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Preface

Abstract

Moving towards a more sustainable chemical society requires the discovery and development
of alternative catalytic routes to replace the current petrochemical industry. In this respect, the
valorisation of biomass into commodity compounds, such as polymers, represents a great
challenge. In order to tackle this challenge, various key points call for attention, including: i)
the quest of identifying a suitable catalyst, ii) optimising operational conditions to obtain high
levels of selectivity towards the desired product, and iii) studying potential process
intensification.

This thesis provides a detailed investigation of two catalytic routes to produce renewable
monomers: the Baeyer-Villiger oxidation (BVO) reaction of substituted cyclohexanones, and
the selective hydrogenation of succinic acid to give rise to the corresponding lactones.

This work begins in Chapter 3, with the full elucidation of the kinetic, mechanistic and lifetime
aspects of the BVO reaction of cyclohexanone to caprolactone, studied as a model reaction,
using Sn-f as catalyst, and hydrogen peroxide as green oxidant. Taking the knowledge gained
from the study of this model reaction, the substrate scope is broadened to various substituted
cyclohexanones in Chapter 4, where various kinetic, steric, electronic, and thermodynamic
elements of this transformation are investigated in greater detail than previously achieved.
Additionally, the intensification of this process in continuous flow, and the production of
polymer-grade lactone monomers, are also evaluated. Following this, Chapter 5 is focused on
the coupling of in situ hydrogen peroxide production with the BVO system, in order to
potentially upgrade the sustainability of this process. Subsequently, selective hydrogenation
of succinic acid to y-butyrolactone over various metal supported nanopatrticles is discussed in
Chapter 6, showing how the choice of metal, support and operational conditions determines
the product distribution and catalytic activity obtained. In closing, Chapter 7 evaluates the
consequences of the findings of this research, and the pertaining challenges that these

findings open.
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Chapter 1

1. Introduction

1.1 Towards sustainable chemistry

Over the last 150 years, human population growth, evolution of lifestyle and consumption
patterns have been tightly related to the increment of energy usage and the chemical industry.
As a matter of fact, world energy consumption has been gradually increasing over the last
decades and it is predicted to keep increasing with time. As represented in Fig 1.1, according
to the U.S. Energy Information Administration (EIA) latest “International Energy Outlook 20177,
world energy consumption is projected to grow by 28 % from 2015 to 2040. Most of this
expected growth has been estimated based on the observed increasing energy demand in
countries driven by continued population growth and economic development, especially in
Asia.! Currently, fossil fuel feedstocks, which refer to natural fuels such as coal, gas and
oils formed in the earth from plant or animal remains, represent about the 80 % of the world

energy supply (approximately 37 % crude oil, 25 % coal and 23 % natural gas).
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Figure 1.1. World energy consumption projection based on the latest International
Energy Outlook 2017.1

In addition to generating most of the world’s energy, including heating, electricity supplies and

fuels for transportation, crude oil is also the main source for the production of most of the

chemicals essential to sustain human activity. Global crude oil consumption by sector can be

divided in 56 % transportation, 28 % industry (approximately only 14 % in petrochemicals), 11

% other uses and 5 % power.? Crude oil consumption rate is increasing every year, by

approximately 1.5 million of barrels per day every year, and its global consumption rate is

predicted to reach 100 million of barrels per day in the forthcoming year (Fig 1.2).2 Hence,

continuous exploitation of this raw material is required to cover the demand.

Figure 1.
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As well as crude oil, world coal consumption has also been increasing over the past 30 years,
almost 3-fold since 1980 to 2013, from 3,600 to 8,700 million tonnes, respectively,* China
being the country that consumes the most, exploiting nearly half of the world’s coal demand.
However, this trend has stagnated over the past half-decade, and coal consumption has been
predicted to shrink slightly from 27 to 26 % from 2016 to 2022, in favour of renewable sources.®
As can be appreciated from Fig 1.1, coal currently supplies a quarter of all world energy used,
contributing up to 40 % of the global electricity generated, and is therefore the largest source
for electricity production.® Additionally, it plays a crucial role in industries, such as the iron and
steel industries.

Along the same line, global natural gas consumption has also been forecasted to grow by 1.6
% per year for the next five years, from about 3,600 billion cubic meters (bcm) to almost 4,000
bcm by 2022.7 Natural gas is mainly used as fuel for generating electricity, accounting for
approximately a quarter of the global electricity generated, as well as a fuel for heating
processes in industry, and heating buildings and water in the residential sector. The demand
from the industrial sector becomes the main engine of gas consumption growth, since natural
gas also burns cleaner than coal or petroleum feedstocks.

However, these raw materials are finite, and if they will be used at the present consumption
rates, these resources will run out in the forthcoming 120 years. Estimations based on the
known reserves and annual production levels in 2015 predict that crude oil and gas reserves
will become depleted by 2066 and 2068, respectively, leaving coal as the only remaining cost
effective fossil fuel past this date, although this is also predicted to run out by 2129.8

Beside the limited repository, the use of fossil fuel resources leads to worldwide environmental
problems, such as increasing COyx and NOy concentrations in the atmosphere, which
contribute to the greenhouse effect responsible for global warming. For instance, coal, the
largest source of energy for the generation of electricity across the globe, is also one of the
largest CO; sources. In fact, CO; emissions increased by 3.4 % in 2013 due to the combustion
of coal alone.® Global awareness of these environmental issues have become increasingly
visible in the last decades, initiating the development of greener policies with stricter control
of emissions, and environmental regulations in order to prevent pollution and move towards a
more sustainable chemical society.*°

Moving towards sustainable chemistry thus requires solutions including: i) cleaner
technologies involving the use of alternative feedstocks, to reduce the negative environmental
impact; ii) process intensification, to reduce waste through a more efficient raw material
utilisation; and iii) new/better catalysts, to obtain more efficient processes which diminish
separation steps and energy cost, reducing the total economics of the process.

Therefore, increasing fossil fuel prices, depleting petroleum reserves, and promotion of

environment-friendly processes have stimulated the industry to develop alternative sources to

3



Chapter 1

the conventional feedstocks as raw materials for the continued production of energy and bulk
commodity chemicals.!

Amongst alternative feedstocks, renewables sources such as wind, geothermic, solar and
hydro, or biomass present high potential for the production of energy supply. The electricity
generated can be used for driving cars, heating homes, and fuelling industry, which are the
major customers of fossil raw materials. In this regard, electrical vehicles which can include
batteries, solar panels or electric generators to convert fuel to electricity have been
extensively studied. For instance, fuel cells powered by H, can potentially operate as
alternative energy supplier for vehicles. H, fuel cells can deliver CO,-free motoring and
possess higher energy efficiency compared to internal combustion engine vehicles (2.5 times
more). Nonetheless, one crucial point to have in mind is that H, does not naturally exist in its
pure molecular form. Thus, H, must be derived from natural gas, oil or coal, with steam
reforming of methane being the main source of H, nowadays. Alternatively, H> can also be
sourced from renewable feedstock such as biomass or water, via water electrolysis, the latter
being the most promising solution. However, low density of H> makes difficult the storage of
enough supply to power the vehicle demand and thus, it is keeping it to be finally implemented
as alternative to conventional combustion in a major scale.'? Given the current disadvantages
of this technology, hybrid vehicles, which combine internal combustion and electric engines,
are expected to dominate the automotive market while a greener and more permanent
alternative is developed. Accordingly, liquid fuels formed from biomass, which can potentially
be used in the conventional combustion engines, are of high interest and their efficient
development could highly contribute to reducing the environmental issues related to
transportation.*14

However, the chemical industry is built upon carbon-containing materials, and therefore, it
requires more sustainable C-based raw materials. Regarding alternative C-based raw
materials for the petrochemical industry, the options are limited to either biomass or
atmospheric carbon; the only two large scale sources of renewable carbon on the planet.
The use of atmospheric carbon (CO2) may contribute to reducing climate impact while
replacing the fossil fuel feedstock to generate valuable fuels and chemicals. The most
promising technologies explored to convert CO, are based on catalytic hydrogenation and

electro- and photo-catalytic processes (Scheme 1.1).
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- Methane
- Higher hydrocarbons
- Oxygenates: MeOH, formic acid

Catalytic
Hydrogenation

- Hydrocarbons

- CO

- Oxygenates: MeOH, formic acid
- H2

Electrocatalysis

- Methane

. - Other hydrocarbons
Photocatalysis - CcO

- Oxygenates: MeOH

Scheme 1.1. Main catalytic routes for CO2 conversion into valuable fuels and chemicals.

From the catalytic hydrogenation of CO», highly important industrial compounds can potentially
be produced including methane, higher hydrocarbons and other oxygenated compounds such
as alcohols (methanol) and carboxylic acids (formic and acetic acid). However, catalytic
hydrogenation of CO; presents a key issue already mentioned, the generation of H,. Typically
sourced from steam reforming of methane, only its production from water splitting can truly
reduce CO; emissions when employed for hydrogenation of CO., since it solely produces H-
and Oz, while on the contrary, fossil fuels and biomass usually co-generate CO, and CO along
with H. Although catalytic hydrogenation of CO, to methanol and methane are now at
commercial scale, the efficient production of other compounds, that require the use of more
active catalysts is still under investigation.*®

From electrocatalytic reduction of CO,, especially over metal electrodes, also methane and
higher hydrocarbons, small carboxylic acids, CO and H, can be generated. Nevertheless,
despite many advances in this field, electrocatalytic CO2 reduction generally suffers from high
overpotentials and low current densities, requiring the development of quite complex systems
and the maturity of this technology is still insufficient for practical implementation.®
Photocatalytic conversion of CO, can also give rise to methane and other higher
hydrocarbons, formaldehyde and other oxygenated small products, and H,. Photocatalytic
transformation of CO- using solar energy is potentially more sustainable and favourable than
other technologies because of zero addition of supplementary energy consumption and
environmental deterioration. For such a phenomenon, the selective catalysts must have the
desired band gap energy for visible light response. Some of the most studied groups of
photocatalysts include semiconductor materials (TiO2, ZnO, etc), graphene-based nano-
catalysts and organometallic complexes, and their development is under continuous

investigation in order to make this technology applicable to the industry.*"8
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Herein, although existing routes are currently being explored to convert atmospheric CO; to
liquid products, they present low efficiency and productivity, and they are more complicated
and expensive than those used for exploitation of plant-based resources, leaving biomass as
the most realistic solution as alternative source to fossil fuels for the production of chemicals.
Biomass valorisation into fuels and especially valuable chemicals is further discussed in the
following section.

