved in 50 h. Isolated yields of 80—-81% were reached for product 1a.
In the case of the reaction with K,COg3 (entry 1, Table 5.1), 1a could be isolated in 95%
purity ("H NMR) simply by the removal of the solid catalyst by filtration, and of excess
DMC by rotary evaporation. In the case of the reaction with [Pggs1][CH3;OCOOQ], 1a was
isolated by flash column chromatography on silica gel eluting with a mixture of petroleum
ether / diethyl ether (50:50 v/v) as the eluant. No attempts to optimise product isolation
were performed as this was beyond the scope of the work. No conversion of 1 was

observed after 24 h for either of the NaX or NaY catalysts at 90 °C.
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Figure 5.2 Plot of the conversion of 1 (m), and formation of la (V¥), 1b (o), and
unidentified by-products (©) at 90 °C in the presence of CsF/aAl,O3. Broken lines as visual

guide only.

The higher temperature regime of 165-180 °C was also investigated using K,COs,
[Psss1][CH30COO0], NaX and NaY as catalysts in an autoclave. The reaction time was 3 h.
In addition to products la and 1b, 3-methoxy-3-phenylpropene, 1c, was observed

(Scheme 5.1). The results are listed in Table 5.2.

Just as was observed at 90 °C, 1a was the major product in the presence of K,COs
and [Pggs1][CH3OCOOQ] at 165 °C. However, bearing in mind the different reaction times:
i) the selectivity to 1la decreased from 90% (90 °C), to 82-86% at 165 °C; ii) in the
presence of K,COg, the conversion increased to 98% at 165 °C, compared to 91% at 90 °C;
iii) instead, at the same temperatures, in the presence of [Pggs:][CH3OCOO], the

conversion decreased from 89% to 71%.

At 165 °C NaY and NaX prompted conversion (51% and 85% for NaY and NaX,
respectively) mainly to 1b with 70% selectivity in the presence of NaY and with 45%
selectivity in the presence of NaX. A minor product, 3-methoxy-3-phenylpropene, 1c, was
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also observed. The transesterification product, 1a, was only obtained with 4% and 29%

selectivity with NaY and NaX, respectively.

To reach quantitative conversion in the presence of both NaY and NaX it was
sufficient to increase the temperature to 180 °C. In the presence of NaY, the major
product, 1b, could be obtained with 91% selectivity and 64% isolated yield (by flash
column chromatography). The minor product, 1c, was also observed with 8% selectivity.
In the presence of NaX, the selectivity towards the major product, 1b, decreased to 56%
due to the sizable amounts of the co-product, 1c, (38%). The different selectivities of the
two zeolites towards 1a prompted us to consider as a cause an in-situ decarboxylation
reaction of 1a to 1b. To corroborate such an hypothesis, cinnamyl methyl carbonate, 1a,
(entry 1, Table 5.1) was heated in the presence of NaY under conditions identical to those
reported in entry 5, Table 5.2, with the solvent changed from DMC to dimethoxyethane

(DME). In this case, 1b was the sole observed product (Scheme 5.3).

(e}
NaY AN ~
©/\/\OLO/ + DME > O
1a 180 °C 1b
Scheme 5.3

In consideration of the relatively large quantity of zeolites used it is desirable that
the catalyst be recyclable. Thus, a series of zeolite recycling experiments was carried out.
Once the experiment of entry 3 in Table 5.2 completed, the solid NaY zeolite was filtered,
washed with diethyl ether, and dried at 70 °C under vacuum overnight. The recovered NaY

was then used to repeat the reaction, under identical conditions to those reported above
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(entry 3, Table 5.2), and the results are reported in Figure 53 (Run 1). The
recovery/reaction cycle was repeated once more. Both runs 1 and 2 showed a significant
drop in the catalyst performance: after 2 runs the conversion of 1 and the selectivity to 1b
decreased to 26 and 61%, respectively. However, if the used zeolite was re-calcined
(400 °C, ramp rate 5°C min™) and used in another reaction, the catalytic activity was
restored (Run3). To probe the recyclability of the zeolite further, an additional
recovery/reaction cycle was performed, followed by another re-calcination/reaction
sequence. As expected, the conversion dropped in the reaction where the catalyst was
simply dried under vacuum (Run 4, Figure 5.3), while the activity was restored after the

second re-calcination (Run 5).

Il Conversion
I select. 1a
[ select. 1b

I select. 1c
] select. Others

80

0 1 2 3 4 5
Number of Recycles / N

Figure 5.3 The recycling of NaY. All reactions are carried out at 165 °C for 3 h.

131



Chapter 5

5.2.2 4-(3-Hydroxypropyl)phenol, 2

The reaction of 4-(3-hydroxypropyl)phenol, 2, with DMC was tested under reaction
conditions analogous to those described above, first at 90 °C at atmospheric pressure, and
then at 165 and 180 °C in an autoclave under Nj. A solution of 2 (0.3 g, 1.9 mmol) in
DMC (0.36 mol, 30 mL) was prepared to react in the presence of different catalysts:
K2CO3, CsF/aAl,O3, NaX, NaY or [Pggs1][CH;OCOO] (the weight ratio (Q) of solid
catalyst : substrate was 3:1; the molar ratio [Pggs;][CH3OCOQ]:2 was 0.05:1). Here, too,

the reaction conditions were chosen based on previous experience,™® *°

and the weight
ratios were not optimised.’® *° As with cinnamyl alcohol, 1, the study was aimed at
understanding the effect on the conversion of 2 of different catalysts at different
temperatures, and on controlling product selectivity. Five main products were observed,
isolated, and characterised by GC-MS and *H NMR (2a, 2b, 2c, 2d, and 2e, Scheme 5.4).
The new product, 2d, and the product, 2b, for which there was no previously reported
NMR data, were also characterised by **C NMR. Other unidentified by-products (< 8%

total yield, by GC-MS) were also detected. The results are listed in Table 5.3 and

Table 5.4, and in Figure 5.4.
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Scheme 5.4
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Table 5.3 The reaction of DMC with 2 at 70-90 °C in the presence of different catalysts.

Chapter 5

Entry Catalyst Q* (wt : wt) or mol:mol (IL) Temp/°C  Time®/h Conv. /% GC-MS Selectivity / %
2a 2c 2d Others'
1 K,CO3 3 90 74 97 - 89 4 7
2 [Pgss1][CH;0COQ] 0.05 90 150° 97 - 72 23 4
3 CsF/aAlO; 3 90 18° 96 - 83 13 4
4 NaY 3 90 240° 14 5 95 0 0
5 NaX 3 90 240° 53 42 36 13 8
6 CsF/oAl,0, 3 70 119 95 - 94 5 1

2Q is the weight(or molar) ratio between catalyst and substrate. ® Time to reach equilibrium. © Non-optimised time. Equilibrium reached between 3-18 h.

 Non-optimised time. Equilibrium reached between 55-119 h. © Time reaction stopped. " Others: unidentified by-products detected by GC-MS analyses.
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Table 5.4 The reaction of DMC with 2 at 165-180 °C in the presence of K,COgz, [Pggs1][CH30COO0], NaX and NaY?*

Chapter 5

Entry Catalyst Q" (wt:wt)or mol:mol (IL) Temp/°C Conv. /% GC-MS Selectivity / %
2a 2b 2c 2d 2e Others °
1 K,CO; 3 165 99 0 - 60 38 - 2
2 [Pgss1][CH:0COQ] 0.05 165 95 2 - 62 32 - 4
3 NaY 3 165 48 8 11 77 3 - 0
4 NaX 3 165 100 3 4 5 78 10 0
5 NaY 3 180 80 2 14 76 6 - 1
6 NaX 3 180 100 1 17 2 65 12 3

2 All reactions lasted 3 h. ® Q is the weight(or molar) ratio between catalyst and substrate. ¢ Others: unidentified by-products detected by GC-MS analyses.
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At 90 °C, in the presence of K,COs3, [Pssgs1][CH30COO], and CsF/aAl,O3, the main
reaction was the transesterification of the aliphatic OH of 2 with DMC, which yielded
3-(4-hydroxyphenyl)propyl methyl carbonate, 2c, (entries 1-3, Table 5.3). With K,CO;
and CsF/aAl,O3 as catalysts conversions of 2 and selectivities to 2c were 96-97% and
83-89%, achieved after 74 h or 18 h, respectively (entries 1 and 3, Table 5.3). An
experiment to improve selectivity using CsF/aAl,O3; was conducted at lower temperature
(70 °C, entry 6, Table 5.3). In this case, notwithstanding a longer reaction time (119 h vs
18 h @ 90 °C), the selectivity to product 2c increased up to 94% (by GC-MS). The product

2c could be isolated with yields up to 72%.

Different behaviour was observed in the case of [Pggsi1][CH3OCOQ]. Initially, the
conversion to 2c reached a maximum of 74% at 49 h, and then dropped to 67% after 150 h

due to the formation of 2d that increased from 16% to 26%, as shown in Figure 5.4.

100 4

80!

604 \ /

%
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20‘1’ LI f_‘\""."f_‘i'—i
LD0= -

Time/h

Figure 5.4 Plot of the conversion of 2 (m), and formation of 2c (V¥), 2d (o), and
unidentified by-products (©) at 90 °C in the presence of [Pggs1][CH3OCOOQ]. Broken lines

as visual guide only.
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In the presence of NaY and NaX (entries 4-5, Table 5.3), low conversions (14 and
53% respectively) were obtained even after extended reaction times. The
transesterification compound, 2c, was again the major product of the reaction catalysed by
NaY. In contrast, in the presence of NaX methylation occurred predominantly on the
aromatic OH group to form 2a, while low conversion to the transesterification products 2c

and 2d was observed after longer reaction times.

The investigation was then performed at 165-180 °C, conditions as per above. In
addition to 2a, 2c and 2d, methyl ethers 2b and 2e were also observed (Scheme 5.4). The

results are listed in Table 5.4.

At 165 °C, in the presence of K,CO3; and [Psgs1][CH30COO], conversion was
similar to that at 90 °C (again, bearing in mind the different reaction times); however, the
product distributions were remarkably different: the selectivity towards 2c dropped
because of the formation of 2d. The ratio 2c:2d was in the range of 1.5-1.8 (entries 1 and
2, Table 5.4). It should be noted that product 2d had not been previously reported in the

literature.

With NaY and NaX as catalysts two distinct product distributions were observed.
NaY yielded 2c both at 165 °C and at 180 °C, with 48% and 80% conversion and with
selectivities of 77% and 76%, respectively. On the other hand, NaX achieved 100%
conversion with 2d the major product both at 165 and 180 °C. The fully methylated
product 2e, was also present with yields of 10-12% after 3 h. To shed light on the reaction
pathway of 2 with DMC in the presence of NaX at 180 °C, a preliminary kinetic profile
was collected (Figure 5.5), with samples taken at different reaction times between 10 min

and 5 h.
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The profile of Figure 5.5 indicated that: i) the proportion of product 2a reached a
maximum of 50% in 30 min, and then dropped to less than 1% within 4 h; ii) similarly, the
proportion of product 2c went up to a maximum of 12% in 1 h, and then decreased as the
reaction proceeded further; iii) the proportion of product 2d reached 80% after 120 min,
and remained steady for the next 3 hours; iv) the proportion of product 2b remained low,
reaching a maximum of 3% within 3 h and then decreasing as the reaction proceeded; and

v) the proportion of product 2e increased with time, and reached a selectivity of 16%
in5h.
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Figure 5.5 Plot of the conversion of 2 (m) and formation of 2a (e), 2b (A), 2c (V), 2d (¢),

2e (%), and unidentified by-products (+) at 180 °C in the presence of NaX. Broken lines as
visual guide only.

Although the concentration of 2d appeared to plateau, as shown in Figure 5.5, an
additional experiment was performed to determine whether 2d could react further to give
2e via an in-situ decarboxylation, by analogy to the conversion of 1a to 1b. The reaction

was performed at 180 °C for 3 h. Pure 2d was used as a starting material, NaX as a
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catalyst, and DME as a solvent in place of DMC. However, in this case 2e was not formed
(Scheme 5.5). Instead, 2a was obtained as the major product. When an identical reaction

was performed with NaX replaced with NaY, no conversion was attained at all.

0
)J\ NaX, NaY O/
J©/\/\o 0”7 + DME —>
o ~N
\O 2d 180 °C O 2
Scheme 5.5

5.3 Discussion

5.3.1 Effect of the different catalysts at 90 °C: selective formation of the carbonates

la and 2c by transesterification.