1.2 Biomass exploitation

Biomass refers to all organic matter generated through photosynthesis and many other
biological processes.'® It can have a vegetal or animal origin, the vegetal source being the
most exploited and also the most abundant.?° Vegetal-based biomass includes waste (30 %),
agriculture (27 %), forestry (23 %) and others (20 %). Agriculture englobes energy crops such
as starch crops, sugar crops, grasses, woody crops or vegetal oils; forestry products include
wood, trees and logging residues; waste materials include agricultural residues, wood wastes
and urban wastes; and others include aquatic biomass such as algae and aquatic weed.???
Therefore, the composition of biomass is complicated due its heterogeneous nature. However,
broadly, biomass can be classified as first, second, third, and fourth generation. First
generation biomass refers to traditional plant biomass such as sugar, starch crops and
vegetable oil. Second generation biomass refers to non-food parts of crops, and from other
forms of lignocellulosic biomass, such as wood, grasses, agricultural and municipal solid
wastes. Third and fourth generation biomass refer to algae-derived fuels such as biodiesel

from microalgae oil, bioethanol from micro algae and seaweeds, and genetically modified crop.

Biomass

Second Third and fourth

First generation generation generation

Starch, sugars, or oil Woody and fibrous crops Microalgae and
crops or crops waste genetically modified crops

Scheme 1.2. Biomass classification according to its origin.
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As observed in the previous section (Fig 1.1), biomass contributes nowadays to approximately
10 % of the global energy demand and its use has been predicted to keep increasing with
time. Comparatively with coal energy production, the production of energy from renewable
sources is potentially CO, neutral as biomass absorbs CO, during growth and then emits it
during combustion.*® Additionally, woody biomass virtually contains no sulphur, and thus co-
firing with biomass results in reduced emissions of SO, NO», and fossil CO; per unit of energy
produced as compared to using coal only.? This zero net greenhouse effect will allow to
reduce greenhouse gas emissions. Furthermore, its utilisation could help avoid political
problems between countries, since it is found in large quantities worldwide and each country
has access to its own source from within its boundaries, in contrast to the current geopolitical
and economic issues related to the unequal distribution of petroleum reserves, controlled
mainly by United States, Saudi Arabia and Russia.?*%

Consequently, in view of the globally demanded substitution of non-renewable fossil resources
by a renewable source, biomass has been extensively studied in the last decades, since it
represents a sustainable feedstock for the production of biofuels, commodity chemicals, and
new bio-based materials such as bioplastics.?

In light of this, biomass has emerged as a leading contender as an alternative resource (2.4
billion € market value in 2015), and it will be the only reliable source for organic carbon-based
chemicals in the long term, making essential that cost-effective methods of bio-refinery are
developed.?’?® Besides being a renewable source and/or a waste originated from human
activity, and hence, an environmental-friendly feedstock, biomass feedstock is highly varied,
allowing it to be processed for the production of fuel as well as for chemical and polymer
manufacturing. However, currently, bio-based chemicals are under severe economic
competition from those synthesised from petrochemical routes by processes that have been
slowly optimised over the last 100 years.?°

Regarding its use as fuel source, initial utilisation of biomass for fuel production such as first
generation of bio-ethanol from sugar cane or corn-based sugars opened an ethical debate
due to the direct competition with food sources, although this issue was overcome by
producing second generation biofuels from agricultural residues, wastes and grown energy
crops, which do not compete directly with food sources.*

The future potential for energy from biomass depends to a great extent on land availability.
Currently, according to the Food and Agriculture Organisation (FAO), worldwide there are
approximately 13 billion hectares (bha), of which 4.5 bha are suitable for crop production. 1.8
bha, out of this 4.5 bha, is used for non-agricultural purposes (urban or protected areas),
leaving 2.7 bha of land available, from which 1.5 bha is dedicated to food crops. Hence, 1.2
bha of land may be potentially suitable, but unused to date, to grow energy crops for bio-

energy in the future, nowadays, only 0.025 bha are used for this purpose.3'*2 Nevertheless,

7
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the ever growing population leads to increasing primary food demand, making it difficult to
dedicate more land to grow energy crops, since they rely on the same land and water
resources. Instead, bioenergy demand will have to rely on the current land available for energy
crops, agricultural residues and waste to produce biofuels. Alternatively, advanced biofuels
can be sourced from lignocellulosic crops. For instance, in 2012, 230 million L of cellulosic
biofuel were available worldwide, although the cost of cellulosic ethanol is still considerably
higher than first generation bio-ethanol.®?

Furthermore, the cost of producing fuels from biomass is currently higher than their oil-derived
equivalents. The cost of biofuels depends on biomass feedstock price, which is correlated to
its location and availability, but market fluctuation and processing costs are big factors that
must be considered. Therefore, it is essential that biomass upgrading processes for biofuels
are developed to match the existing infrastructure to minimise costs, because even with the
benefits associated with them, they are still rather expensive, preventing their use to become
more popular.

A more important key point, besides the cost, is that biofuels are mainly C-H based while the
original structure of biomass is highly oxygenated and functionalised. Accordingly, the process
to generate biofuels from biomass requires the removal of most of the oxygen, leading to a
final product which has significantly reduced its mass, resulting in poor atom economy.
Although the implementation of biofuels has already been gradually increasing in the
transportation sector as short and middle term solution, the scale of biomass required to reach
an equivalent amount of fossil resource for fuels is enormous, since biofuels contain half of
carbon content of the classical feedstock. Herein, considering the complex relationship
between food and biomass crops and the controversy arising from the employment of large
guantities of forestry, the supply of enough biomass feedstock to fully replace conventional
fuels is challenging, and thus, other technologies should be considered. Alternatively, the
combination of biofuels with electrical engines in the hybrid cars, may result in a suitable
approach to make biofuel production valuable as part of a more competent solution in the long
term. Nonetheless, biofuels, such as bio-ethanol, have also started to be considered as
platform chemicals for valuable biomass derived chemical production, thus, their continuous
development is of high importance.

As a result of the disadvantages faced for the full replacement of conventional fuels for bio-
fuels, the conversion of biomass into value-added chemicals, such as monomers and
commodities, is a more ideal use of this resource. In this regard, the biomass feedstock
available is sufficient to cover the global demand, since as already mentioned, only about 14

% of the petroleum consumed worldwide is used for the production of chemicals.
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1.2.1 Lignocellulose valorisation

The potential use of biomass as chemical source is based on the fact that its diversity allows
a wide range of different products to be obtained by chemical conversion. These products can
potentially fit into already well established industrial processes and their high functionalisation
allows also more versatile and completely new molecules to be synthesised. To be a viable
contender in the replacement of fossil fuel feedstocks for chemical production, the matter must
fulfil certain criteria such as: i) it must be producible in large enough quantities to make an
impact on global energy demands, ii) it must do this without harming the food supply and iii) it
must be inexpensive to produce and have less negative environmental impacts than the
feedstock it is displacing.

Amongst all biomass sources, lignocellulose, the key structural element of plants, is the most
abundant form of biomass, with an annual production of 170 billion tonnes.?? In view of this,
lignocellulosic biomass is positioned as leading contender for fossil fuel replacement in the
chemical production, as it is abundant, renewable and fulfils the criteria stated above.*
However, lignocellulose matter composition is not homogeneous and depends on the type of
lignocellulose source. Nevertheless, it always possesses this main three components:
cellulose (30 - 50 %), hemicellulose (15 - 25 %), which are carbohydrate polymers, and lignin

(15 - 30 %), which is composed of phenolic monomers.
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Scheme 1.3. Representation of chemical structure of lignocellulosic biomass.
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One of the major challenges of processing lignocellulose in general is that depolymerisation
into smaller units is required, so that the constituent parts can be then further processed into
final products such as bio-based chemicals and materials (such as bio-polymers).3*3¢ Various
pre-treatments or fractionation methodologies exist to break down lignocellulose into its main
components. Typical methodologies include biochemical transformation, mechanical
fractionation and chemical pre-treatment, as well as combinations of those.®” The kind of pre-
treatment applied defines the chemical structure and polymeric nature of the resulting
components, determining the whole future transformations derived from them. For instance,
hydrolysis of cellulose and hemicellulose can be carried out enzymatically at mild operation
conditions. However, lignin structure is generally unmodified by these processes, and the rates
of hydrolysis are usually low.

Amongst the chemical pre-treatments available, pulping methodologies are employed to
obtain high quality cellulose, regardless of the final state of the rest of the components. In
these kind of methodologies, an acid is used at high temperatures to separate cellulose, and
sometimes hemicellulose, while the resulting lignin suffers sever structural modifications.%®
The Organosolv process is often used as alternative of the acid hydrolysis and consists in the
employment of organic solvents and water as co-solvent at high temperatures to extract lignin
from the biomass matrix. During the process also hemicellulose is hydrolysed, leaving
cellulose in the pulping fraction, which can be further enzymatically hydrolysed.3®
Interestingly, Reductive Catalytic Fractionation (RCF) has arisen as promising approach to
separate lignocellulose into a solid carbohydrate pulp mix and a stable liquid lignin oil, which
can be processed separately, simplifying the downstream separation steps. During RCF,
native lignin is extracted from the biomass, followed by immediate depolymerisation and
reductive stabilisation. Then, the remaining cellulosic carbohydrates in the solid fraction can
easily be retrieved as a pulp upon filtration of the reaction mixture. Employing this
methodology, hemicellulose can either be retained in the pulp or solubilised with the lignin,
depending on the procedure followed.*°

Although several advances have been made regarding effective fractionation of lignocellulose
and improvement in the quality of the resulting fractions, the upstream process of
lignocellulose to break it down to its main components is complex. Currently, most of the
processes are still not cost-effective, and those that are cannot guarantee good quality of all
the lignocellulosic components. However, continuous investigation of the upstream
lignocellulosic biomass valorisation is moving forwards, allowing researchers to confidently
focus attention also on the development and optimisation of the downstream processes
derived from the lignocellulose components, in order to produce valuable chemicals. Herein,
the downstream chemical productions emerged from cellulose, hemicellulose and lignin are

discussed in more detail below.
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Cellulose is composed of a crystalline carbohydrate polymer, formed by glucose units attached
through B-linkages (1—4). The structure generates linear chains that are highly stable and
resistant to chemical attack because of the high degree of hydrogen bonding that typically
occurs between chains. Chemical or enzymatic hydrolysis can break down cellulose to a
cellobiose repeating unit, and finally to glucose monomers, the most common pathway being
enzymatic hydrolysis, which gives rise to fermentable sugars. Then these sugars can be
transformed into a variety of important building block chemicals and subsequently converted
into high-value chemicals, often with lower functionality and reduced oxygen content. Some
of the glucose derived valuable chemicals are succinic acid (SA), lactic acid, 3-hydroxy
propionic acid (3-HPA), 5-hydroxymethylfurfural (HMF), ethanol and other liquid fuels, and
most of these transformations can be produced on industrial scale by fermentation.*!4
Subsequently, the transformation of these platform molecules into a variety of commodity
chemicals usually relies on catalytic conversion. For instance, HMF can be converted into 2,5-

furandicarboxylic acid (FDCA) by oxidation over supported noble metal catalysts.*®
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Scheme 1.4. General scheme for cellulose valorisation to glucose and its consequent
pathways to some high-value chemicals.
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Hemicellulose is an amorphous polymer which consists of short, highly branched chains of
sugars. In contrast to cellulose, which is a polymer of only glucose, hemicellulose contains
different sugars (such as xylose, arabinose, mannose, glucose and galactose). Analogously
to cellulose, hemicellulose hydrolysis can be carried out by chemical or enzymatic
transformations, the latter being the most employed. The branched nature of hemicellulose
renders it amorphous, making it relatively easy to hydrolyse to its constituent sugars compared
to cellulose. Subsequently, the generated pentoses and hexoses can be catalytically
dehydrated to form products such as furfural (FF) and furfural derivatives.***> Additionally,
pentoses and hexoses can also source hydrocarbons via formation of lower alcohols and diols

by both chemo- and bio-catalytic strategies.*

O
O /
Pentoses / \ /) —> Other furanic derivatives
Xylose
f Arabinose \

Furfural

Hemicellulose 5-Hydroxymethylfurfural, lactic acid, ethanol

Hexoses / Hydrocarbons via lower alcohols and diols

Glucose
Mannose
Galactose

Scheme 1.5. General scheme for hemicellulose valorisation

Lignin is a non-carbohydrate amorphous polymer formed mainly of phenolic monomers.*® It is
a highly polymeric substance, with a complex, crosslinked, aromatic structure and high
degrees of condensation and polymerisation, which makes it a challenging material to break
down. Depolymerisation of lignin into smaller units via chemo- and/or bio-catalytic processes
allows to obtain the aromatic ring molecules derivatives (such as benzene, xylene and phenol
derivatives).*’ Lignin is not widely used commercially due to its low reactivity derived from its
stable chemical structure and the difficulties faced to retrieve it intact from the lignocellulose
fractionation. Alternatively, it is mainly used for energy and heating generation through its
burning. However, it accounts for up to 30% of the energy in biomass and is the most abundant
carbon source available in nature, so effective utilisation of this biomass component would
greatly improve the economic viability of bio-refinery processes for second generation

biofuels.
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Scheme 1.6. General scheme for lignin valorisation.

Herein, the examples exposed above show the great potential of lignocellulose downstream
conversion into valuable chemicals. Likewise, a large number of technologies based on
biological, thermal, and chemical processes have been developed for biomass valorisation.*®
Although biological catalysis and fermentation generally dominate the breakdown of cellulose,
hemicellulose and lignin into the initial platform molecules (C5 and C6 sugars and
monolignols), chemical processing has gathered special attention to achieve further
valorisation into commodity chemicals, since its resulting products can present very similar
characteristics to fossil fuel-based products.

As occurs in the modern petrochemical industry, this is where catalysis plays an important
role, enhancing the reaction rates and increasing the sustainability of the processes by
avoiding stoichiometric reactions.*® Although homogeneous catalysts can also be used for
biomass valorisation, heterogeneous catalysts are more attractive for multiple reasons,
including: i) variety of facile preparation methods, ii) low production costs, iii) high resistance
to common reaction conditions, iv) durable lifetime and v) easy recovery from the reaction
mixture, which may allow reusability, and generally lead to great industrial advantages.>®
The variety of heterogeneous catalysts that can be used for lignocellulosic biomass derivatives
valorisation is enormous, in accordance with the huge variety of chemicals that can be sourced
from them in order to mimic existing petrochemical processes as well as developing new
routes to new bio-based chemicals. For example, many of the transformations involving
lignocellulosic derivatives, such as glucose transformation to HMF via fructose, require acidic
features, which can be provided by Brgnsted and/or Lewis acidic solid catalysts such as
heteropoly acids, zeolite-based catalysts, sulfonated solids and functionalised carbon
materials amongst others.*®°152 Additionally, most of the bio-derived platform molecules are
often highly functionalised and oxygenated, requiring hydrogenation steps in order to yield
several value-added chemicals, which can be carried out over noble metal supported
materials. Hence, the choice of the kind of catalyst must be carefully thought, considering the

targeted chemical transformation, compatibility of solvents and reaction conditions.
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1.3 Bio-based polymers

In the chemical industry, polymers represent an enormous field; over 300 million tonnes of
plastics are produced worldwide every year, and this quantity is continuously increasing.*
Polymers are present in all daily commodity items such as plasticware for storage and
packaging, synthetic fabrics, automotive and adhesives, as well as in tailored materials
including biomedical devices, separation membranes, microelectronics and surface coatings,
amongst others. In order to cover all this wide-range of applications, the polymer family is
highly diverse and versatile with highly tuneable properties. For instance, a polymer can be
stiff or soft, transparent or opaque, permeable or impermeable, conducting or insulating,
amongst other physical and chemical properties, which will be entirely depending on their
chemical structure.® In turn, their chemical structure depends on the nature of the constituent
monomer (homopolymer) or monomers (heteropolymer or co-polymer), the chain structure
adopted and the interactions between chains.

Unfortunately, at present, almost all polymeric materials are petroleum-based. Considering
the globally increasing concerns on this fossil fuel feedstock environmental negative impact
and its prompt depletion, as stated above in Section 1.1, investigation of sustainable
monomers for the synthesis of polymeric materials with comparable or superior properties
than their petroleum-based analogues has become a growing area of research interest.

The emerging bio-economy, and the development of improved routes to bio-derived chemicals
from biomass, is offering the opportunity to source several bio-based monomers as
replacements to the oil-derived ones. These monomers are potential candidates for polymer
synthesis. In this regard, poly(lactic acid), obtained from renewable lactic acid via sugar
fermentation, is currently being commercialised, representing a significant breakthrough.>* In
spite of this fact, nowadays only about 1 % of the polymers produced come from renewable
sources,* hence, a lot of effort is being made to keep improving this percentage.

Having this in mind, tackling this great challenge requires: i) the improvement of bio-based
catalytic routes towards already employed renewable monomers, in order to make them more
economically profitable and competitive to the existing petroleum-based analogues, and/or ii)
the development of new bio-based routes to investigate new monomer structures, given the
highly oxidised original molecular structure of lignocellulosic biomass, which can supply
additional functionalities to tailor physical properties of the final polymeric material and enrich
the variety of the polymers catalogue.

In view of this, a broad assortment of biomass derived platform molecules is suitable to give
rise to some of the primary monomers most commonly used in the polymer industry: diols,
diacids and lactones. For example, as mentioned in Section 1.2.1, HMF and FF, obtained from

catalytic lignocellulosic biomass valorisation, can be used as platform molecules for several
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renewable monomers formation, e.g. FDCA, a diacid which constitutes a possible replacement
for terephthalic acid and isophthalic acid for polyester formation.>>*¢ Additionally, catalytic
reduction and hydrogenolysis of FF and HMF can lead to diverse cyclic and open chain diols
such as 1,4-butanediol (BDO) or 1,6-hexanediol (1,6-HD).>"*® BDO can be used as monomer
for poly(butylene terephthalate) and also poly(butylene succinate) formation, the latter by co-
polymerisation with SA, obtainable from sugar fermentation.>® Another example of renewable
monomers from biomass derivatives can be itaconic acid, another diacid, which can be
obtained from sugars fermentation and can potentially be used to substitute petrochemical-
based acrylic or methacrylic acid mainly used as monomers or co-monomers in a variety of
polymers with a broad spectrum of applications. Additionally, poly(itaconic) acid can be
employed as superabsorbent.®® The use of lactones as monomers is discussed in detail in the

following section.