The five catalysts tested at 90 °C showed that the reactivity of 1 and 2 with DMC followed
trends that could be rationalised based on the previous knowledge of base-catalysed
reactions of DMC with hydroxyl-containing substrates. In particular, basic catalysts such
as KyCOs, CsF/aAl;O3, and [Pgss1][CH3;OCOO] at this lower temperature, prompted a
selective equilibrium reaction of 1 and 2 to yield the transesterification products at the
aliphatic OH: la and 2c. Selectivity towards the transesterification product 2c with
CsF/aAl,O3 could be improved by lowering the temperature and increasing reaction times.
This was consistent with previous investigations of reactions of dialkyl carbonates with
alcohols in the presence of basic catalysts.?*?® The aromatic hydroxyl group of 2 remained
relatively inert, except with [Pggs1][CH30COO]. In this case, after reaching a maximum of
74% selectivity towards 2c, the reaction progressed further in favour of the product 2d

showing that this catalyst promoted the methylation of the phenolic OH. This higher
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reactivity of [Pggs1][CH3OCOQ] for methylation on the phenolic OH occurred
notwithstanding the lower catalyst loadings (5% mol), compared to the other solid
catalysts used in up to 3 weight excess over the substrate. This behaviour was in analogy to
our recently reported results on the IL-catalysed transesterification of alcohols with
dialkylcarbonates.* No attempts were made here to recycle K,COs, as this is an already

established option.’

The NaX and NaY solid zeolite catalysts are also basic, but less so than K;COs,
CsF/aAl,O3 and [Pggs1][CH30COO], and this probably accounts for the observation that at
90 °C no conversion was observed in 24 h for the reaction of DMC with 1, and that low
conversion was observed for the reaction with 2 after extended reaction periods. Albeit
with low conversion, in the presence of NaX, 2a was formed, followed by a separate
transesterification step to form 2c. This result was opposite to that observed previously by
us in the reaction of DMC with hydroxybenzyl alcohols catalysed by X and Y-faujasites.'®
In that case, the benzyl OH group was more prone to methylation than the aromatic OH
one. When the reaction of 2 in the presence of NaX at 90 °C was allowed to proceed
further, 2d was also observed. While selectivity in this case was low, these results were in

agreement with the mechanistic study undertaken at 180 °C, as described below.

In the presence of NaY at 90 °C, only 2c was observed at low conversion

indicating preferential reaction at the aliphatic OH.

5.3.2 Effect of temperature on catalysis by K,CO3 and [Pggs:][CH30COO].
For the reaction of DMC with cinnamyl alcohol, 1, there was no benefit with increasing
the temperature from 90 °C to 165 °C. While conversion increased in the presence of

K,CO3 despite the shorter reaction time (entry 1, Table 5.1 and entry 1, Table 5.2),
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selectivity to the transesterification product 1a decreased with temperature in favour of the
methyl derivative 1b and of compound 1c. This selectivity was in agreement with the
occurrence of a decarboxylation process as reported for high temperature reactions of
dialkyl carbonates over faujasite catalysts (see also the next paragraph).”> Conversion
decreased in the presence of [Pggsi][CH3;OCOOQO] (entry 2, Table 5.1 and entry 2,

Table 5.2).

In the reaction of DMC with 2, there was negligible change in conversion between
90 and 165 °C (although the reactions were performed over different reaction times);
however, the selectivity dropped from the sole transesterification reaction product 2c at
90 °C, to a mixture of 2c and 2d at 165 °C, the latter deriving from O-methylation
competing with transesterification at the higher temperature (entries 1 and 2, Table 5.3 and
entries 1 and 2, Table 5.4). Hardly any conversion to the products 2a, 2b, and 2e was

observed after 3 h.

5.3.3 Effect of the type of zeolite on the reaction of DMC with cinnamyl alcohol 1 at
165-180 °C: selective formation of the methyl ether 1b.

The data reported in Table 5.2 suggest that NaX and NaY exhibit different activities for
the reaction of DMC with 1. Although both zeolites have the same framework, their Si/Al
ratio is 1.2 and 2.4 for X and Y zeolites, respectively."" This difference results in a higher
abundance of active sites and a higher basicity of NaX compared to NaY, and in our case,

the greater abundance of sites may be directly correlated to the higher conversion achieved

with NaX.

Vil For morphological details and other properties of NaY and NaX faujasites, see (a) F. Schwochow and L.
Puppe, Angew. Chem., Int. Ed. Engl., 1975, 14, 620; (b) G. C. Bond, in Heterogeneous Catalysis Principles
and Applications, Oxford University Press, New York, USA, 2" edn, 1987, pp. 104-110; and ref. 27.
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As for the selectivity, it also appears to be dependent on the nature of the site: the
less basic sites in NaY favour formation of 1b, while the stronger basic sites of NaxX
favour la. The product 1c is also formed preferentially with the more basic NaX catalyst.
The result is consistent with the position of NaX in the acid-base scale proposed by

Barthomeuf for faujasites,?” %

and with our previous findings on the reactivity of indolyl
carboxylic acids with DMC in the presence of zeolites.!” Plausible reaction pathways that

account for the formation of 1a, 1b, and 1c are shown in Scheme 5.6.

a
b
e m b N CHs
H\ /H —_—
1b

a\
-CO,
_CH
o) o s
Q/WSJ\AO’C% CocH, ©)\/
1a 1c
Scheme 5.6

Formation of 1a can occur only by a carboxymethylation pathway (a). The methyl
ether 1b, instead, can be formed either by direct methylation of 1 (path b), or by

decarboxylation of la.

The lack of la at incomplete conversion in the presence of NaY suggested that

pathway (b) in Scheme 5.6 could be favoured over pathway (a).

The product 1c could be formed from l1a by an allyl rearrangement catalysed by

methoxide, followed by decarboxylation as indicated in Scheme 5.6. Indirect evidence for
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this hypothesis was collected by heating 1a under the same experimental conditions, but in
the absence of DMC as source of methanol, and observing 1b as the sole product. The lack
of 1c indicated that it was formed only when DMC was present and able to generate
methoxide. As 1a is required for the formation of 1c, this explanation could also account
for the lack of conversion to 1c in the presence of NaY compared to NaX. We considered
it was unnecessary to run a full kinetic profile of the reaction of 1 in the presence of zeolite
NaX as this pathway is less complex than the one that applies for 2 (see later), making

identification of the intermediates easier.

5.3.4 Recycling Experiments of NaY at 165 °C

Figure 5.3 clearly shows that NaY can be reused for the reaction with 1 with no loss in
activity after re-calcination at 400 °C in dry air, or with some loss in conversion after mild
thermal treatment (70 °C, under vacuum). Recyclability is desirable as the catalyst is used
in quite high amounts (although it is conceivable that the weight ratio could be dropped
from Q = 3 to Q = 1.518). Nonetheless, the drop in conversion in the recycling runs 1, 2,
and 4 (Figure 5.3) could be explained by the absorption of water by the zeolite, which
could occur during the handling of the catalyst between runs (water is not efficiently
removed during the mild thermal treatment), causing hydrolysis of the cinnamyl methyl
carbonate intermediate 1a, back to the starting cinnamyl alcohol. This is consistent with
the restoration of the catalytic activity (Runs 3 and 5, Figure 5.3) after the used zeolite was
re-calcined (400 °C, ramp rate 5 °C min™), although some fouling by organic compounds
cannot be ruled out. This hydration/fouling of the zeolite could also account for the poorer
selectivity after each recycle, particularly as the water could promote other reactions such

as hydrolysis. The formation of coke from the initial fouling components could in principle
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cause loss of activity after recycle runs, and the subsequent improvement in activity after
calcination is also consistent with the removal of any coke. Nonetheless, the zeolite
remained white throughout the experiments and the reaction solutions were clear and
colourless. Thus, although the formation of undetectable white coke on the catalyst®®
cannot be ruled out, we deem it unlikely that any was formed in the present case. It is
interesting to note that the selectivity towards products 1a and 1c was otherwise relatively

unchanged between the recycling/regeneration runs.

5.3.5 The reaction pathway of 2 in the presence of NaX: formation of carbonate 2d.

Based on the results reported in Table 5.3 and Table 5.4, and Figure 5.5, the sequence for
the reaction of DMC with 2 in the presence of NaX could involve three different pathways
with two final products, as shown in Scheme 5.7. Methylation could occur first on the
phenolic OH, forming 2a, followed by transesterification at the aliphatic OH to form 2d.
At the same time, transesterification could occur on the aliphatic OH to form 2c, which
then undergoes methylation at the phenolic OH to also form 2d. These pathways are
consistent with the results obtained in the presence of NaX at 90 °C. Simultaneously, at the
higher temperature, 2b could be formed from the methylation of the aliphatic OH, and then

undergo methylation at the phenolic OH to form 2e as the final product.
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Scheme 5.7

5.3.6 The Formation of 2e

In contrast with the observed formation of 1b from the in-situ decarboxylation of 1a with
NaY (Scheme 5.3), the reaction of 2d with NaX using DME as solvent (Scheme 5.5)
indicates that an in-situ decarboxylation of 2d (or indeed of 2c) does not occur. The data of
Table 5.2 show that at e.g. 165 °C (compare entries 3-4) NaY is less active than NaX, but
shows a much greater selectivity towards the decarboxylation of 1a to yield 1b. Likewise,
in the reaction of 2 (Table 5.4), NaY is also less active than NaX. The lower basicity of
NaY as compared to NaX originates from a higher Si:Al ratio. This means that fewer
active sites are present and that these active sites will be able to interact more strongly with
the various electron-rich species during the reaction. Both of these phenomena might lead
to lower conversions. The difference in selectivity, however, is most likely due to the less
basic sites as they promote decarboxylation over hydrolysis. In the case of 2b this is even

more extreme due to the additional electron-donating methoxy group, which further
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strengthens the interactions of the substrates with the zeolite, leading to complete

deactivation with NaY.

5.4  Experimental”"

5.41 General

The following reagents were used as received: 4-(3-hydroxypropyl)phenol, 2, dimethyl
carbonate (DMC), potassium carbonate (K,COs), diethyl ether, and petroleum ether (all
Aldrich). Cinnamyl alcohol, 1 (Sigma), was purified by vacuum distillation.
Dimethoxyethane (DME, Aldrich) was dried by distillation over sodium and stored under
nitrogen. The zeolites NaX and NaY (both Aldrich) were calcined at 400 °C (ramp rate
5°C min) under dry air for 8-14 h immediately before use. [Pgss:][CHsOCOQ] was
prepared according to a method recently reported by us.™® CsF/aAl,O; was also prepared

according to the literature.?®

MS (El, 70 eV) analyses were run using a HP5/MS capillary column (30 m).
'H NMR spectra were recorded on a 300 MHz spectrometer. *C NMR spectra were
recorded on a 100 MHz spectrometer. CDCI3; was used as solvent. Chemical shifts were

reported in ¢ values downfield from TMS.

5.4.2 General Procedure for Reactions Carried Out in Glassware

A two-necked, 50 mL round bottom glass Quickfit flask, was fitted with a Sura-Seal

stopper and condenser, and equipped with a magnetic stirrer. The substrate (cinnamyl

Vil I NMR and MS spectra of all reported compounds and *C NMR spectra of new compounds can be
found in the Supplementary Information contained in Appendix D.
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alcohol, 1, or 4-(3-hydroxypropyl)phenol, 2, 1.9 mmol), and dimethyl carbonate (0.36 mol,
30 mL) were added to the flask. The mixture was allowed to stir at RT for ~5 min and a
sample was taken (~0.1mL). The catalyst (K,COs, CsF/aAl,O3, NaX, NaY or
[Pssgs1][CH3OCOOQ]) [the weight ratio (Q) of solid catalyst : substrate was 3:1; the molar
ratio [Pgsss1][CH3OCOQ] : substrate was 0.05:1]) was then added, and the reaction run at
90 °C with stirring at 800 rpm. Samples (~0.1 mL) were taken at regular intervals using a
syringe through one arm of the reactor. All samples taken from the reactor were diluted
with diethyl ether, either centrifuged to remove the solid catalyst (K,COs3, CsF/aAl,Os3,
NaX, NaY) or passed over silica gel F60 to remove the ionic liquid catalyst
([Psss1][CH30OCOQ]), and the progress of the reaction was followed by GC-MS. The
reaction was generally run until equilibrium was established (5.5-119 h), as determined by

GC-MS.