1.3.1 Lactones as renewable monomers and bio-chemicals

Amongst all the different kinds of monomers that can be obtained from lignocellulosic biomass,
the family of the lactones comprises a variety of sizes and substituent groups in the ring which
make them attractive chemical compounds to be used as monomers. Their versatility makes
them suitable to be used as homopolymer sources as well as for co-polymer sources, opening
a range of possibilities to tailor the polymer properties and prepare polymeric materials by
design. For instance, many different combinations involving lactone monomers have been
successfully reported to improve thermostability, bio-degradability, bio-compatibility,
mechanical properties and other properties of the final polymer. Some of the multiple
examples found in literature are co-polymerisation of D-gluconolactone with citric acid,%* ¢-
caprolactone (Capr) with lactic acid®>%® and y-butyrolactone (GBL) with w-pentadecalactone,®
allowing to fine tune specific characteristics of the final material. Some of the most relevant
lactone molecules that can be derived from lignocellulosic biomass are Capr and substituted
caprolactones (R-Capr), GBL and y-valerolactone (GVL), each of which constitutes a valuable
building block in the polymer industry. Hence, a brief description of each of these lactones as
monomers and how they can be obtained from lignocellulose derivatives is discussed next.
Capr is produced in about 50,000 tonnes per annum and used for the synthesis of
caprolactam. Caprolactam is a precursor of Nylon-6, used as resistant fibres in textiles and
carpets and molded parts used as insulator or pipes.®® Furthermore, Capr also is used to
produce poly(caprolactone), a biodegradable polymer with a low melting point, used in many
pharmaceutical and medical applications.®¢’

Typically, Capr is industrially produced from petroleum-based cyclohexanone (CyO) via

Baeyer-Villiger Oxidation (BVO) reaction with peroxyacid-based oxidants. However, progress
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has been made towards the finding of a sustainable route to Capr. For instance, the production
of Capr was successfully reported by Buntara et al.®® from HMF, obtainable from sugars, in a
five-step synthesis via 1,6-HD as intermediate, reaching a maximal selectivity to the desired
lactone of 95 % in the overall process. Most recently, a techno-economic analysis in two-steps
has also been described by Thaore et al.®® in regards of the same synthetical route.

O
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5-Hydroxymethylfurfural 1,6-Hexanediol Caprolactone

Scheme 1.7. Sustainable catalytic route for Capr formation from bio-derived HMF.

Another important approach to produce Capr and R-Capr from renewable sources is the use
of renewable CyO and substituted cyclohexanones (R-CyO) and the subsequent BVO
reaction to give rise to the corresponding lactone, whose sustainability can be further explored
as it is discussed along this work. CyO and R-CyO can potentially be obtained from selective
hydrogenation of lignin-derived phenols (e.g. anisole) over Pd or Ni catalysts;"®"* and also
from terpenoids such as B-pinene.”? For instance, y-methyl-e-caprolactone (4-Me-Capr) can
potentially be obtained from p-cresol (lignin-derived) or p-cymene (terpene-derived) and can

also be used for the production of thermoplastic elastomers.”
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Scheme 1.8. Representative routes for the production of R-Capr via BVO of R-CyO.
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GBL is produced in about 50,000 tonnes per year in Europe, and has a wide range of uses,
its use as solvent being the main example. Focusing in the polymer industry, GBL is a
precursor of N-methyl-2-pyrrolidone (NMP) and N-vinyl-2-pyrrolidone (NVP) which can be
used as monomers. Until now, GBL has been normally considered a “non-polymerizable”
monomer due to its low strain energy of the five-membered ring. However, it has been recently
successfully polymerised through ring opening mechanism and effectively employed to source
poly(butyrolactone) and as co-monomer to modulate material properties of polyesters.’ "

Currently, GBL is conventionally produced by the direct hydrogenation of maleic acid
anhydride or via dehydrocyclisation of BDO.”® However, the demand for the development of
new, cheap bio-based platform chemical for its production has increased, pointing to SA to be
the most promising alternative chemical feedstock for its production since it has already
started to be commercialised from sugar fermentation.*® The selective hydrogenation of SA to
GBL is discussed deeper in Section 1.3.1.2.3. Interestingly, GBL can be also obtained from
FF. One approach for this synthetical route was reported by Lange et al.”” by first transforming
FF to THF, followed by its oxidation to GBL. Alternatively, selective oxidation of FF to GBL in

two steps was reported by Li et al.”® via 2(5H)-furanone as intermediate.
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Scheme 1.9. Alternative routes for the production of GBL from bio-derived FF.

GVL is a value-added renewable chemical with great potential as platform chemicals for the
production of liquid transportation fuels. GVL can be successfully produced by the selective
hydrogenation of levulinic acid, obtainable from bio-derived sugars. This transformation has
been reported by two different reaction pathways: levulinic acid transfer hydrogenation via y-
hydroxyvaleric acid followed by lactonization, or levulinic acid dehydration via a-angelica

lactone followed by hydrogenation, as shown in Scheme 1.10.79-8!
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Scheme 1.10. Representation of the reaction pathways from levulinic acid to GVL.

Although at the present, GVL has not been reported as a monomer itself, various derivatives
such as a-methylene-y-valerolactone (MGVL) and methyl pentenoates have been of interest
for polymerisation. For example, the structure of MGVL is similar to methyl methacrylate

(MMA) making its investigation attractive for the polymer industry.®

O
O
o} M
—0
a-Methylene-y-valerolactone Methyl methacrylate

Figure 1.3. Representation of MGVL and MMA.

Lactone monomers can generally undergo ring opening polymerisation (ROP) mechanism in
order to assemble the polymeric material. Typically, lactones possessing 4, 6 - 8 membered-
ring are suitable for ROP, which can be anionic or cationic depending on the kind of catalyst
employed. However, as mentioned above, the 5 membered-ring lactone GBL has recently
been successfully polymerised by ROP. Additionally, ROP can usually be easily controlled to
synthesise polymers with a targeted molar mass and low polydispersity index.®

Importantly, many polyesters derived from lactone monomers are also bio-degradable, and if
those are obtained from renewable feedstocks, the sustainability of the process is remarkably
increased, e.g. the already mentioned poly(caprolactone).

Herein, the obtainment of lactone monomers by various catalytic routes that can later suitably
undergo ROP constitutes the central point of this work. Amongst several other catalytic routes
available to produce lactones, this work is focused on two approaches: the BVO reaction, and

the selective hydrogenation reaction of SA to produce the desired corresponding lactones.
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1.3.1.1 BVO derived lactones
1.3.1.1.1 Classic BVO with peroxyacids

The first BVO reaction was reported by Adolf Baeyer and Victor Villiger in 1899 to convert a
cyclic ketone into the corresponding lactone with a peroxyacid as oxidant.8* This chemical
transformation has been widely studied since its discovery and employed industrially to
convert ketones into more valuable chemicals such as lactones and esters. An excellent
example of that is the industrially used BVO of CyO to Capr using meta-chloroperoxybenzoic
acid (mCPBA).

The key of the success of the BVO reaction relies on the compilation of several intrinsic
advantages. Firstly, it is chemo-selective, and tolerates the presence of other functional
groups in the molecule, i.e. the reaction can occur even in the presence of unsaturated
ketones with a C-C double bond. Secondly, it is regio-selective; in order to form the
corresponding lactone or ester, the BVO will always take place according to a migratory
aptitude scale of the different adjacent groups, i.e. the insertion of the oxygen takes place
between the carbonyl and the more substituted carbon atom neighbour (migratory preference:
tertiary > secondary > primary > methyl). Finally, it is stereo-selective, and chiral carbon atoms

will retain their absolute configuration in the product formed.®

O O
R)J\RM + X-COO.H — R)J\O/RM + X-COOH

OH +O,H
R“)\O/Q,TX — R)l\O/RM + X-COO
Ru_4 o)

Criegee adduct

Scheme 1.10. Mechanism of BVO proposed by Criegee where Rwm represents the

migrating group.

The most accepted mechanism was proposed by Criegee about 50 years ago, described in
Scheme 1.10.8% In this mechanism, the BVO reaction proceeds through a two-step process
which consists in an initial nucleophilic attack of the oxidant at the carbonyl group followed by
the migration of one of the adjacent alkyl groups onto the peroxygen and the subsequent
release of the carboxylic acid moiety, to form again the C=0 on the lactone or ester product

formed. Generally, the migration step is the rate determining step of the reaction.
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The most popular peroxyacid-based oxidants employed for BVO reaction are mCPBA, trifluoro
peroxyacetic acid (TFPAA), peroxybenzoic acid and peroxyacetic acid. However, the use of
peroxyacid-based oxidants presents several drawbacks such as: i) their low active oxygen
content, e.g. TFPAA active oxygen content is 9.2 %, ii) their potential explosiveness, iii) the
co-production of by-products that require separation, i.e. carboxylic acid as leaving groups, iv)
the requirement for undesirable chlorinated solvents and v) their lack of selectivity due to the
ability of the peroxyacids to oxidise other functional groups present in the substrate.®®
Accordingly, significant effort has been made in order to replace the peroxyacid-based for a
greener oxidant, such as hydrogen peroxide (H202), which is discussed in detail in Section
1.3.1.1.3.

1.3.1.1.2 Enzymatic BVO

Another relevant approach for the synthesis of lactones via BVO transformation involves the
use of enzymes. This kind of enzymes are a type of flavoenzymes known as Baeyer-Villiger
monooxygenases (BVYMOSs), produced from numerous bacteria. Amongst this big family of
BVMOs, cyclohexanone monooxygenase (CHMO) from Acinetobacter calcoaceticus is the
best characterised and one of the most efficient, since it has proved to oxidise more than 80
different ketones, often with very high enantioselectivities.®’ It should be mentioned that the
use of BVMOs allows to perform BVO transformation with outstanding degrees of selectivity,
especially in asymmetric BVO transformations to access optically pure organic compounds.
However, generally, they are very energy demanding, with rigid operational conditions that do
not allow high productivities to be achieved, nor provide much operational flexibility. Moreover,
they often present substrate and/or product inhibition, disfavouring the development of cost-
effective processes and limiting their utilisation for large-scale processes. For these reasons,
finding alternatives to enzymatic biocatalysts is of crucial importance for developing a
sustainable chemistry that uses biomass as starting materials. In this regard, heterogeneous
catalysis offers a very good alternative for this kind of chemistry, as its role in the BVO reaction

system is discussed in the following section.
1.3.1.1.3 Catalytic BVO reaction using Sn-8 and others

As mentioned briefly at the end of Section 1.3.1.1.1, many efforts have been made in the last
decades to replace the peroxyacid-based oxidants for greener and potentially cheaper, H20-
being a very promising candidate. The use of H2O, presents multiple benefits such as i) higher
active oxygen content (47 %), and ii) it only produces H;O as by-product, avoiding the issues
of the separation of the carboxylic acid formed with the peroxyacid-based oxidants and

resulting more environmentally friendly.
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However, it has been reported that the reactivity of H2O: is lower than most of the peroxyacid-
based oxidants, requiring the use of a catalyst to activate the oxidant, by forming more
nucleophilic M-OOH species, where M represents a transition metal.® In this regard, various
homogeneous catalysts, especially Pt-based, as well as heterogeneous catalysts such as Ti
containing zeolites, e.g. Ti-silicalite-1, have been reported to suitably activate H>O> for the
BVO reaction.88
In an alternative approach, the carbonyl group can also be activated using a Lewis acid,
instead of activating the oxidant, in order to promote the reaction. This approach was firstly
reported by Corma et al.*° by using zeolite beta (B) containing Sn incorporated in the
framework (Sn-B) for the BVO of 2-adamantanone and CyO. In said report, 96 % of 2-
adamantanone was converted at a lactone selectivity > 98 % after 6 h of reaction. Similarly,
53 % of CyO conversion with > 98 % of lactone were reached after 3 h. The success of this
report opened up the usage of different kinds of solid Lewis acid catalysts, which have proven
to be very efficient for reactions involving carbonyl groups.
R e ot
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Scheme 1.11. a) Representation of the activation of the carbonyl group by Sn-B
described by Corma et al. and b) scheme of BVO reaction of 2-adamantanone and

cyclohexanone.®

Amongst several metals potentially suitable to be incorporated in zeolites, mesoporous
ordered catalysts or clays, notable examples being Fe, Ti, Zr or Sn, Sn-based catalysts are

the most commonly employed for BVO reactions using H-O» as an oxidant. In the last two
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decades, several examples involving Sn-catalysts have been published, focusing mainly on
the BVO reaction of either CyO or 2-adamantanone. Some of the most relevant results are
stated below.

Sn-palygorskite was reported by Lei et al.®! as suitable catalyst for the BVO of 2-
adamantanone, CyO and various other cyclic ketones, obtaining 100 % of 2-adamantanone
conversion with 100 % of selectivity towards the lactone after 24 h, while only 16 % of CyO
conversion with 90 % of lactone selectivity was reported after the same reaction period. The
use of Sn-MFI was reported by Jinka et al.®? reaching 100 % of 2-adamantanone and
norboranone with 100 % of lactone selectivity after 8 h of reaction. Recently, Sn-MFI
nanosheets have also been successfully reported by Luo et al.,*® obtaining 99 % of 2-
adamantanone conversion and > 98 % of lactone selectivity after 16 h of reaction. Sn-MCM-
41 has also been reported by Corma et al. for BVO of 2-adamantanone and CyO. While 94 %
of 2-adamantone conversion with > 99 % of lactone selectivity could be observed after 7 h of
reaction, only conversion values < 40 % have been reported for CyO, although at high lactone
selectivity (> 97 %).%+* Similar materials such as Sn-SBA-15 have been also reported for BVO
of CyO, showing > 60 % of conversion with 88 % of selectivity to the lactone after 4 h.%
From this selection, it can be noticed that the obtainment of high selectivity towards Capr in
the BVO of CyO is challenging, the result with Sn-f3 reported by Corma et al. being only the
one that reached high conversion with high selectivity.*® After this report, many researchers
have intensively studied the synthesis of Sn-B and its catalytic application for the BVO
reaction.%”-°

However, at the time of this work, many essential challenges remained on the BVO of CyO
employing H-O, as oxidant and Sn-B as catalyst, including: i) the drop of selectivity often
observed at high levels of conversion, ii) the disclosure of the full reaction network, iii) the
study of potential scalability of the system, particularly in the continuous regime, and iv) the
broadening of the substrate scope beyond CyO using this system. Accordingly, these are

some of the key points that this work will cover along with others.
1.3.1.2 Selective hydrogenation derived lactone

As already mentioned in Section 1.3.1, selective hydrogenation of platform molecules can also
give rise to lactone products. Amongst some of the example displayed above, the selective
hydrogenation of SA to GBL is one of the subjects of interest in this work, since GBL is not
only valuable for the polymer industry, but also for bulk chemical production. The
attractiveness of this transformation relies not only in the value of GBL itself, but also on the
increasing production of SA from renewable sources and its promising use as C4 platform

molecule.
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1.3.1.2.1 SA from renewable sources

SA is commonly produced in bulk (approximately 25,000 tonnes per year) from maleic
anhydride (MAN) which is petrochemically sourced from n-butane oxidation.?® The most direct
route is a two-step process via succinic anhydride as intermediate which is later hydrated to
give rise to SA. This reaction is usually performed in the liquid-phase, at temperatures ranging
120 - 180 °C and H; pressure < 40 bar, under metal-based catalysts, typically Ni or Pd.1®
However, MAN price has been gradually increasing in the last decade due to less cracking of
crude oil to source n-butane. Therefore, the amount of MAN produced has also diminished.
This fact, besides the increasing global awareness to move towards more sustainable
chemical processes, makes it essential to find alternative routes to source SA.

&

Hy

O 0]
Catalyst
2
0] 0] \ 0
n-butane Maleic anhydride ~ Succinic anhydride HO)K/\H/OH

(0]
FermentatiV Succinic acid
v ——> Lignocellulose ——> Sugars

Biomass

Crude ol

Scheme 1.12. Petrochemical and bio-derived routes for the production of SA.

With this aim, bio-derived SA (BioSA) production has been widely studied over the last
decade, its production via the fermentation of sugars being the most predominantly employed.
Fermentation is an energy-deriving reaction in eukaryotic and prokaryotic organisms, which
converts a simple carbon source into various alcohols. This reaction is more specifically
carried out by bacterial or fungal cells that possess specific genes encoding enzymes
necessary for their pathways. Each pathway contains its own distinctive intermediates, co-
factors, and enzymes.

Recent advances in fermentation and purification technologies have succeeded in making
BioSA economically attractive. As of 2014, five different groups are active in commercial scale
capacity development, Bioamber and Myriant Technologies being the two leading bioSA
producers.’®* For instance, BioAmber fermentation performance achieved in 2015 was

significantly above the initial targets, and the yield and productivity levels already exceeded
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the targets the plant was designed to hit longer term, hence, they opened its first commercial
plant to increase production volumes progressively to reach full capacity in 2017, with $12
million in BioSA sales. Although unfortunately BioAmber went bankrupt in 2018, the company
is working on its rebuilt and seeking to continue with BioSA production 102103

Several bacteria can produce succinate via glucose fermentation. Some of the examples are
Anaerobiospirillum succiniciproducens and Mannheimia succiniciproducens, which are
natural producers of SA.1%* Additionally, genetic manipulation of the microorganism to
enhance the productivity, by the blockage of competitive pathways of BioSA, have also been
developed such as Recombinant E. Coli.'%® These improvements allow high yields to be
obtained.

In general, the correct operation of these microorganisms strongly depends on the pH and the
availability of COz in order to produce relatively large amounts of BioSA, requiring then a highly
controlled environment. If the pH, temperature and concentration of substrate are not carefully
controlled the activity will not be optimum and the enzymes will potentially denature.
Nevertheless, the fact that CO; is needed by the microorganisms for SA production is another
interesting feature that increases the sustainability of the overall process.

Generally, the largest part of the total cost of the fermentation process is actually from the
purification and downstream processing of the SA after fermentation. Typically highly diluted
concentrations are typically produced, leading to low product concentration in the fermentation
broth and the presence of some impurities, which may affect later the reactivity of this BioSA.
The cost of downstream processing can make up a large portion of the total production cost,
mounting up to about 50 — 70 %.'% Hence, improvements on SA fermentative production and
downstream processing are under continuous study in order to increase its competitiveness

and finally overpass the petrochemical process.
1.3.1.2.2 SA as platform molecule

In 2004, the U.S. Department of Energy (DOE) identified the “top value-added chemicals from
biomass” that would economically and technically support the production of fuels and
chemicals in an integrated biorefinery and identify the common challenges and barriers of
associated production technologies. From an initial list of 30 candidates, which included C1,
C3 to C6 compounds, it was reduced to 15, and one of those was SA.>® SA was included in
the “top list” based on the significant advances in its production from fermentation of sugars,
mentioned in the section above, and its potential valorisation into high value chemicals.
Accordingly, this platform molecule, containing two carboxylic groups, one in each extreme of
the linear non-aliphatic chain, is considered a strategic bio-derived C4 building block that can
be used to source a wide range of chemicals by its chemical conversion, as can be seen in
Scheme 1.13.
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Scheme 1.13. Most relevant reaction pathways from SA to high-value chemicals.

Most SA derivatives are produced by hydrogenation or reductive amination, and are employed
in the chemical, pharmaceutical, food and agricultural industries. The widespread diversity of
high-value chemicals that can be derived from SA makes it a very attractive platform molecule
to be exploited. For example, focusing only in the hydrogenation-derived products, its direct
hydrogenation leads to the production of a large variety of useful chemicals including GBL,
THF and BDO. As already mentioned above, GBL main use is as solvent and as a starting
material to NMP and others pyrrolidones, such as NVP, widely used as monomers. THF can
also be used as a solvent or as monomer in production of poly(tetra-methylene) ether glycol
(PTMEG), and a solvent in pharmaceuticals and coatings; while BDO is an intermediate for
GBL and THF synthesis as well as a precursor to biodegradable plastics.%’

The hydrogenation/reduction chemistry for the conversion of SA to BDO, THF and GBL is well

known and is similar to the conversion of MAN to the same family of compounds, hence,

25



Chapter 1

similar catalytic routes can be investigated. The challenge is found on the selective obtainment
of these products with high productivity, as explained in more detail in the following section.