5.4.3 General Procedure for Reactions Carried out in an Autoclave

A stainless-steel autoclave (120 mL internal volume) was charged with the substrate
(cinnamyl alcohol, 1, or 4-(3-hydroxypropyl)phenol, 2, 1.9 mmol), dimethyl carbonate
(0.36 mol, 30 mL) and the catalyst (K COs, [Psgs1][CH3;0COQ], NaX and NaY) [the
weight ratio (Q) of solid catalyst : substrate was 3:1; the molar ratio [Pggs:][CH3OCOQ] :
substrate was 0.05:1]). Before the reaction, the autoclave was purged at RT with N, to
remove air. The autoclave was then electrically heated to the desired temperature
(165-180 °C), with the reaction mixture kept under magnetic stirring throughout the
reaction. After 3 h, the autoclave was cooled to RT, purged to remove CO,, and opened. A
sample of the reaction mixture (~0.1 mL) was taken, diluted with diethyl ether, either

centrifuged to remove the solid catalyst (K,CO3, NaX, NaY) or passed over silica gel F60
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to remove the ionic liquid catalyst ([Psss1][CH3OCOOQ]), and the progress of the reaction

was followed by GC-MS.

5.4.4 Reaction Carried Out in an Autoclave with Sampling

A stainless-steel autoclave (240 mL internal volume), fitted with a Swagelok tap for
sampling, was charged with the substrate (4-(3-hydroxypropyl)phenol, 2, 3.8 mmol),
dimethyl carbonate (0.72 mol, 60 mL) and NaX [the weight ratio (Q) of zeolite : substrate
was 3:1]. Before the reaction, the autoclave was purged at RT with N, to remove air. The
autoclave was then electrically heated to 180 °C, with the reaction mixture kept under
magnetic stirring throughout the reaction. Samples (~0.3 mL) were taken by opening the
Swagelok tap at 10, 20, 30, 60, 90, 120, 180, 240, and 300 min. All samples taken from the
reactor were diluted with diethyl ether, the solid catalyst removed by centrifugation, and
the progress of the reaction was analysed by GC-MS. After 5 h, the autoclave was cooled

to RT, purged to remove CO,, and opened.

5.4.5 Recycling of NaY

A series of recycling experiments was carried out for NaY for the reaction of DMC with
cinnamyl alcohol 1. Once the experiment of entry 3 in Table 5.2 was completed, the solid
NaY zeolite was removed by filtration, washed with diethyl ether, and dried at 70 °C under
vacuum overnight. The recovered NaY was then used in a subsequent reaction under
identical conditions. The recovery/reaction cycle was repeated once more. After the second
recycle, the solid NaY was re-calcined at 400 °C (ramp rate 5 °C min™) for 12 h, and used
for a subsequent reaction. The recovery/reaction was then repeated another time, followed

by another re-calcination and final re-use of the catalyst.
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5.4.6 The isolation and characterisation of products obtained from cinnamyl

alcohol, 1, using solid catalysts.

Cinnamyl methyl carbonate, 1la, was isolated and purified by flash column
chromatography on silica gel F60 (eluent: petroleum ether / diethyl ether in 50:50 v/v), and

characterised by GC-MS and *H NMR.

5.4.7 The isolation and characterisation of products obtained from 4-(3-

hydroxypropyl)phenol, 2.

3-(4-Hydroxyphenyl)propyl methyl carbonate 2c was isolated and purified by flash
column chromatography on silica gel F60 (eluent: petroleum ether / diethyl ether in
50:50 v/v). 4-(3-Methoxypropyl)phenol, 2b, was isolated and purified by flash column
chromatography on silica gel F60 (eluent: petroleum ether / diethyl ether in 30:70 v/v).
3-(4-Methoxyphenyl)-1-propanol, 2a, 3-(4-methoxyphenyl)propyl methyl carbonate, 2d,
and 1-methoxy-4-(3-methoxypropyl)benzene, 2e, were isolated and purified by flash
column chromatography on silica gel F60 (gradient dilution, eluent: petroleum ether /
diethyl ether in 30:70-50:50 v/v). All products were characterised by GC-MS and
'H NMR. The new product, 3-(4-methoxyphenyl)propyl methyl carbonate, 2d, and the
product for which there was no previously reported NMR data in the literature,

4-(3-methoxypropyl)phenol, 2b, were also characterised by *C NMR.

5.5 Conclusions

In order to establish synthetic procedures to upgrade phenolic streams derived from lignin

processing, the easily accessible catalysts K,CO3, CsF/aAl,03, NaX, NaY and an ionic
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liquid (IL) [Psss1][CH30COOQ] were studied for the methylation and transesterification of
cinnamyl alcohol 1, and 4-(3-hydroxypropyl)phenol 2, selected as functional model
compounds of p-coumaryl alcohol. The results indicated that a straightforward, efficient
and selective catalytic upgrading was possible with DMC as solvent/reagent, and that
derivatives with largely different chemical properties compared to the starting molecules
(e.g. polarity, hydrogen-bonding ability, etc.) can be obtained, making them potentially

interesting in their own right.

The basic catalysts K;COs, CsF/aAl;03, and [Psss1][CH30COO] vyielded the
aliphatic carbonates la and 2c at 90 °C, by transesterification, with high conversions

(>90%) and selectivity (>80%).

The corresponding methyl ethers were instead accessible at higher temperature in
the presence of faujasites NaY or NaX as catalysts. For example, cinnamyl methyl ether

1b, was formed with 100% conversion and 91% selectivity from 1 with NaY at 180 °C.

The zeolites displayed different reactivity for 1 and 2. With cinnamyl alcohol 1, the
more basic NaX favoured reaction at the carbonyl carbon of DMC forming the methyl
carbonate intermediate 1a, followed by in-situ decarboxylation to the methyl ether 1b.
Instead, NaY promoted direct reaction towards 1b, presumably because DMC reacts more
favourably at the methyl carbon without passing through the methyl carbonate

intermediate.

With 4-(3-hydroxypropyl)phenol 2, NaX was also more active than NaY as
catalyst. Two separate reaction sequences occurred: the fully methylated product 2e was
formed through the direct methylation of both the aliphatic and aromatic hydroxyls, while
transesterification of the aliphatic hydroxyl and aromatic OH methylation with DMC

yielded 2d.
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Several green aspects can be recognised: i) DMC is non-toxic and used both as a
reagent and solvent; ii) NaY and NaX are safe catalysts that can be recovered, reactivated,
and re-used, without any loss of conversion or selectivity; iii) methanol and CO; are the
only by-products, and can be recycled to form DMC and iv) the model compounds

themselves are an inherently renewable, environmentally friendly feedstock.
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Chapter 6

6.1 Introduction

Dimethyl carbonate (DMC) has been identified as a green substitute to replace toxic
solvents and reagents.”>™ Indeed, DMC is one of six organic carbonates that has been
identified as an especially useful green solvent, and its solvation properties have recently
been reviewed by Bérner et al.* Furthermore, as a reagent, DMC is a good alternative to
traditional methylating agents such as potentially harmful dimethyl sulfate and methyl
halides.? In many of these reactions, DMC not only acts as a methylating agent, but also
serves as solvent. Alkylation reactions involving g DMC are typically performed at

temperatures greater than 433 K.

Vapour pressure is an important thermodynamic parameter and is crucial in the
design and operation of high temperature reactions. However, there are few experimental
vapour pressure data in the literature for DMC, and where the data do exist, they are
reported only over a narrow temperature range.> For example, the widest temperature
ranges that contain a significant amount of data are reported by Jiang and Zhang at T =
(288 to 371) K,° Steele et al. at T = (311 to 397) K,* " Rodriguez et al. at T = (326 to
411) K2 and Kozlova et al. at T = (275 to 304) K.° Remarkably, there is no data reported
above T = 428 K. With the increasing use of DMC, there is a need for isochoric data, to
guide the planning of experiments. Although theoretical predictions are published, they do
not cover the temperature range relevant to the practical chemist. Furthermore, whether or
not DMC decomposition takes place needs to be established, as such thermally induced
decomposition would give rise to pressures that significantly deviated from those

calculated from literature extrapolations.

In the present work, the vapour pressure for DMC was determined in a batch

reactor for the temperature range of T = (295.75 to 513.15) K. As highlighted in Figure 6.1

* References for Chapter 6 begin on page 165.
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and Figure 6.2 (see below), this temperature range encompasses temperatures significantly
higher than those previously reported in the literature. These batch conditions were chosen
because we Dbelieve that it is imperative that vapour pressure data, obtained using
experimental conditions analogous to those under which DMC is commonly used, are
available in the literature. Significantly, the results showed that DMC did not decompose
within this temperature range. In addition, the vapour pressure data were fitted to the
Clausius—Clapeyron equation, and, as a test of the validity of this fit and of the stability of
the DMC over the temperature range, the enthalpy of vaporisation (AHvap/kJ-moI'l) was

determined and compared with the literature data available.

6.2 Materials and Methods

Chemicals. Dimethyl carbonate (DMC, Aldrich) and nitrogen (BOC) were used as

received (Table 6.1).

Table 6.1 Sample Information

Chemical Source Initial Mole Purification Final Mole Analysis
Name Fraction Method Fraction Method
Purity Purity
dimethyl Aldrich 0.99 none - -
carbonate
nitrogen BOC >0.9999 none - -

Apparatus and Procedure. A batch reactor (245 mL internal volume, Parr Instrument

Company, modified with the inclusion of a second external thermocouple) was charged
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with DMC (60 mL, 64.2 g, 0.71 mol). The reactor was purged with N, and pressurised to
676 kPa with N,. The reactor was heated stepwise in integral control mode under
continuous stirring, holding the temperature at each of the chosen set-points (below) for
10 min, to allow for equilibration. The heating steps were: 295.75 K — hold — 353.15 K —
hold — 413.15 K — hold — 433.15 K — hold — 453.15 K — hold — 493.15 K — hold —
503.15 K - hold — 513.15 K — hold. The reactor pressure was recorded approximately

every 10 min. The measurement series was performed twice and the data sets combined.

6.3 Results and Discussion

The experimental total pressures, calculated N, pressures, and calculated DMC pressures,
at T=(295.75 to 513.15) K, are reported in Table 6.2. After correcting for the partial
pressure of N, by assuming N, to behave as an ideal gas, three negative vapour pressure
values were obtained for DMC between T = (351.95 and 355.85) K, these are clearly not
physically meaningful and indicate the error at these temperatures, where the vapour
pressure of DMC is very low. These values were omitted in subsequent analysis. The

vapour pressure of DMC as a function of temperature is also shown in Figure 6.1.
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Table 6.2 Vapour Pressure for Dimethyl Carbonate®

Texp / K P/ kPa

DMC, calc N,, calc tot, exptl
295.75 2.70 672.99 675.69
320.25° 19.34 728.74 748.08
350.75 29.23 798.14 827.37
351.95 -1.08° 800.87 799.79
353.15 -10.70° 803.60 792.90
353.55 29.75 804.51 834.27
355.85 -16.85° 809.75 792.90
375.25 14.85 853.89 868.74
383.05 66.05 871.64 937.69
393.15 36.17 894.62 930.79
405.85 76.22 923.52 999.74
406.85 170.47 925.80 1096.27
407.75° 185.67 927.84 1113.51
407.85 99.25 928.07 1027.32
409.95 204.78 932.85 1137.63
413.15 121.66 940.13 1061.79
413.95 209.47 941.95 1151.42
417.45 153.24 949.92 1103.16
430.25 262.01 979.04 1241.06
430.95 177.68 980.64 1158.32
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433.15 234.73 985.64 1220.37
433.75 240.26 987.01 1227.27
448.85 371.37 1021.37 1392.74
449.05 329.55 1021.82 1351.37
450.55 381.29 1025.24 1406.53
451.15 304.09 1026.60 1330.69
453.15 375.38 1031.15 1406.53
473.15 653.92 1076.66 1730.58
486.45 823.60 1106.93 1930.53
488.45 825.95 1111.48 1937.43
491.75 990.81 1118.99 2109.80
493.15 1015.20 1122.17 2137.37
506.45 1288.30 1152.44 2440.74
512.55 1626.06 1166.32 2792.38
513.05 1611.13 1167.46 2778.59
513.15 1645.38 1167.69 2813.06
513.55 1609.99 1168.60 2778.59

8 The vapour pressure of DMC was calculated from the total reactor pressure measured, and the
vapour pressure of N, (calculated using the ideal gas law), following Dalton’s Law of partial
pressures: Pt = Pomc + Pre- b Negative vapour pressures were calculated for these temperatures.
These values were omitted in subsequent analysis. © Two measurements were taken at these
temperatures. Consequently, the values reported for the prr expr at these temperatures are an
average. Standard uncertainties (2c) are 48.76 and 9.74 for the py: at 320.25 K and 407.75 K,

respectively.
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Figure 6.1 Vapour pressure of DMC as a function of temperature, combining data sets
from the two measurements. Raw data shown as open and closed circles, solid line
obtained from fit to Equation 6.1 and Figure 6.2, see text. The red fill indicates the raw

data obtained in a temperature range previously unreported in the literature.