1.3.1.2.3 Chemo-selective hydrogenation of SA to GBL

Amongst the useful chemicals that can potentially be derived from SA, GBL is especially
attractive due to its valuable use in both bulk chemical and polymer industries. Considering
the increasing popularity of SA as bio-derived platform molecule, several publications can be
found on direct hydrogenation of SA to GBL, THF and/or BDO. However, generally, highly
selective hydrogenation processes are difficult to obtain, ending up with mixture of products
in the final reaction solution, since GBL and BDO may interconvert and GBL may also be
further hydrogenated to THF. As such, control of the catalytic activity of SA towards these
three main products, to obtain high selectivity towards one of them, is extremely challenging
and strongly depends on both the type of catalyst and the reaction conditions applied.

The most employed kind of catalysts for SA hydrogenation reported in the open literature are
metal supported nanoparticles. In this regard, many typical hydrogenating metals, such as Pd,
Pt, Re or Ru, supported on various materials, can be found for the reductive valorisation of
SA. For instance, Hong et al. reported that monometallic noble metal catalysts such as Pd or
Ru can be used for liquid-phase hydrogenation of SA to GBL obtaining high selectivity (> 90
%),10819whereas the use of Re-based catalysts, monometallic or in combination with Pd, tend
to favour mixture of products leading also to BDO and THF formation.110-111

In addition to the choice of the metal, a high proportion of research conducted on this reaction
has focused on discerning the best supporting material, whose nature (physical and chemical
properties) may assist the metal centre to drive the reaction. Generally, there is a close
relationship between catalysts with large active surface area, i.e. high dispersion of the active
phase, and high activity. This is mainly due to the fact that small metal particles tend to sinter
at relatively low temperatures, requiring to be supported onto a material which itself has a
large surface area and a high thermostability.'*? For example, some of the most frequently
used support materials are alumina, silica and carbon, due to their high decomposition
temperatures and physical characteristics like surface area, pore size distribution, density and
mechanical strength.

Some of the most relevant literature examples of metal particles supported on various
materials include Pd on alumina xerogel, which converted 34 % of SA with 96 % of selectivity
towards GBL;1% Pd in amino-functionalised silica, which reached 100 % of SA with 94 % of
GBL selectivity;'*®* and Re supported on mesoporous carbon, which led to 91 % of SA
conversion with 60 % of GBL selectivity.}'* However, in most of these reports, where high
selectivity towards GBL is achieved, harsh reaction conditions are required, such as high

reaction temperatures (< 240 °C) and high pressures (< 80 bar); and most reports present low
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GBL productivities.'***® On the other hand, those reports that reached higher GBL
productivities typically exhibit a lack of high selectivity towards GBL, producing a mixture of
products. 11017

Accordingly, taking the previous literature into account, many factors play an important role
on catalyst activity and GBL selectivity, such as the choice of metal, support and operational
conditions. Herein, finding a suitable catalyst that can operate at milder conditions and achieve
high selectivity towards GBL and high productivity remains a challenge.

1.4. Objectives of the thesis

The focal points of this thesis are the investigation of various catalytic routes to convert bio-
derived chemicals into valuable lactones, of potential use to the polymer industry. The present
work divides its attention into two systems of study: i) the BVO reaction of substituted
cycloketones using Sn-f as catalyst and H>O- as oxidant, and ii) the selective hydrogenation
of SA to GBL using various metal supported nanopatrticles.

To investigate the first catalytic system, Chapter 3 aims to initially focus the study on a model
reaction, BVO of CyO into Capr, in order to fully optimise the reaction system, elucidate the
whole reaction network and explore the viability of this system to operate under continuous
operation, which is always highly beneficial to: i) increase the system productivity, ii) analyse
the catalyst stability, and iii) evaluate the feasibility to scale up the system. Upon full
understanding of the model reaction and working at its optimised conditions, the broadening
of the substrate scope for the BVO / H,O, / Sn-B system is investigated in Chapter 4. In said
chapter, kinetic, steric and electronic effects of various substituent groups in the
cyclohexanone ring are extensively analysed to better comprehend the relationship between
the position and size of the substituent group and the catalytic activity observed. Furthermore,
the upgrading of the sustainability of the BVO / Sn-B system is evaluated by several
approaches in Chapter 5, in order to potentially increase the lactone selectivity, including the
coupling of in situ H.O- production with the BVO system.

To investigate the second catalytic system, research in Chapter 6 is focused on finding a
suitable catalyst able to selectively convert SA into GBL at milder conditions and better
performance (productivity, selectivity) than those previously reported. Firstly, the investigation
of SA hydrogenation is carried out over various commercial catalysts and subsequently, GBL
selectivity is maximised by optimising catalyst design. Through the investigation of the
structure - activity relationship observed for the metal supported nanoparticles employed, the

features of a suitable material required to obtain high productivity of GBL are exposed.

27



Chapter 1

References

(1) U.S. Energy Information Administration, “International Energy Outlook 2017”

(2) S. Dale, T. D. Smith, “Back to the future: electric vehicles and oil demand”, BP

(3) Statista, “Daily demand for crude oil from 2006 to 2019 (in million barrels)”

(4) IndexMundi, “World Coal Consumption by Year”

(5) International Energy Agency, “Global coal consumption forecast to slow”, The Guardian, 2017

(6) International Energy Agency, “Share of electricity production from fossil fuels”, The World Bank,
2016

(7) International Energy Agency, “IEA sees global gas demand rising to 2022 as US drives market
transformation”, 2017

(8) Our World in Data, “Years of fossil fuel reserves left”, based on BP Statistical Review of World
Energy 2016

(9) M. S. Roni, S. Chowdhury, S. Mamun, M. Marufuzzaman, W. Lein, S. Johnson, Renew. Sustain.
Energy Rev., 2017, 78, 1089 — 1101

(10) P. Gallezot, “Catalysis for Renewables: From Feedstock to Energy Production”, Wiley, Weinheim,
2007

(11) S. Production, F. Biomass, A. C. S. S. Series and A. C. Society, “Sustainable Production of Fuels,
Chemicals, and Fibers from Forest Biomass”, 2011, vol. 1067

(12) M. Gurz, E. Baltacioglu, Y. Hames, K. Kaya, Int. J Hydrogen Energy, 2017, 42, 23334 - 23346
(13) F. Ma, M. A. Hanna, Bioresour. Technol., 1999, 70, 1 - 15

(14) H. Zabed, J. N. Sahu, A. Suely, A. N. Boyce, G. Farug, Renew. Sust. Energ. Rev., 2017, 71, 475
- 501

(15) E. V. Kondratenko, G. Mul, J. Baltrusaitis, G. O. Larrazabal, J. Pérez-Ramirez, Energy Environ.
Sci., 2013, 6, 3112 - 3135

(16) G. Centi, S. Perathoner, Catal. Today, 2009, 148, 191 - 205

(17) S. C. Roy, O. K. Varghese, M. Paulose, C. A. Grimes, ACS Nano, 2010, 4, 1259 - 1278

(18) S. Das, W. M. A. Wan Daud, RSC Adv., 2014, 4, 20856 - 20893

(19) C. O. Tuck, E. Pérez, I. T. Horvath, R. A. Sheldon, M. Poliakoff, Science, 2012, 337, 695 - 699
(20) R. A. Sheldon, Green Chem. 2014, 16, 950 - 963

(21) D. A. Bulushev, J. R. H. Ross, Catal. Today, 2011, 171, 1 - 13

(22) C. Li, X. Zhao, A. Wang, G. W. Huber, T. Zhang, Chem. Rev., 2015, 115, 11559 — 11624

(23) L. Baxter, Fuel, 2005, 84, 1295 - 1302

(24) J. Hill, E. Nelson, D. Tilman, S. Polasky, D. Tiffany, Proc. Natl. Acad. Sci. U. S. A., 2006, 103,
11206 - 11210

(25) S. Shylesh, A. A. Gokhale, C. R. Ho, A. T. Bell, Acc. Chem. Res., 2017, 50, 2589 — 2597

(26) W. N. R. Wan Ishak, M. W. M. Hisham, M. A. Yarmo, T. Y. Y. Hin, Renew. Sust. Energ. Rev., 2012,
16, 5910 - 5923

(27) A. Maziére, P. Prinsen, A. Garcia, R. Luque, C. Len, Biofuels, Bioprod. Biorefining, 2017, 11, 908
-931

(28) J. Van Haveren, E. L. Scott, J. Sanders, Biofuels, Bioprod. Bioref., 2008, 2, 41 — 57

(29) P. Gallezot, Chem. Soc. Rev., 2012, 41, 1538 — 1558

(30) G. W. Huber, S. Iborra, A. Corma, Chem. Rev., 2006, 106, 4044 — 4098

(31) S. Ladanai, J. Vinterback, “Global Potential of Sustainable Biomass for Energy”, Report 013, ISSN
1654 - 9406, Uppsala 2009

(32) International Renewable Energy Agency, “Global Bioenergy, supply and demand projections”,
2014

(33) F. D. Pileidis, M. M. Titirici, ChemSusChem, 2016, 9, 562 — 582

(34) C. H. Zhou, X. Xia, C. X. Lin, D. S. Tong, J. Beltramini, Chem. Soc. Rev., 2011, 40, 5588 — 5617
(35) F. H. Isikgor, C. R. Becer, Polym. Chem., 2015, 6, 4497 - 4559

(36) A. Shrotri, H. Kobayashi, A. Fukuoka, Acc. Chem. Res., 2018, 51, 761 - 768

(37) P. Harmsen, W. Huijgen, L. Bermudez, R. Bakker, “Literature review of physical and chemical
processes for lignocellulosic biomass”, Biosynergy, 2010

(38) Z. Sun, K. Barta, Chem. Commun, 2018, 54, 7725

(39) R. A. Sheldon, ACS Sustainable Chem. Eng., 2018, 6, 4464 - 4480

(40) T. Renders, E. Cooreman, S. Van den Bosch, W. Schutsyer, S. F. Koelewijn, T. Vangeel, A.
Deneyer, G. Van Bossche, C. M. Cortin, B. F. Sels, Green Chem., 2018, 20, 4607 - 4619