The data were fitted to the integrated form of the Clausius—Clapeyron equation

(Equation 6.1):

where P is the vapour pressure in kPa, T is the absolute temperature in Kelvin, AHyqp IS the
enthalpy of vaporisation in kJ-mol™, R is the gas constant (= 8.314 J-mol™-K™), and C is a

constant.

The linear fit in Figure 6.1 was obtained by translating the fit from Figure 6.2 onto
the original data. Equation 6.1 assumes that the enthalpy of vaporisation is constant across
the entire temperature range. Furthermore, DMC is assumed to behave as an ideal gas.
These assumptions are valid except at high pressures, which could account for the

deviation of the fit (Figure 6.1). As shown in the plot of In(P/kPa) vs
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10°T/K™ (Figure 6.2), a straight line could be fitted with an R-Square value of 0.91. This

linear fit suggests that, under these conditions, the DMC is stable.

8
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Figure 6.2 Graph of In(P/kPa) versus 10°T/K™, combining data sets from the two
measurements. Raw data shown as open and closed circles, fitted data using Equation 6.1,
see above, shown as solid line. The red fill indicates the raw data obtained in a temperature

range previously unreported in the literature.

To verify the reliability of the measurements obtained in this work, and the
appropriateness of assuming that the Clausius—Clapeyron relationship applies in this
system, the enthalpy of vaporisation over the experimental temperature range was
calculated from the value of the slope obtained from the plot in Figure 6.2. The
experimental value of (36.6 + 3.4) kJ-mol™ (26 error) for the enthalpy of vaporisation
determined from our data is in excellent agreement with the literature values reported by
Steele et al. and Walker, of 37.7 kJ-mol™ at 298.15 K and 37.3 kJ-mol™ at 293.15 K,

respectively.® *°
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Thus, as the data fit the Clausius—Clapeyron equation, as confirmed by the value
obtained for the enthalpy of vaporisation, we have shown that DMC is stable under these
reaction conditions and that the behaviour of DMC is predictable. Although the data are
not strictly obtained under complete equilibrium conditions, the system was left to
equilibrate for intervals consistent with synthetic practice, rather than with the
thermodynamically limiting case. The excellent fit with theory suggests the approximation
to equilibrium conditions is good, and the data provide an empirical guide for the planning

and assessment of reactions in DMC over an extended temperature range.

6.4 Conclusions

In this work, we report the vapour pressures of DMC over a large temperature range (T =
(295.75 to 513.15) K) determined in a batch reactor under an inert atmosphere. The
experimental data encompass a significantly wider temperature range than previously
reported in the literature. From the DMC vapour pressures, the enthalpy of vaporisation
was calculated as 36.6 ki-mol™.The comparison of this value with those of the literature
confirmed the reliability of the present study. Finally, it is clear from the data obtained that
DMC does not decompose under the present reaction conditions and that the behaviour of

DMC is predictable.
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Introduction

Catalysts play a central role in chemistry, and
are used in approximately 90% of all
industrial chemical processes (Thomas and
Williams 2005, Armor 2011, Thomas 1994).
In the last 250 years, especially during the 20t
century, catalysts were involved in many
technological developments that contributed
to the lifestyle and standard of living that we
enjoy today. Many of these developments
emerged due to the convenience and
abundance of fossil feedstocks. However,
with global energy demands expected to
double within the next forty years, peak oil
being reached soon or even past, the growing
concerns  surrounding  carbon  dioxide
emissions, and the political instability related
to geographical restrictions of oil reserves,
there is a growing need for greener processing
and to develop alternative resources. Just as
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catalysts played an important role in the 20
century, they are expected to have an ever
more crucial role in the 215 century, as will be
discussed in the subsequent sections.

Historical Perspective

The first use of catalysts can be traced back
approximately 10 000 years, with depictions
of brewing on archacological remains (Adams
2009). Even back then, catalysts had an
important role for humankind! However, it
was not until the 19% century that the concept
of catalysis was understood. Jons Jacob
Berzelius introduced the term catalysis in 1835
before Wilhelm Ostwald provided a scientific
definition in 1895 (Zaera 2012). Over the
next century, catalysts played a significant role
in the development of industrial processes
that have greatly influenced modern society.
Arguably the most important catalytic
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development was the Haber—Bosch process,
which is promoted by iron-based catalysts.
Motivated by the need for fertiliser during the
anticipated Chilean embargo on saltpetre, this
process has had an enormous impact on the
development of modern society. On the one
hand, it was responsible for between 100 and
150 million deaths in the 20 century because
of its role in the production of explosives and
chemical weapons used in armed conflicts
(Erisman et al. 2008). Indeed, the demand
for explosives based upon nitric acid had a
huge impact on the growth of the industrial
production of bulk chemicals during World
War One (Lindstroem and Pettersson 2003).
On the other hand, the Haber—Bosch process
is responsible, through the production of
agricultural fertiliser, for feeding
approximately 48% of the world’s population
in 2008 (Fig. 1) (Erisman et al. 2008). As will
be shown briefly in this section, major
catalytic developments rarely occurred in
isolation.  Rather, they required societal,
political, or environmental motivations as
drivers. Equally important was the
accessibility to raw materials, and in turn, new
technology created new demands.
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Figure 1: Trends in human population and nitrogen use
in the 20" century.  Reprinted by permission from
Macmillan Publishers Lizd: NATURE
GEOSCIENCE. Erisman et al. Nature Geoscience,
1, 10 (2008), copyright 2008.
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Although the first crude oil was drilled in
1859, the main feedstock for chemicals at the
onset of the 20 century was coal, based
mainly on coal liquefaction, distillation of coal
tar, acetylene, and coal gasification (Armor
2011).  As the demands for explosives
diminished, the focus after World War One
moved to synthetic fuels. Among the most
important catalytic developments in this
period was the use of iron and copper
catalysts for the synthesis of hydrocarbons
from cartbon monoxide and hydrogen
(obtained from coal) by Franz Fischer and
Hans Tropsch in 1923. The Fisher—Tropsch
synthesis of fuels is just as relevant today as it
was neatly a century ago. Nonetheless, the
widespread use of crude oil as a feedstock
began when Eugene Houdry developed the
catalytic cracking of petroleum in 1936.
Lewis and Gillian modified the process with
the introduction of fluid catalytic cracking
(FCC) in 1941, and this improvement enabled
the supply of the vast quantities of high-
octane aviation fuel needed to supply the
Allied Forces in World War Two.

With the end of the war, needs again changed
with society, and the automobile market
accelerated in Furope.  The increased
demands  for  gasoline created the
petrochemical industry, as petroleum refining
enabled the production of plastics,
pharmaceuticals, and specialty chemicals.
Crude oil became entrenched as a convenient
and accessible feedstock. The most
important development during this period
was the use of a modified X zeolite catalyst in
the FCC of petroleum, and one of the most
important concepts in zeolite catalysis was the
discovery of shape-selective catalysis in
zeolites (Masters and Maschmeyer 2011).
With these advances, zeolites revolutionised
the catalytic cracking and hydrocracking of
the crude oil feedstocks, dramatically
improving vyield and process efficiencies.
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Indeed, the use of zeolite catalysts is
estimated to save the petroleum industry
10 billion dollars a year (Weitkamp 2000).

As the transportation industry and chemical
processes expanded, research into new
catalysts was required to meet the regulations
regarding vehicle and stationary engine
emissions. Hydrodesulfurisation ~ was
developed in the 1960s for the removal of
sulfur in fuels. In 1974, the first oxidation
catalytic converter for automobiles was
developed, followed by the three-way catalytic
converter in 1978, and the Pd three-way
converter in the 1990s. By 1990, the catalytic
converter had reduced emissions from
hydrocarbons, NOy, and CO from vehicles
by 90% compared to levels in 1965 (Armor
2011).

Although emissions control catalysts are
among the exceptions, the fundamental
studies on catalysts in the 20" century were
mostly focused on achieving high turnover
rates. There is now a growing neced to
develop alternative resources and lower
energy, ‘greener’ processing. Catalysts are
expected to play a huge role as many of the
challenges of the previous century will be
revisited with changing feedstocks, as will be
discussed in the subsequent sections.

Catalysts in the 21* Century

The Need for Green and Sustainable
Processes

The U.S. Energy Information Administration
anticipates that wotldwide energy use will
grow by 56% between 2010 and 2040, which
is equivalent to global energy demand
increasing by approximately 1.5% a year (EIA
2013). More than 85% of this increase occurs
due to the strong economic growth and
expanding populations in developing nations.
However, this rapid increase in energy
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demand is problematic as finite fossil
resources (coal, oil and gas) currently provide
85% of the world’s energy (IPCC 2011). Of
the three, oil is the most concerning, as
wotldwide reserves of oil are sufficient for
only another 55 years (IEA 2012). Indeed, a
recent article in Nazure argues that ‘peak oil’
(the time when global production of oil
reaches a peak before declining) was passed in
around 2005 (Murray and King 2012).
Access to the worldwide oil reserves is also
compromised due to political instability (e.g. in
the Middle East, an area which accounts for
almost 50% of proven oil reserves at the end
of 2012) (BP 2013), causing problems of
energy security to developed countries.
Morteover, the level of carbon dioxide in the
atmosphere has increased by approximately
40% compared to pre-industrial levels, largely
because of the surge in fossil fuel
consumption and land use changes
(Edenhofer et al. 2012). This increased
carbon dioxide has serious consequences for
global warming, with the International Panel
on Climate Change affirming human
influence as “extremely likely” (i.e. 95-100%
probability) to be the dominant cause of
climate change (IPCC 2013).

Green Chemistry and Catalysis

The last thirty years has seen a significant
move towards green chemistry, as it is
recognised that the challenges of sustainability
will be met with new technologies that
provide society with energy and materials in
an environmentally responsible manner
(Anastas and Kirchhoff 2002). The
Brundtland commission defined sustainable
development in 1987 as “Meeting the needs

of the present generation  without
compromising  the ability of future
generations to meet their own needs”

(Brundtland 1987). Four years later, Anastas
defined green chemistry as “the utilisation of
a set of principles that reduces or eliminates
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the use or generation of hazardous substances
in the design, manufacture and application of
chemical products” (Anastas and Warner
1998). These Twelve Principles of Green
Chemistry, listed in Figure 2, are the means to
achieving sustainable development.

The Twelve Principles of Green Chemistry

1. Itis better to prevent waste than to treat or clean up waste
after it is formed.

2. Synthetic methods should be designed to maximize the
incorporation of all the materials used in the process into the
final product.

3. Wherever practicable, synthetic methodologies should be
designed to use and generate substances that possess little or
no toxicity to human health and the environment.

4. Chemical products should be designed to preserve efficacy
of function while reducing toxicity.

5. The use of auxiliary substances (e.g. solvents, separation
agents, etc.) should be made unnecessary wherever possible,
and innocuous when used.

6. Energy requirements should be recognized for their
environmental and economic impacts and should be
minimized. Synthetic methods should be conducted at
ambient temperature and pressure.

7. A raw material of feedstock should be renewable rather than
depleting wherever technically and economically practicable.

8. Unnecessary derivization (blocking group,
protection/deprotection, temporary modification of
physical/chemical processes) should be avoided whenever
possible.

9. Catalytic reagents (as selective as possible) are supetior to
stoichiometric reagents.

10. Chemical products should be designed so that at the end of
their function they do not persist in the environment and
break down into innocuous degradation products.

11. Analytical methodologies need to be further developed to
allow for real-time, in-process monitoring and control prior
to the formation of hazardous substances.

12.Substances and the form of a substance used in a chemical
process should be chosen so as to minimize the potential for
chemical accidents, including releases, explosions, and fires.

Figure 2: The Twelve Principles of Green Chemistry
(Anastas and Warner 1998).

The Twelve Principles comprise of three
main aspects, identified by Sheldon. The first
aspect aims to minimise waste through the
efficient utilisation of raw materials (Sheldon
2014). Waste is defined as any material that is
generated in a process that does not have
realised value and includes the loss of
unutilised energy (Anastas and Eghbali 2010).
With the need to double energy production
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within the next forty years (without increasing
catbon dioxide emissions), the need to
develop more energy efficient processes is
essential. Secondly, avoiding the use of toxic
and/or hazardous substances is important to
circumvent health, safety and environmental
issues. This aspect includes avoiding the use
of solvents, which often account for the
majority of mass wasted in syntheses and
processes (Anastas and Beach 2007). Finally,
the third aspect identified by Sheldon is the
use of renewable biomass feedstocks instead
of non-renewable fossil feedstocks. Biomass
conversion has become an important area of
research due to the need for new technologies
to obtain energy and chemical feedstocks in a
sustainable manner (Huber et al. 2006, Corma
et al. 2007), and it is a major aim of green
chemistry (Anastas and Beach 2007).

The motivations and drivers in the 21+
century have changed. With the need for
alternative resources, catalysts are expected to
play an ever more crucial role in the
technological developments for biomass
conversion, enabling pathways previously
unavailable  in  processing  alternative
feedstocks. Catalysts are also fundamental to
improving the efficiency of reactions by
lowering energy input, by avoiding the need
for stoichiometric quantities of reagents, by
decreasing the use of processing and
separation agents, and by offering greater
product selectivity (Anastas and Eghbali
2010, Anastas et al. 2001). Over the next few
decades, catalytic processes will be developed
to convert biomass to fuels and chemicals,
but no developments will be made that are
not informed by the thinking of green
chemistry and that do not fulfil their role in a
sustainable manner.

Current Challenges in Catalysis

For the remainder of this paper, three
different but related novel applications of
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catalysis to address the challenges of the 21+
century will be discussed. This paper will
focus on biomass as a renewable feedstock
for fuels and chemicals, and the move
towards lower energy, ‘greener’ processing. It
is by no means a comprehensive investigation
of all the challenges facing catalysis, but
comprises of three niche areas of particular
interest to the author. A brief context will be
given highlighting the current challenges in
each area, and an example of how these
problems can be met based on the PhD
research of the author will be provided.

Designing Sulfur Resistant Catalysts for
Biomass Processing

With oil supplies diminishing significantly
over the next few decades, there is an
increasing need to develop liquid transport
fuels from biomass. Due to the chemical,
thermal and functionality differences between
biomass and petroleum feedstocks, new
chemical pathways need to be developed for
biomass processing (Demirbas 2007, Huber
and  Dumesic  2000). The current
technologies for the conversion of biomass
include gasification, pyrolysis, hydrothermal
liquefaction, delignification followed by
saccharification and  fermentation, and
aqueous phase reforming (APR). Many of
these processes involve catalysts, such as
APR, which is a promising technology that
uses supported metal catalysts to convert
biomass-derived ~ feedstocks into either
hydrogen or alkanes (Cortright et al. 2002,
Chheda et al. 2007).

An important challenge in developing
catalysts for biomass conversion, including
APR, is operating the catalysts in the presence
of sulfur in real biomass feedstocks (e.g.,
wood: approx. 56 ppm), due to the presence
of sulfur-containing amino acids and from the
uptake of nutrients in the soil (Robinson et al.
2009). This sulfur is a problem because sulfur

68

is known to poison noble metal catalysts
(Bartholomew et al. 1982, Rodriguez
2006.(Bartholomew et al. 1982, Rodriguez
2006)  Although the sulfur tolerance of
catalysts was widely investigated in the 20%
century, both for the petrochemical and fine
chemical industties (Bartholomew et al. 1982,
Rodriguez and Goodman 1991, Somorjai
1994), there has been little research into
improving the sulfur resistance of catalysts for
with biomass feedstocks. Thus,
developing sulfur resistant catalysts for
biomass processing is one of the catalytic
challenges of the 20™ century that is being
revisited in the 215t century as feedstocks
change from fossil resources to biomass
resources.

use

We have recently designed supported
bimetallic Pt-Ru  catalysts that exhibit
improved sulfur resistance and show

promising potential for APR of model
compounds, using the hydrogenation of
cyclohexane as a screening reaction (Stanley et
al. 2011). Thiophene was used as the model
sulfur source. In all cases, the bimetallic
catalysts achieved higher turnover frequencies
than their monometallic counterparts in both
the absence and presence of the sulfur-
containing species. Indeed, the bimetallic
catalysts remained active even in reactions
having fen times the concentration of sulfur
expected in woody biomass feedstocks,
suggesting the operation of a sulfur/hydrogen

spillover equilibrium.  In contrast, the
monometallic catalysts were completely
poisoned.

Powder X-ray diffraction (XRD) and

extended X-ray absorption fine structure
(EXAFS) experiments were used to probe
changes to the Pt unit cell and Pt/Ru
bonding environments induced by sulfur
poisoning for the bimetallic catalysts (Stanley
et al. 2011, Stanley et al. 2014). The results
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from these investigations are consistent with
increasing concentrations of sulfur-containing
species coordinating to the ruthenium atoms
during sulfur poisoning, leading to a partial
separation of the alloy. However, after
regenerating the poisoned catalysts under
pure hydrogen to remove the sulfur species,
the alloy is reformed, showing that this
process is teversible. Thus, these results are
consistent with an z-utn  self-regeneration
mechanism, which we propose is occurring to
enable the bimetallic catalysts to remain
active. That is, during poisoning the catalyst
partially dealloys, but a sulfur spillover and a
hydrogen spillover take place to regenerate
the catalyst z-situ, and the metals are then re-
alloyed. The catalysts are sulfur-resistant.

Hydrogenation of Aromatics and
Hydrogen Storage

The second catalytic challenge facing the 21
century fits in with the drive towards lower
energy, ‘greenet’ processing. In the previous
century, the focus of fundamental studies was
largely on achieving high turnover rates.
Now, the main drivers for technological
developments have changed, and a greater
focus is on reducing energy requirements.
The hydrogenation of aromatics is an
important reaction both for small-scale
synthesis and for industrial reactions,
including the production of cyclohexane,
which is an important precursor for the
manufacturing of nylon-6,6 (Mevellec et al.
2006, Patk et al. 2005, Roucoux et al. 2003).
These reactions are traditionally carried out
using elevated temperatures and pressures,
which often exceed 100 °C and 50 atm Hp
(Augustine 1995).  Furthermore, aromatic
compounds are responsible for undesired
particle emissions in exhaust gas, leading to a
tightening of fuel legislation (Stanislaus and
Cooper 1994, Cooper and Donnis 1996).
Thus, being able to perform the
hydrogenations under mild conditions is an
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important challenge in terms of energy
efficiency and environmental concerns.

Additionally, the reversible
toluene/methylcyclohexane couple has the
added interest of being a safe and feasible
hydrocarbon combination for the storage of
hydrogen (Alhumaidan et al. 2011). Cyclic
hydrocarbons have a relatively high hydrogen
storage capacity, produce no carbon dioxide
or carcinogenic products, and their volatility
range makes them compatible with existing
infrastructure such as refuelling stations and
oil tankers for the storage and transportation
of the liquid hydrocarbons (Kariya et al. 2002,
Kariya et al. 2003, Hodoshima and Saito
2009, Alhumaidan et al. 2011). Thus, the
cyclic hydrocarbon combinations have a
distinct  advantage over other solid
hydrocarbons for hydrogen storage.

Opver the last ten years, there has been an
increased  focus  on  effecting  the
hydrogenation of toluene wunder mild
conditions, particulatly at room temperature.
However, the catalyst preparations are often
challenging, and the resulting catalysts often
have poor activity and/or poor stability (Park
et al.  2005). Several groups have
demonstrated that metal nanoparticles can
perform the reactions with highly water-
soluble surfactants used to stabilise these
particles in aqueous solution (Schulz et al.
2002, Schulz et al. 1999, Schulz et al. 2000,
Fonseca et al. 2003, Mevellec et al. 2004,
Hubert et al. 20092, Hubert et al. 2009b,
Roucoux et al. 2003), while others have
investigated the use of ionic liquids for
nanoparticle stabilisation (Fonseca et al. 2003,
Scheeren et al. 2003, Silveira et al. 2004, Rossi
and Machado 2009). Further still, a range of
solid supports has been used in an attempt
overcome the problems of stability (Bianchini
et al. 2003, Park et al. 2005, Mevellec et al.
2006, Patk et al. 2007b, Park et al. 2007a,
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Takasaki et al. 2007, Barthe et al. 2009a,
Barthe et al. 2009b, Pan and Wai 2009,
Pélisson et al. 2012, Song et al. 2009, Zhou et
al. 2009, Jahjah et al. 2010, Fang et al. 2011,
Hubert et al. 2011, Zahmakiran et al. 2010).
However, in many cases the reaction and/or
catalyst manipulations required  air-free
conditions and, where special precautions
were not required, elevated hydrogen
pressures were again used.

To overcome these challenges, we have
developed robust bimetallic supported Pt-Ru
catalysts that, remarkably, operate under one
atmosphere to rapidly catalyse the room
temperature hydrogenation of toluene (and
tetralin) at 1atm H> (Stanley et al. 2013a).
Higher turnover frequencies were achieved
with the bimetallic catalysts compared to their
monometallic counterparts, suggesting a
synergistic effect between platinum and
ruthenium. These easily handled, air-stable
catalysts are amongst the most active catalysts
for aromatic hydrogenations under ambient
conditions reported to date.

Green Catalytic Processing of Lignin

Returning to renewable feedstocks, the third
challenge is the need to develop the catalytic
technologies to obtain chemicals from
alternative resources. As already mentioned,
biomass is the only renewable source for
carbon-based materials. Lignin  (which
constitutes approx. 15-30% by weight and
40% by energy content of lignocellulosic
biomass (Perlack et al. 2005)) is particularly
valuable, as its unique structure as an
amorphous, highly substituted, aromatic
polymer makes it the major renewable source
of aromatics (Zakzeski et al. 2010). However,
synthetic approaches for the conversion of
lighin to chemicals are markedly less
developed compared to the cellulosic
components of biomass, partly due to the
recalcitrant nature of lignin that provides
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plants with their strength (Zakzeski et al.
2012). Much effort is currently being devoted
to the development of new technology to
process low value lignin into higher value-
added chemicals.  Although aggressive
depolymerisation of lignin yields chemicals
such as benzene, toluene, and xylene, as well
as phenols and aliphatic hydrocarbons used in
conventional chemical processes, the selective
depolymerisation of lignin could yield
monomeric lignin aromatics which are not
accessible by traditional petrochemical routes.
For example, these monomeric lignin
aromatics could be obtained from the
pretreatment streams of the pulp and paper
industries, which alone produced 50 million
tons of extracted lignin in 2004 (Zakzeski et
al. 2010). Extraordinarily, the vast majority of
this type of lignin is burned as a low value fuel
— only 2% is used commercially (Gosselink et
al. 2004).

Now, analogous to the petroleum refinery, a
biorefinery could use biomass feedstocks to
produce a range of products. As outlined
eatlier, the petroleum refinery developed over
many decades in the 20™ century, as crude oil
emerged as a convenient and readily available
feedstock. It began with only few products,
but as the needs changed with those of
society and new catalytic technology was
developed, it expanded to produce plastics,
pharmaceuticals, and speciality chemicals.
With the growing need to obtain these
products from renewable resources, the
biorefinery is emerging. In the eatly stages,
the biorefinery will need to produce large
volumes of more chemically accessible, lower
value fuels. Later, higher value chemicals
produced in smaller quantities will be required
to offset the costs (Bozell and Petersen 2010).
Finally, it is expected that all components of
biomass will need to be used for a biorefinery
to be economically viable.  Catalysts are
critical to the development of the new
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technology for enabling the conversion of
biomass. The catalytic challenges for
performing the chemical transformations,
which were overcome for crude oil over
many decades in the 20% century in the
petroleum refinery, are being revisited with
biomass-derived feedstocks in the 215 century
in the biorefinery.

Currently, there are two approaches for
converting biomass-detived resources into
higher-value added fuels. The first is a drop-
in strategy, where the biomass feedstocks are
transformed into existing platform chemicals,
to directly replace well-established chemicals
currently produced from fossil feedstocks
(Vennestrom et al. 2011, Dapsens et al. 2012).
The other approach, which we favour, is a
curiosity driven broad-based strategy that
exploits  the existing structure  and
functionality of biomass. In this approach,
renewable platform chemicals based on the
structure of biomass could lead to the
development of new chemistry and, in the
longer term, a plethora of chemical products
with as yet unknown applications (Zakzeski et
al. 2010).