28



Chapter 1

(41) A. A. Rosatella, S. P. Simeonov, R. F. M. Frade, C. A. M. Afonso, Green Chem., 2011, 13, 754 -
793

(42) D. M. Alonso, S. G. Wettstein, J. A. Dumesic, Green Chem., 2013, 15, 584 - 595

(43) C. Vilela, A. F. Sousa, A. C. Fonseca, A. C. Serra, J. F. J. Coelho, C. S. R. Freirea, A. J. D.
Silvestre, Polym. Chem., 2014, 5, 3119 — 3141

(44) E. I. Gurbuz, J. M. R. Gallo, D. M. Alonso, S. G. Wettstein, W. Y. Lim, J. A. Dumesic, Angew.
Chem. Int. Ed., 2013, 52, 1270 - 1274

(45) M. S. Singhvi, S. Chaudhari, D. V. Gokhale, RSC Adv., 2014, 4, 8271 - 8277

(46) S. Laurichesse, L. Averous, Prog. Polym. Sci., 2014, 39, 1266 - 1290

(47) S. Guadix-Montero, M. Sankar, Top Catal., 2018, 61, 183 - 198

(48) X. Zhang, H. Lei, S. Chen, J. Wu, Green Chem., 2016, 18, 4145 - 4169

(49) P. Sudarsanam, R. Zhong, S. Van den Bosch, S. M. Coman, V. |. Parvulescu, B. F. Sels, Chem.
Soc. Rev., 2018, 47 (22), 8349 - 8402

(50) G. Ertl, “Handbook of Heterogeneous Catalysis”, Wiley-VCH, Weinheim-New York, 2nd edition,
2008

(51) T. Ennaert, J. Van Aelst, J. Dijkmans, R. De Clercq, W. Schutyser, M. Dusselier, D. Verboekend,
B. F. Sels, Chem. Soc. Rev., 2016, 45, 584 - 611

(52) S. S. Chen, T. Maneerung, D. C. W. Tsang, Y. Sik Ok, C. Wang, Chem. Eng. J., 2017, 328, 246 -
273

(53) Plastics Europe, “Plastic - The Facts 2016”7, www.plasticseurope.org

(54) C. K. Williams, M. A. Hillmyer, Polym. Rev., 2008, 48 (1), 1 - 10

(55) T. Werpy, G. Petersen, “Top Value-Added Chemicals from Biomass Volume | — Results of
Screening for Potential Candidates from Sugars and Synthesis Gas”, U.S. Department of Energy: Oak
Ridge

(56) A. J. J. E Eerhart, A. P. C. Faaij, M. K. Patel, Energy Environ. Sci., 2012, 5, 6407 — 6422

(57) M. Kunioka, T. Masuda, Y. Tachibana, M. Funabashi, Polym. Degrad. Stab., 2014, 109, 393 - 397
(58) J. Tuteja, H. Choudhary, S. Nishimura, K. Ebitani, ChemSusChem., 2014, 7 (1), 96 - 100

(59) Y. Tachibana, T. Masuda, M. Funabashi, M. Kunioka, Biomacromolecules, 2010, 11, 2780 - 2785
(60) Nexant ChemSystems, “Biochemical Opportunities in the United Kingdom NNFCC project 08-008,
A study funded by Defra, project managed by The National Non-Food Crops Centre (NNFCC)”, 2008
(61) P. A. J. M. de Jongh, P. K. C. Paul, E. Khoshdel, P. Wilson, K. Kempe, D. M. Haddleton, Polym.
Int., 2017, 66, 59 - 63

(62) T. Rosen, |. Goldberg, W. Navarra, V. Venditto, M. Kol, Angew. Chem. Int. Ed., 2018, 57, 7191 -
7195

(63) J. H. Park, B. K. Lee, S. H. Park, M. G. Kim, J. W. Lee, H. Y. Lee, H. B. Lee, J. H. Kim, M. S. Kim,
Int. J. Mol. Sci., 2017, 18, 671 - 686

(64) P. Walther, S. Naumann, Macromolecules, 2017, 50, 8406 - 8416

(65) G. Dahlhoff, J. P. M. Nierderer, W. F. Hoelderich, Cat. Rev.-Sci. Eng., 2001, 43, 4, 381 - 441

(66) M. Labet, W. Thielemans, Chem. Soc. Rev., 2009, 38, 3484 — 3504

(67) C.H. Huang, F.C. Wang, B.T. Ko, T.L. Yu, C.C. Lin, Macromolecules, 2001, 34, 356 - 361

(68) T. Buntara, S. Noel, P. H. Phua, |. Melian-Cabrera, J. G. de Vries, H. J. Heeres, Angew. Chem.
Int. Ed., 2011, 50, 7083 - 7087

(69) V. Thaore, D. Chadwick, N. Shah, Chem. Eng. Res. Des., 2018, 135, 140 - 152.

(70) G. Xu, J. Guo, Y. Zhang, Y. Fu, J. Chen, L. Ma, Q. Guo, ChemCatChem., 2015, 7, 2485 - 2492
71 Q. Meng, M. Hou, H. Liu, J. Song, B. Han, Nature Comm, DOI: 10.1038/ncomms14190

72 H. C. Quilter, M. Hutchby, M. G. Davidson, M. D. Jones, Polym. Chem., 2017, 8, 833 - 837

73 G. X. de Hoe, M. T. Zumstein, B. J. Tiegs, J. P. Brutman, K. McNeill, M. Sander, G. W. Coates, M.
A. Hillmyer, J. Am. Chem. Soc., 2018, 140, 963 - 973

(74) M. Hong Y. E. Y. X. Chen, Nature Chemistry, 2016, 8, 42 — 49

(75) M. Hong, X. Tang, B. S. Newell, E. Y. X. Chen, Macromolecules, 2017, 50, 8469 - 8479

(76) T. J. Hu, H. B. Yin, R. C. Zhang, H. X. Wu, T. S. Jiang, Y. J. Wada, Catal. Commun., 2007, 8, 193
-199

(77) J. P. Lange, E. van der Heide, J. van Buijtenen, R. Price, ChemSusChem, 2012, 5, 150 - 166
(78) X. Li, X. Lan, T. Wang, Green Chem., 2016, 18, 638 - 642

(79) J. Wang, S. Jaenicke, G. Chuah, RSC Adyv, 2014, 4, 13481 - 13489

(80) M. Al-Naji, A. Yepez, A. M. Balu, A. A. Romero, Z. Chen, N. Wilde, H. Li, K. Shih, R. Glaser, R.
Luqueb, J Mol Catalysis A, 2016, 417, 145 - 152

(81) S. Xu, D. Yu, T. Ye, P. Tian, RSC Adv., 2017, 7, 1026 - 1031

(82) Z. Zhang, ChemSusChem., 2016, 9, 156 - 171

(83) O. Nuyken, S. D. Pask, Polymers, 2013, 5, 361 - 403

29



Chapter 1

(84) A. Baeyer, V. Villiger, Ber. Dtsch. Chem. Ges., 1899, 32, 3625 — 3633

(85) G. Strukul, Angew. Chem. Int. Ed. 1998, 37, 1198 — 1209

(86) R. Criegee, Justus Liebigs Ann. Chem., 1948, 560, 127 - 135

(87) J. D. Stewart, Curr. Org. Chem., 1998, 2, 211 - 232

(88) A. Carvarzan, G. Bianchini, P. Sgarbossa, L. Lefort, S. Gladiali, A. Scarso, G. Strukul, Chem. Eur.
J., 2009, 15, 7930 — 7939

(89) C. Xia, L. Ju, Y. Zhao, H. Xu, B. Zhu, F. Gao, M. Lin, Z. Dai, X. Zou, X. Shu, Chin. J. Catal., 2015,
36, 845 - 854

(90) A. Corma, L. T. Nemeth, M. Renz, S. Valencia, Nature, 2001, 412, 423 — 425

(92) Z. Lei, Q. Zhang, J. Luo, X. He, Tetrahedron Lett., 2005, 46, 3505 - 3508

(92) K. M. Jinka, S. Lee, S. Park, R. V. Jasra, “Zeolites and Related Materials: Trends, Targets and
Challenges, Proceedings of 4th International FEZA Conference”, 2008

(93) H. Y. Luo, W. R. Gunther, E. Min, Y. Roman-Leshkov, ACS Catal., 2012, 2, 2695 — 2699

(94) A. Corma, M. T. Navarro, L. Nemeth, M. Renz, Chem. Commun., 2001, 2190 - 2191

(95) A. Corma, M. T. Navarro, M. Renz, J Catal., 2003, 219, 242 - 246

(96) T. Chen, B. Wang, Y. Li, L. Li, S. Qiu, J Porous Mater., 2015, 22, 949 - 957

(97) P. Li, G. Liu, H. Wu, Y. Liu, J. Jiang, P. Wu, J. Phys. Chem. C, 2011, 115, 3663 — 3670

(98) C. Hammond, S. Conrad, I. Hermans, Angew. Chem. Int. Ed., 2012, 51, 11736 — 11739

(99) Z. Kang, H. Liu, X. Zhang, Chin. J. Catal., 2012, 33, 898 — 904

(100) J. M. Pinazo, M. E. Domine, V. Parvulescu, F. Petru, Catal. Today, 2015, 239, 17 - 24

(101) S. Vaswani, “PEP Review 2010-14 Bio-based Succinic Acid”

(102) Construction Boxscore database, “BioAmber Sarnia starts production of bio-succinic acid at
commercial scale”, Hydrocarbon processing, 2018

(103) M. McCoy, “Succinic acid maker BioAmber is bankrupt”, C&en, Biobased chemicals, 2018, 96
(20)

(104) 1. Meynial-Salles, S. Dorotyn, P. Soucaille, Biotechnol. Bioeng., 2007, 99, 129 — 135

(105) A. M. Sanchez, G. N. Bennett, K. Y. San, Biotechnol. Prog., 2005, 21, 358 — 365

(106) 1. Bechthold, K. Bretz, S. Kabasci, R. Kopitzky, A. Springer, Chem. Eng. Tecnhol., 2008, 31 (5),
647 - 654

(107) C. Delhomme, D. Weuster-Botz, F. E. Kiihn, Green Chem., 2009, 11, 13 - 26

(108) U. G. Hong, S. Hwang, J. G. Seo, J. Yi, I. K. Song, Catal Lett., 2010, 138, 28 - 33

(109) U. G. Hong, H. W. Park, J. Lee, S. Hwang, I. K. Song, J. Ind. Eng. Chem., 2012, 18, 462 — 468
(110) Z. Shao, C. Li, X. Di, Z. Xiao, C. Liang, Ind. Eng. Chem. Res., 2014, 53, 9638 — 9645

(111) B. K. Ly, B. Tapin, M. Aouine, P. Delichere, F. Epron, C. Pinel, C. Especel, M. Besson,
ChemCatChem, 2015, 7, 2161 — 2178

(112) M. L. Toebes, J. A. Van Dillen, K. P. De Jong, J. Mol. Catal. A Chem., 2001, 173, 75-98.