Fundamental to establishing the required
catalytic technology for converting biomass-
derived feedstocks into chemicals is an
understanding of the reactivity trends and
reaction pathways. It has been recognised
that many of the building blocks obtained
from the disruption of lignin into monomeric
aromatics resemble p-coumatyl, coniferyl, and
sinapyl alcohol. We have recently shown that
model compounds based on the p-coumaryl
structure, specifically cinnamyl alcohol and 4-
(3-hydroxypropyl)phenol, can be selectively
transformed into different products by
catalytic methodologies based on dimethyl
catbonate (DMC) as a green solvent/reagent
(Stanley et al. 2013b). This selectivity can be
tuned by varying the reaction temperature
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and the nature of the catalyst. In general,
basic catalysts promote selective
transesterification of the aliphatic hydroxyl
group at 90 °C. On the other hand,
amphoteric solids such as alkali metal-
exchanged faujasites selectivity produce the
corresponding  alkyl ethers at higher
temperatures  (165-180 °C). Phenolic
hydroxyl groups can be similarly methylated
with the faujasites at high temperatures.
Thus, these results indicate that efficient and
selective catalytic upgrading of lignin-detived
chemical building blocks is possible with
DMC, and the preliminary screening for
selectivity illustrates the reactivity trends and
the most promising synthetic pathways.

Conclusions

Catalysts will play a crucial role in the 21
century in moving away from fossil resources.
Although oil will still be the main source of
fuels and chemicals in the eatlier part of this
century, there is a great need to improve our
current processes to make them more energy
efficient. ~ The development of robust
catalysts that perform reactions at lower
temperatures and pressures is one way to
achieve this aim. However, biomass is the
only  sustainable  source of  liquid
transportation fuels and aromatic chemicals,
and the development of new catalytic
technology and chemical pathways for use in
the biorefinery is essential. ~ Nonetheless,
there is no one solution to addressing the
challenges of sustainable development. The
21 century will require a combination of
solar, geothermal, wind, biomass, hydrogen,
and nuclear to meet our energy needs.
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Appendix B

B.1 Models

B.1.1 PtFoll

Based on fcc structure.

N(1) = 12

x(1) = (1/2x3.909)=1.9545
y(1) = (1/2x3.909) = 1.9545
z(1) = 0

N2) = 6

x(2) = 3.909

v2) = 0

z2) =0

N(3) = 24

x(3) = 3.909

v(3) = (1/2x3.909)= 1.9545
z(3) = -(1/2x3.909)=-1.9545
N@4) = 12

x(4) = 3.909

y(4) = 3.909

z4) = 0
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B.1.2 Ru Foil

Based on hcp structure.

N(1) = 12

x(1) = (1/3x2.31)=0.77
y(l) = (2.67/2)=1335
2(1) = (4.27/2)=2.135
N2) = 6

X(2) = (2.31+(1/3x 2.31))=3.08
y2) = 0

z(2) = 2.135

N(3) = 2

Xx(3) = 0

y3) = 0

z(3) = 4.27

N(4) = 18

x(4) = 4.67

y4) = 0

z(4) = O

N(5) = 12

x(5) = (2.67/2)=231
y(5) = (2.67/2)=1.335
2(5) = 4.27

N(e) = 16

x(6) = 4.67

y(6) = 2.67

z6) = O
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B.2 Best-Fit Parameters for Fresh, Poisoned, and Regenerated Samples

B.2.1 Pt;Ru;

Table B.2.1 Best-fit parameters for fresh, poisoned, and regenerated samples of Pt;Rus at

the Pt L-edge.

Pt Ly;-edge
Pt;Rus fresh Pt;Ru; poisoned Pt;Ru; regenerated

R/A N o’ A R/A N o’ A? R/A N o’/ A?
Pt-Pt 2.75 3.1 0.001 Pt-Pt 2.76 38 0.001; Pt-Pt 2.75 24 0.001;
Pt-Pt 3.90 1.7 0.003 Pt-Pt 391 2.8 0.003; Pt-Pt 391 1.5 0.003
Pt-Pt 478 3.0 0.0009  Pt-Pt 4.79 3.8 0.0009;  Pt-Pt 4.77 2.1 0.0009
Pt-Pt 553 0.4 0.001 Pt-Pt 5.54 0.4 0.001; Pt-Pt 553 0.2 0.001;
Pt-Ru 2.70 26 0.002 Pt-Ru 2.70 2.2 0.002; Pt-Ru 2.71 28 0.002;
Pt-Ru 3.79 0.7 0.0009  Pt-Ru 3.79 0.3 0.0009;  Pt-Ru 3.79 0.3 0.0009;
Pt-Ru 470 47 0.007 Pt-Ru 4.70 39 0.007; Pt-Ru 4.70 6.6 0.007
Pt-Ru 5.41 26 0.005 Pt-Ru 5.40 2.2 0.005; Pt-Ru 5.40 28 0.005;
R-factor = 9.67% Chi’=2.41 R-factor = 9.56% Chi?=1.73 R-factor = 13.2% Chi*=5.09
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Table B.2.2 Best-fit parameters for fresh, poisoned, and regenerated samples of Pt;Rus at

the Ru K-edge.

Ru K-edge
Pt;Rus fresh Pt;Rus poisoned Pt;Rus regenerated

R/IA N o’/ A? R/A N o’ A R/A N o’ A?
Ru-Ru 267 8.5 0.003 Ru-Ru  2.67 8.5 0.003; Ru-Ru  2.68 8.5 0.003;
Ru-Ru 279 2.8 0.0007 Ru-Ru 279 24 0.0007 Ru-Ru 379 238 0.0007;
Ru-Ru  4.29 3.1 0.001 Ru-Ru  4.29 26 0.001 Ru-Ru  4.30 23 0.001;
Ru-Ru  4.67 6.2 0.0009  Ru-Ru  4.67 5.6 0.0009; Ru-Ru 467 55 0.0009;
Ru-Ru  5.08 12.2 0.004 Ru-Ru  5.08 12.3 0.004 Ru-Ru  5.08 125 0.004;
Ru-Ru 534 9.4 0.002 Ru-Ru  5.34 8.0 0.002 Ru-Ru  5.33 7.9 0.002;
Ru-Pt 270 0.2 0.001 Ru-Pt 270 0.1 0.001; Ru-Pt 272 0.2 0.001;
R-factor=6.17%  Chi*=1.74 R-factor = 6.59% Chi®=2.09 R-factor = 7.46% Chi’=1.30
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B.2.2 PtisRu;
Table B.2.3 Best-fit parameters for fresh, poisoned, and regenerated samples of Pt; sRu; at

the Pt L|||-edge.

Pt Ly;-edge
Pty sRu, fresh Pt;Rus poisoned Pt;Ru; regenerated

R/A N o’/ A? R/A N o’ A R/A N o’1 A
Pt-Pt 2.76 9.9 0.0008  Pt-Pt 2.76 10.1 0.0008;  Pt-Pt 2.76 76 0.0008;
Pt-Pt 391 49 0.001 Pt-Pt 391 5.1 0.001 Pt-Pt 392 3.6 0.001;
Pt-Pt 4.80 16.6 0.001 Pt-Pt 4.80 17.6 0.001; Pt-Pt 4.80 12.3 0.001;
Pt-Pt 5.53 9.9 0.003 Pt-Pt 5.53 10.4 0.003 Pt-Pt 5.54 76 0.003;
Pt-Ru 272 1.2 0.009 Pt-Ru 2.72 1.0 0.009;
R-factor = 4.96% Chi®=1.45 R-factor = 5.44% Chi?=1.30 R-factor = 7.59% Chi’=4.41
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Table B.2.4 Best-fit parameters for fresh, poisoned, and regenerated samples of Pt; sRu; at

the Ru K-edge.

Ru K-edge
Pty sRu; fresh Pt;Rus poisoned Pt;Ru; regenerated

R/A N o’/ A? R/A N o’ A? R/A N o’/ A?
Ru-Ru  2.68 7.8 0.003 Ru-Ru  2.68 7.8 0.003; Ru-Ru  2.68 5.6 0.003
Ru-Ru  3.79 24 0.0008 Ru-Ru 378 2.3 0.0008; Ru-Ru  3.79 23 0.0008;
Ru-Ru  4.26 0.2 0.001 Ru-Ru  4.24 0.4 0.001; Ru-Ru  4.27 0.7 0.001;
Ru-Ru  4.68 7.0 0.002 Ru-Ru  4.68 7.5 0.002 Ru-Ru  4.68 7.7 0.002;
Ru-Ru  5.05 4.1 0.0008  Ru-Ru  5.05 338 0.0008; Ru-Ru  5.05 48 0.0008;
Ru-Ru  5.34 42 0.0006 Ru-Ru  5.34 4.9 0.0006; Ru-Ru  5.34 47 0.0006;
Ru-Pt 2.72 2.3 0.005 Ru-Pt 272 1.8 0.005; Ru-Pt 2.73 3.1 0.005;
R-factor = 5.84% Chi’=0.64 R-factor = 7.72% Chi?=0.88 R-factor = 7.15% chi’=1.12
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B.3 Lists of Restraints: Pt L,-Edge

B.3.1 PtFaoll

s1>0.001 {0.001}
s2>0.001 {0.001}
s3>0.001 {0.001}

s4 >0.001 {0.001}
s1<0.01{0.001}
s2<0.01{0.001}
s3<0.01{0.001}

s4 <0.01 {0.001}

S02 ~=0.85 {0.2}

EO < -1{0.5}

|(v1-v0)| ~=2.76 {0.01}
|(v2 - vO)| ~=3.91 {0.01}
|(v3 - v0)| ~=4.79 {0.01}

| (v4 - vO)| ~=5.53 {0.01}
s1 ~=s2 {0.015}

s2 ~=s3{0.015}

s3 ~=54{0.015}

|(v2 - v1)| ~=2.765 {0.05}
|(v3-v2)| ~=2.765 {0.05}
| (v4 - v3)| ~=2.765 {0.05}
|(v3-v1)| ~=2.765 {0.05}
| (vl -v4)| ~=2.765 {0.05}
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B.3.2 Pt catalyst

s1>0.001 {0.001}
s2>0.001 {0.001}
s3>0.001 {0.001}

s4 >0.001 {0.001}
s1<0.01{0.001}

s2 <0.01 {0.001}
$s3<0.01{0.001}

s4 <0.01 {0.001}

S02 ~=0.85 {0.2}

EO < -1{0.5}

s1 ~=s2{0.015}

s2 ~=s3 {0.015}

s3 ~=s4{0.015}

|(v2 - v1)| ~=2.765 {0.05}
|(v3 -v2)| ~=2.765 {0.05}
|(v4 - v3)| ~=2.765 {0.05}
|(v3 -v1)| ~=2.765 {0.05}
| (vl -vO0)| ~=2.76 {0.05}
|(v2 - vO)| ~=3.91 {0.05}
|(v3 - v0)| ~=4.79 {0.05}

| (v4 - vO)| ~=5.53 {0.05}

B.3.3 Pt;Ru;catalyst (fresh, poisoned, regenerated)

s1>0.001 {0.001}
s2 >0.001 {0.001}
s3>0.001 {0.001}
s4 >0.001 {0.001}
s1<0.01{0.001}
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s2 <0.01 {0.001}
s3<0.01 {0.001}

s4 < 0.01 {0.001}

S02 ~=0.85 {0.2}

EO < -1{0.5}

|(v1 - vO0)| ~=2.76 {0.01}
|(v2 - v0)| ~=3.91 {0.01}
|(v3 - v0)| ~= 4.79 {0.01}
|(v4 - v0)| ~=5.53 {0.01}
s1~=s2{0.015}

s2 ~=s3{0.015}

s3 ~=s4{0.015}

[(v2 -v1)| ~=2.765 {0.05}
|(v3 - v2)| ~=2.765 {0.05}
|(v4 - v3)| ~=2.765 {0.05}
[(v3-v1)| ~=2.765 {0.05}
[ (vl -v4)| ~=2.765 {0.05}
s5 ~=s1{0.015}
s5>0.001 {0.001}
s5<0.01 {0.001}

|(v6 - v0)| ~=3.79 {0.01}
|(v6 - v5)| ~= 2.7 {0.05}
|(v5 -v0)| ~=2.7 {0.01}
s6 > 0.001 {0.001}

s6 < 0.01 {0.001}

|(v7 - vO)| ~=4.7 {0.01}
|(v7 - v6)| ~= 2.7 {0.05}
[(v7 - v5)| ~= 2.7 {0.05}
s7 >0.001 {0.001}

s7 <0.01 {0.001}

|(v8 - v0)| ~= 5.4 {0.01}
s8 > 0.001 {0.001}

s8 < 0.01 {0.001}

s5 ~=s6 {0.015}
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s6 ~=s7 {0.015}
s7 ~=s8 {0.015}
|(v8 - v7)| ~=2.7 {0.05}
|(v8 - v5)| ~=2.7 {0.05}

B.3.4 Pt;sRu; catalyst (fresh, poisoned, regenerated)

s1>0.001 {0.001}
s2>0.001 {0.001}

s3> 0.001 {0.001}
s4>0.001 {0.001}
s1<0.01{0.001}

s2 < 0.01{0.001}

s3 < 0.01{0.001}

s4 < 0.01{0.001}

502 ~=0.85 {0.2}

EO < -1 {0.5}

|(v1 - vO0)| ~=2.76 {0.01}
|(v2 - v0)| ~=3.91 {0.01}
|(v3 - v0)| ~= 4.79 {0.01}
|(v4 - v0)| ~=5.53 {0.01}
s1~=52{0.015}

s2 ~= 53 {0.015}

s3 ~= 54 {0.015}

|(v2 - v1)| ~=2.765 {0.05}
|(v3 - v2)| ~=2.765 {0.05}
|(v4 - v3)| ~=2.765 {0.05}
|(v3 - v1)| ~=2.765 {0.05}
|(v1 - v4)| ~=2.765 {0.05}
s5 ~= 51 {0.015}
s5>0.001 {0.001}

s5 < 0.01 {0.001}

|(v5 - v0)| ~=2.72 {0.01}
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B.3.5 Pt;Ru;scatalyst

s1>0.001 {0.001}

s2 >0.001 {0.001}

s3> 0.001 {0.001}

s4 > 0.001 {0.001}
s1<0.01 {0.001}

$2 < 0.01 {0.001}

$3 < 0.01 {0.001}

s4 < 0.01 {0.001}

S02 ~=0.85 {0.2}

EO < -1 {0.5}

|(vl-v0)| ~=2.76 {0.01}
[(v2 -v0)| ~=3.91{0.01}
|(v3 - vO)| ~=4.79 {0.01}
|(v4 - v0)| ~=5.53 {0.01}
s1~=s2{0.015}

s2 ~=s3{0.015}

s3 ~=s4{0.015}

|(v2 - v1)| ~=2.765 {0.05}
|(v3 -v2)| ~=2.765 {0.05}
|(v4 - v3)| ~=2.765 {0.05}
|(v3 - v1)| ~=2.765 {0.05}
|(v1 - v4)| ~=2.765 {0.05}
s1 ~=s5{0.015}

|(v5 -v0)| ~=2.7 {0.01}
s5>0.001 {0.001}
s5<0.01 {0.001}
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B.4 List of Restraints: Ru K-Edge

B.4.1 Ru foil

s1>0.001 {0.001}

s2 >0.001 {0.001}
s3>0.001 {0.001}

s4 >0.001 {0.001}
s1<0.01 {0.001}

s2 < 0.01 {0.001}
s3<0.01 {0.001}

s4 < 0.01 {0.001}

S02 ~=0.85 {0.2}

EO < -1{0.5}

s1 ~=s2 {0.015}

s2 ~=s3 {0.015}

s3 ~=s4{0.015}
|(v1-v0)| ~=2.67 {0.05}
|(v2 - v0)| ~=3.78 {0.05}
|(v2 - v1)| ~=2.67 {0.05}
|(v3 -v0)| ~=4.27 {0.05}
|(v3-v1)| ~=2.67 {0.05}
|(v4 - v0)| ~=4.67 {0.05}
|(v4 - v2)| ~=2.67 {0.05}
| (v5 - v0)| ~=5.06 {0.05}
| (v5 - v3)| ~=2.67 {0.05}
| (V5 -v2)| ~=2.67 {0.05}
|(v5 - v1)| ~=2.67 {0.05}
s5>0.001 {0.001}
s5<0.01 {0.001}

s4 ~=s5 {0.015}

|(v6 - vO)| ~=5.33 {0.05}
|(v6 - v4)| ~=2.67 {0.05}
s6 > 0.001 {0.001}
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s6 < 0.01 {0.001}
s6 ~=s5 {0.015}

B.4.2 Ru catalyst

s1>0.001 {0.001}
s2>0.001 {0.001}

s3> 0.001 {0.001}

s4 > 0.001 {0.001}
s1<0.01 {0.001}

s2 < 0.01{0.001}

s3 < 0.01{0.001}

s4 < 0.01 {0.001}

502 ~=0.85 {0.2}

EO < -1 {0.5}
s1~=52{0.015}

52 ~= 53 {0.015}

s3 ~= 54 {0.015}

|(v1 - v0)| ~=2.67 {0.05}
|(v2 - v0)| ~= 3.78 {0.05}
|(v2 - v1)| ~= 2.67 {0.05}
|(v3 - v0)| ~= 4.27 {0.05}
|(v3 - v1)| ~= 2.67 {0.05}
|(v4 - v0)| ~= 4.67 {0.05}
|(v4 - v2)| ~= 2.67 {0.05}
|(v5 - v0)| ~= 5.06 {0.05}
|(v5 - v3)| ~= 2.67 {0.05}
|(v5 - v2)| ~= 2.67 {0.05}
|(v5 - v1)| ~= 2.67 {0.05}
s5>0.001 {0.001}

s5 < 0.01 {0.001}

s4 ~= 55 {0.015}

|(v6 - v0)| ~= 5.33 {0.05}
|(v6 - v4)| ~= 2.67 {0.05}
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s6 > 0.001 {0.001}
s6 < 0.01 {0.001}
s6 ~=s5 {0.015}
N5 < 12 {2}

B.4.3 Pt;Ru;catalyst (fresh, poisoned, regenerated)

s1>0.001 {0.001}

s2 >0.001 {0.001}

s3> 0.001 {0.001}

s4 >0.001 {0.001}
s1<0.01{0.001}

s2 < 0.01 {0.001}

s3 < 0.01 {0.001}

s4 < 0.01 {0.001}

S02 ~=0.85 {0.2}

EO < -1{0.5}
s1~=52{0.015}

s2 ~=53{0.015}

s3 ~=s4{0.015}
|(v1-v0)| ~=2.67 {0.05}
|(v2 - v0)| ~=3.78 {0.05}
[(v2 - v1)| ~=2.67 {0.05}
|(v3 - v0)| ~=4.27 {0.05}
[(v3 - v1)| ~=2.67 {0.05}
|(v4 - v0)| ~= 4.67 {0.05}
|(v4 - v2)| ~=2.67 {0.05}
|(v5 - v0)| ~=5.06 {0.05}
|(v5 - v3)| ~=2.67 {0.05}
|(v5 - v2)| ~=2.67 {0.05}
|(v5 - v1)| ~=2.67 {0.05}
s5 > 0.001 {0.001}

s5 < 0.01 {0.001}

s4 ~=s5 {0.015}
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|(v6 - v0)| ~=5.33 {0.05}
|(v6 - v4)| ~= 2.67 {0.05}

s6 >0.001 {0.001}
s6 < 0.01 {0.001}
s7 >0.001 {0.001}
s7 < 0.01 {0.001}

|(v7 - vO)| ~=2.7 {0.05}

N5 < 12 {2}

B.4.4 Pt sRu; catalyst (fresh, poisoned, regenerated)

s1>0.001 {0.001}
s2>0.001 {0.001}
s3> 0.001 {0.001}
s4>0.001 {0.001}

s1<0.01{0.001}
52 <0.01{0.001}
$3 < 0.01{0.001}
s4 < 0.01 {0.001}
502 ~=0.85 {0.2}
EO < -1{0.5}
s1~=52{0.015}
s2 ~= 53 {0.015}
s3 ~= 54 {0.015}

[(v1 -
[(v2 -
[(v2 -

|(v3
|(v3

| (v5
| (v5
| (v5

v0)| ~=2.67 {0.05}
v0)| ~=3.78 {0.05}
v1)| ~=2.67 {0.05}

-v0)| ~=4.27 {0.05}
-v1)| ~=2.67 {0.05}
[(v4 -
| (v4 -

v0)| ~=4.67 {0.05}
v2)| ~=2.67 {0.05}

-v0)| ~=5.06 {0.05}
-v3)| ~=2.67 {0.05}
-v2)| ~=2.67 {0.05}
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|(v5 -v1)| ~=2.67 {0.05}
s5>0.001 {0.001}

s5 < 0.01 {0.001}

s4 ~=s5 {0.015}

|(v6 - vO)| ~=5.33 {0.05}
|(v6 - v4)| ~=2.67 {0.05}
s6 >0.001 {0.001}

s6 < 0.01 {0.001}

[(v7 -v0)| ~=2.72 {0.01}
s7 >0.001 {0.001}

s7 <0.01 {0.001}

B.4.5 Pt;Ru;scatalyst

s1>0.001 {0.001}
s2>0.001 {0.001}

s3> 0.001 {0.001}
s4>0.001 {0.001}
s1<0.01{0.001}

52 < 0.01 {0.001}

s3 < 0.01 {0.001}

s4 < 0.01 {0.001}

502 ~=0.85 {0.2}

EO < -1{0.5}
s1~=52{0.015}

s2 ~= 53 {0.015}

s3 ~= 54 {0.015}

|(v1 - v0)| ~=2.67 {0.05}
|(v2 - v0)| ~=3.78 {0.05}
|(v2 - v1)| ~= 2.67 {0.05}
|(v3 - v0)| ~= 4.27 {0.05}
|(v3 - v1)| ~= 2.67 {0.05}
|(v4 - v0)| ~= 4.67 {0.05}
|(v4 - v2)| ~= 2.67 {0.05}
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|(v5 - v0)| ~=5.06 {0.05}
|(v5-v3)| ~=2.67 {0.05}
|(v5-v2)| ~=2.67 {0.05}
|(v5-v1)| ~=2.67 {0.05}
s5 > 0.001 {0.001}

s5 < 0.01 {0.001}

s4 ~=s5 {0.015}

|(v6 - v0)| ~= 5.33 {0.05}
|(v6 - v4)| ~=2.67 {0.05}
s6 >0.001 {0.001}

s6 < 0.01 {0.001}

s7 >0.001 {0.001}

s7 <0.01 {0.001}

|(v8 - vO)| ~= 2.7 {0.01}
|(v7 -v0)| ~=2{0.01}

s7 ~=s8 {0.015}

s8 >0.001 {0.001}

s8 < 0.01 {0.001}

|(v - vO)| ~=3.91 {0.01}
s8 ~=59 {0.015}

s9 > 0.001 {0.001}

$9 < 0.01 {0.001}

|(v9 - v0)| ~=3.79 {0.01}
[(v9 -v8)| ~=2.7 {0.05}
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Appendix C

This appendix contains the Supplementary Information of the published paper, Robust
Bimetallic Pt-Ru Catalysts for the Rapid Hydrogenation of Toluene and Tetralin at

Ambient Temperature and Pressure, found in Chapter 4.

Supplementary Information of Stanley, J.N.G.; Heinroth, F.; Weber, C.C.; Masters, A.F;

Maschmeyer, T., Appl. Catal., A 2013, 454, 46-52.



Appendix C

C.1 Areaof a hexagon

A hexagon of side length, a, is made up of six equilateral triangles of sides, a.

a2

The height, h, can be determined from a® = h* + (a/2)®
Soh*=a’-(a/2)* =a*-a’/4 =3a’/4
Then, = (a/2)(N3)

Since the area of a triangle = (1/2)(base)(height)

2
The area of each equilateral triangle = G) (a) (aTﬁ) =1 f
6a*V3 _ 3a?V3
2

So the area of the hexagon =
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C.2 Area of the circles contained in a hexagon — hexagon packing

density

A hexagon of side length, a, has 6 circles of radius, a/2, one at each vertex, and a circle of
radius, a/2, at it’s centre. One third of each circle is within the hexagon (since the angle

subtended by the two radii, each part of a side of the hexagon is 120 °.

So, the number of circles at the corners of the hexagon = 6(1/3) = 2. Since the hexagon

also contains a complete circle, the number of circles within the hexagon =2 + 1 = 3.

Therefore the packed area within the hexagon = 37t(a/2)2 = (3/4)71:32.

Since the area of a regular hexagon, of side length a, is a? %x/?

: i 3
And the area of the circles that can be packed into a hexagon = e

Then, the packing density of a h —(3"“2)( = )— (= 90.69%
en, the packing density of a hexagon = { — 23v3) = 23 (=90.69%)

That is, 7/(2V3) of the surface of a hep sphere will be covered by atoms

(The flat-to-flat distance of a regular hexagon, d = a\3, so the area = d? ? = d?sin 60)
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C.3 The available (covered) surface area of the nanoparticles

For nanoparticles of diameter, d,

2
Surface area of a sphere of radius d/2 = 47 (g) = md?

If the packing efficiency of the hexagons on that surface = %

Then, the available surface area of a spherical hcp nanoparticle of diameter, d, =

(%) d? = °d¥2+3

C.4 Number of Ru atoms that can cover this area

The cross section area of a Ru atom of radius, r, = 12

So, the number of Ru atoms, radius, r, on the spherical nanoparticle surface =

(55) () = 2= ()

C.5 Number of Ru atoms in the spherical nanoparticle

(1) Volume of Ru atom

Volume of Ru atom of atomic radius r is gn(r)3

(i) Awvailable volume of nanoparticle

3
Volume of a sphere of radius d/2 is %n (g)
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since packing efficiency of hcp is %

7'1.'2 3

6118

3
Then available volume of hcp sphere is b%] En (g) ] =

(iii)  Number of Ru atoms in the available volume

. _ 3m2d? _ T a\3
So number of Ru atoms in the sphere = (ovis) ™) — 5vis (;)

C.6 Fraction of Ru atoms on the surface of the nanoparticle

If number of Ru atoms on the surface = (%) (%)2
Then fraction of Ru atoms on the surface = (%) (%)2 %ﬁ (2)3 = 46 (2)

Then, ifd=10x10"°m, and r = 134 x 10 m = 0.134 x 10 ° m, then, r/d = 0.0134, and

fraction of Ru atoms on surface = 0.0134 x 4V6 = 0.1313
If only half of these are accessible, then fraction of accessible Ru atoms = 0.0656,

So TOF should be multiplied by 1/0.0656 = 15.3
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This appendix contains the Supplementary Information of the published paper, Reactions
of p-Coumaryl Alcohol Model Compounds with Dimethyl Carbonate. Towards the

Upgrading of Lignin Building Blocks, found in Chapter 5.

Supllementary Information of Stanley, J.N.G.; Selva M.; Masters, A.F.; Maschmeyer, T.;

Perosa, A., Green Chem. 2013, 15, 3195-3204.
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D.1 'H NMR and MS spectra of all reported compounds and *C NMR
spectra of new compounds.
cinnamyl methyl carbonate (1a), clear, pale yellow liquid. GC/MS (relative intensity,

70 eV) m/z: 192 (M", 16%), 133 (19), 103 (67), 102 (68), 91 (26), 79 (11), 78 (10), 77

(27), 50 (12), 43 (19).
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| | I 0
| Il
|| ﬂ ﬂl U[ J\ A
\
_JU = JUUUL__ JuUL
e e T, | PR T T T T T T T T T
675 670 665 660640 635 630 625 620 484 482 480 478 476 474
f1 (ppm) ft (ppm) fi (ppm)
4/7
\
0
/ e
/ [
| {
/ A 4 [

ﬁJUML I il u

76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 3B 36
f1 (ppm)

Figure D.1 *H NMR of cinnamyl methyl carbonate (1a).

'H NMR (400 MHz, CDCls) & (ppm) 7.42—7.24 (m, 5H), 6.69 (d, J = 15.9 Hz, 1H), 6.29

(dt, J = 15.9, 6.5 Hz, 1H), 4.80 (dd, J = 6.5, 1.3 Hz, 2H), 3.81 (s, 3H).
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cinnamyl methyl ether (1b), clear, colourless liquid. GC/MS (relative intensity, 70 eV)
m/z: 148 (M, 55%), 147 (30), 133 (13), 121 (13), 118 (18), 117 (69), 115 (100), 105 (42),
103 (24), 91 (38), 89 (12), 79 (20), 78 (15), 77 (42), 65 (15), 63 (19), 55 (12), 51 (34), 50

(16), 45 (15), 41 (13).

Q/\/\O/C”a J I ﬂ ‘.‘f\‘\ ﬂ \'ﬂL I'h\.\

\ ‘ [ { {
‘ ‘l‘ l&f J\J W\‘___ _,))' \\,_j' L

65 655 634 632 630 628 626 624 411 410 409 408
i fL (upm) f (ppm) 1 (ppm)
J
I r
‘ ] J
=
j i A J
M{ - M

80 78 76 74 72 70 68 66 64 6.2 6.0 58 5?6(5,4)5.2 50 48 46 44 42 40 38 36 34 32 30 28
1 (ppm;

Figure D.2 *H NMR of cinnamyl methyl ether (1b).

'H NMR (400 MHz, CDCl3) & (ppm) 7.42—7.21 (m, 5H), 6.61 (d, J = 16.0 Hz, 1H), 6.29

(dt, J = 16.0, 6.0 Hz, 1H), 4.10 (dd, J = 6.0, 1.4 Hz, 2H), 3.39 (s, 3H).
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3-methoxy-3-phenylpropene (1c), clear, colourless liquid. GC/MS (relative intensity,
70 eV) m/z: 148 (M, 55%), 147 (48), 133 (11), 121 (62), 118 (21), 117 (86), 116 (72),
115 (100), 105 (47), 103 (11), 91 (68), 89 (16), 79 (11), 78 (17), 77 (92), 71 (12), 65 (20),

63 (24), 55 (29), 52 (11), 51 (52), 50 (26), 41 (25).

o H | v
@/C z ,,_JUHLJU LJJU‘LQA | ,J’Mk,'ﬂml__)uh-‘gw'p __J/\U/ \L |
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JLl b 1L 0
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1 (ppm

Figure D.3 *H NMR of 3-methoxy-3-phenylpropene (1c).

'H NMR (400 MHz, CDCls) & (ppm) 7.38-7.25 (m, 5H), 5.93 (ddd, J = 17.1, 10.4, 6.7 Hz,

1H), 5.25 (m, 2H), 4.62 (d, J = 6.7 Hz, 1H), 3.33 (s, 3H).
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3-(4-methoxyphenyl)-1-propanol (2a), clear, colourless liquid. GC/MS (relative

intensity, 70eV) m/z: 166 (M*, 19%), 122 (11), 121 (100), 91 (13), 78 (10), 77 (17).

N VW VNIRTN

: T T T T T T
3.69 3.68 367 3.66 3.65 268 2.67 2.66 2.65 2.64 2.63 1 90 14 EB lﬁﬂ 1.84  1.82
f1 (ppm) f1 (ppm)

=
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r |

N f ]

I 1 J J
JJJ_“ J‘ I 0

;'.'2 ' 5:8 ‘ 6.4 ' 510 ‘ 5',6 ‘ 512 ' 4‘,8 4t4 I 4‘,0 ' 3.6 I 3L2 ' 2:8 I 214 ‘ 2fo

f1 (ppm)

Figure D.4 'H NMR of 3-(4-methoxyphenyl)-1-propanol (2a).

'H NMR (400 MHz, CDCls) & (ppm) 7.12 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.5 Hz, 2H),

3.79 (s, 3H), 3.67 (t, J = 6.5 Hz, 2H), 2.65 (t, J = 7.5 Hz, 2H), 1.90-1.82 (m, 2H).
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4-(3-methoxypropyl)phenol (2b), clear, colourless liquid. GC/MS (relative intensity,

70eV) miz: 166 (M*, 19%), 134 (73), 133 (75), 108 (13), 107 (100), 105 (11), 91 (17), 78

(10), 77 (38), 65 (10), 51 (11), 45 (35).
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/@/\/\ o _-CH, J,"O f /\ / '\
f \ \ [ |
HO Jf'\\/j \_7)j‘ \ 7)7‘/ L_, J . 7_]‘L,) V\\,’ b" \,]\L_
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Figure D.5 'H NMR of 4-(3-methoxypropyl)phenol (2b).

'H NMR (400 MHz, CDCls) & (ppm) 7.05 (d, J = 8.5Hz, 2H), 6.75 (d, J = 8.5Hz, 2H), 3.39

(t, = 6.5Hz, 2H), 3.35 (s, 3H), 2.62 (t, J = 7.4 Hz, 2H), 1.90-1.81 (m, 2H).
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Figure D.6 **C NMR of 4-(3-methoxypropyl)phenol (2b).

3C NMR (100 MHz, CDCl3) & (ppm) 153.8, 133.7, 129.5, 115.1, 72.0, 58.5, 31.3, 31.3.

226



Appendix D

3-(4-hydroxyphenyl)propyl methyl carbonate (2c), clear, colourless liquid. GC/MS
(relative intensity, 70eV) m/z 210 (M*, 7%), 135 (15), 134 (90), 133 (87), 119 (10), 107

(100), 91 (16), 78 (11), 77 (35), 59 (13).
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Figure D.7 'H NMR of 3-(4-hydroxyphenyl)propyl methyl carbonate (2c).

'H NMR (400 MHz, CDCl3) & (ppm) 7.05 (d, J = 8.5, 2H), 6.75 (d, J = 8.5, 2H), 4.14 (t, J

= 6.5Hz, 2H), 3.79 (s, 3H), 2.64 (t, J = 7.5Hz, 2H), 1.99-1.91 (m, 2H).
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3-(4-methoxyphenyl)propyl methyl carbonate (2d), clear, colourless liquid. GC/MS
(relative intensity, 70eV) m/z: 224 (M*, 12%), 149 (14), 148 (72), 147 (47), 133 (14), 121

(100), 117 (21), 105 (11), 91 (23), 78 (18), 77 (24), 65 (10), 59 (12).
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Figure D.8 'H NMR of 3-(4-methoxyphenyl)propyl methyl carbonate (2d).

'H NMR (400 MHz, CDCl3) & (ppm) 7.10 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6Hz, 2H),

4.15 (t, J = 6.5Hz, 2H), 3.79 (s, 3H), 2.65 (t, J = 7.4Hz, 2H), 2.00-1.92 (m, 2H).
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Figure D.9 **C NMR of 3-(4-methoxyphenyl)propyl methyl carbonate (2d).

13C NMR (100 MHz, CDCls) & (ppm) 157.9, 155.7, 132.9, 129.2, 113.8, 67.3, 55.1, 54.7,

30.8, 30.3.
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1-methoxy-4-(3-methoxypropyl)benzene (2e), clear, colourless liquid. GC/MS (relative
intensity, 70 eV) m/z: 180 (M*, 22%), 122 (14), 121 (100), 117 (16), 94 (11), 91 (24), 77

(25), 78 (19), 65 (11).
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Figure D.10 'H NMR of 1-methoxy-4-(3-methoxypropyl)benzene (2e).

'H NMR (400 MHz, CDCls) & (ppm) 7.11 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6Hz, 2H),
3.79 (s, 3H), 3.38 (t, J = 6.4 Hz, 2H), 3.34 (s, 3H), 2.63 (t, J = 7.5 Hz, 2H), 1.90-1.81 (m,

2H).
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Estratto per riassunto della tesi di dottorato

Studente: Jessica N. G. Stanley Matricola: 955965
Dottorato: Dottorato di ricerca in Scienze Chimiche
Ciclo: XXVI

Titolo della tesi: Novel Applications of Catalysis for Green and Sustainable

Chemistry

Estratto:

Questa tesi prende in esame lo studio fondamentale di catalizzatori per processi chimici

piu sostenibili. In particolare:

(1) Lo sviluppo di un catalizzatore resistente allo zolfo per il trattamento della biomassa
per la produzione di carburanti liquidi per mezzi di trasporto.

(2) La riduzione della domanda energetica ed il miglioramento della semplicita di utilizzo
di catalizzatori per l'idrogenazione di aromatici, in particolare per il fattibile e sicuro
stoccaggio d’idrogeno, mediante la coppia reversible toluene/metilcicloesano.

(3) Lo studio della conversione catalitica mediante l'impiego di dimetilcarbonato, di
molecole modello delle componenti della lignina come risorsa di composti aromatici

d’origine rinnovabile.
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Abstract for the summary of the PhD Thesis
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Title of the thesis: Novel Applications of Catalysis for Green and Sustainable

Chemistry

Abstract:

This thesis examines fundamental studies of catalysts for more sustainable processes,

addressing three particular challenges:

(1) Developing sulfur resistant catalysts that have potential applications in the processing

of biomass for the production of liquid transportation fuels.

(2) Reducing energy requirements and increasing the catalyst ease-of-use (especially
water tolerance) for the hydrogenation of aromatics, particularly for the safe and

feasible storage of hydrogen using the reversible toluene/methylcyclohexane couple.

(3) Catalytically converting models of lignin building blocks as a source for renewable

aromatic chemicals.
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