(113) C. You, C. Zhang, L. Chen, Z. Qi, Appl. Organometal. Chem., 2015, 29, 653 — 660

(114) X. Di, Z. Shao, C. Li, W. Li, C. Liang, Catal. Sci. Technol., 2015, 5, 2441 - 2448.

(115) K. H. Kang, U. G. Hong, Y. Bang, J. H. Choi, J. K. Kim, J. K. Lee, S. J. Han, I. K. Song, Appl.
Catal., A, 2015, 490, 153 — 162

(116) C. Zhang, L. Chen, H. Cheng, X. Zhu, Z. Qi, Catal. Today, 2016, 276, 55 — 61

(117) U. G. Hong, S. Hwang, J. G. Seo, J. Lee, I. K. Song, J. Ind. Eng. Chem., 2011, 17, 316 — 320

30



Chapter 2

2. Experimental and methods

2.1. List of abbreviations

Baeyer-Villiger oxidation
Cyclohexanone

g-Caprolactone (or caprolactone)
meta-chloroperbenzoic acid
Hydrogen peroxide

Tin beta zeolite

Zeolite beta (BEA)
Dealumination

Solid-State Incorporation
Powder X-Ray Diffraction
Transmission Electron Microscopy

Scanning Electron Microscopy

Diffuse Reflectance Infrared Fourier Transformed spectroscopy

BVO
CyO
Capr
mCPBA
H202
Sn-B

B

deAl
SSli
XRD
TEM
SEM
DRIFTS
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Magic Angle Spinning Nuclear Magnetic Resonance
Gas Chromatography

Flame lonization Detector

Silanol groups

Apparent kinetic constant

Activation energy

High Performance Liquid Chromatography
Attenuated Total Reflectance Infra-Red
6-Hydroxyhexanoic Acid

Adipic Acid

Proton Nuclear Magnetic Resonance
Carbon Nuclear Magnetic Resonance
Tetramethylsilane in deuterated chloroform
Biphenyl

Thermogravimetric Analysis

Gel Permeation Chromatography
Average molecular weight

Poly-Dispersity index

Plug Flow Reactor

Back Pressure Regulator

Substituted e-Caprolactone

Substituted Cyclohexanone

Hierarchical Sn-3

Energy-Dispersive X-ray spectroscopy
Desilication

Brunauer—Emmett—Teller surface area
Barret-Joyner-Halenda method
Brunauer-Deming-Deming-Teller classification
Density Functional Theory
para-substituted Acetophenone

Hammett constant

Triazabicyclodecene

Gel Permeation Chromatography

Size Exclusion Chromatography

Sol Immobilisation

Polyvinyl alcohol

Wet Impregnation
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MAS NMR
GC

FID
Si-OH
Kapp

Eact
HPLC
ATR-IR
6-HHA
AA

IH NMR
13C NMR
TMS/CDCI;
Bp

TGA
GPC

Mn

PDI

PFR
BPR
R-Capr
R-CyO
Sn-B-H
EDX
deSi
SeeT
BJH
BDDT
DFT

4-R-AcetoPhO

o)
TBD
GPC
SEC
Sl
PVA
IMP
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Succinic Acid
1,4-Butanediol
y-Butyrolactone
Tetrahydrofuran
Propionic Acid

Butyric Acid

Citric Acid
Co-precipitation
Deposition-precipitation
X-ray Photoelectron Spectroscopy
Space Time Yield

2.2 Formulas and expressions

([Substrate], — [Substrate],)
X _ x 100
(Substrate) [Substrate],
Yield:
y B [Product]; % 100
(Product) = [Substrate],
Selectivity:
Product
[ le x 100

S =
(Proauct) = ([Sybstrate], — [Substratel,)

Carbon Balance:

Y. Carbon,

CBal =g——"F"—
¢ Y. Carbon,

x 100

Turnover Frequency:

moles of substrate converted
TOF =

moles of metal x time

SA
BDO
GBL
THF
PA
BA
CA
CoP
DP
XPS
STY
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[Equation 2.1]

[Equation 2.2]

[Equation 2.3]

[Equation 2.4]

[Equation 2.5]
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2.3 Catalysts employed

In this study two main kinds of heterogeneous catalysts were employed: Lewis acid silicalites
and metal supported nanoparticles.

Details for material preparations for all the catalysts presented in this work are described
below.

2.3.1 Lewis acid silicalites

2.3.1.1 Sn-[3 preparation

Commercial zeolite Al-B (CP814E, Zeolyst, NHs-form, SiO2/Al,O3 = 38) was dealuminated by
treatment in a solution of HNO3; (13 M HNOs, 100 °C, 20 h, 20 mL g* of zeolite). The
dealuminated powder (deAl-f) was filtered, washed with water and dried overnight at 110 °C.
Subsequently, Solid-State Incorporation (SSI) of Sn was performed by grinding the
appropriate amount of Sn (Il) acetate with the necessary amount of deAl-B for 10 min in a
pestle and mortar, prior to heat treatment in a combustion furnace (Carbolite MTF12/38/400).
During heat treatment, the sample was placed in an alumina boat within a sealed horizontal
quartz tube. A two-stage heat treatment was employed: 550 °C (10 °C min ramp rate, 60 mL

min?) first in a flow of N (3 h) and subsequently in air (3 h).

OI H+ i _________
1 1
o

1
Al P i
|\ H I sn !
o__J povy 9
________ N

HNO; 13M, 20 h
Dealumination

Figure 2.1. Representation of the synthesis of Sn-B, where the coloured atoms are:

yellow = O, blue = Si, red = Al and green = Sn.

Typically, the prepared samples possessed a 2 wt. % Sn loading, henceforth denoted 2Sn-3.
Where required, samples with different wt. % Sn loadings were prepared by adjusting the
amount of the Sn precursor used. These samples are denoted XSn-3, where X represents the
wt. % of Sn. Additionally, samples with different initial Al contents were also prepared from
zeolite Al-B (Zeolyst, NH4-form) with SiO2/Al,Os = 25 and 300, denoted 2Sn-3 (25) and 2Sn-
(300), respectively.
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2.3.1.2 Hierarchical Sn-3 preparation

Commercial zeolite Al-B (CP814E, Zeolyst, NHs-form, SiO2/Al.O3 = 38) was first converted into
the protonic form by calcination in static air at 550 °C (5 °C min™) for 5 h. The H-form zeolite
B (H-B) was subsequently suspended in a solution of NaOH (0.2 M, 45 °C, 0.5 h, 30 mL g* of
zeolite) to obtain a desilicated zeolite B (deSi-B). The desilication procedure was then stopped
immediately by cooling the container in an ice bath. The remaining solid product was
centrifuged, thoroughly washed with deionized water until neutral pH was attained, and finally
dried at 110 °C overnight. The deSi-B powder was then dealuminated following the same
procedure described above in Section 2.3.1.1. After filtering and drying the sample, the sample
was reconverted into NHs-form by ion exchange in an aqueous solution of NH4sNOs (1 M, 2 h,
85 °C, 30 mL solution g* of zeolite). SSI of Sn by the exact protocol described above was then
performed. Typically, the hierarchical samples prepared possessed 2 wt. % Sn loading,
denoted 2Sn-B-H.

pem———— HNO; 13M, 20 h Py
E (|) E Dealumination \ i | i
1 \\\\_Sn\o 1 1 Hy ]
O ! :
e O i !
" Y Sn (I1) acetate

N

Figure 2.2. Representation of the synthesis of Sn-B-H, where the coloured atoms are:

yellow = O, blue = Si, red = Al and green = Sn.
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2.3.2 Metal supported nanoparticles

A series of metal nanoparticles (Pd, Au, Ru, Ni, Ir, Cu) were supported on various materials
(TiO2, Al,Os, MgO, hydrotalcite, H-B, MCM-41) using different preparation techniques.

The following compounds were used as metal precursors: potassium tetrachloropalladate (lI)
(Sigma Aldrich), gold (lll) chloride trihydrate (Sigma Aldrich), ruthenium (Ill) chloride hydrate
(Sigma Aldrich), nickel (ll) chloride hexahydrate (Alfa Aesar), copper (IlI) chloride dihydrate
(Alfa Aesar) and iridium (IV) chloride (Alfa Aesar). Each metallic solution was analysed by
Microwave Plasma-Atomic Emission Spectrometer to obtain the exact concentration.

The following materials were employed as supports: titanium oxide (TiO», P25, Degussa), y-
alumina (Sigma Aldrich), magnesium oxide (MgO light, BDH), mesoporous silica (MCM-41,
Sigma Aldrich), hydrotalcite (Sigma Aldrich) and 8 zeolite (Zeolyst, NHs-form, SiO./Al,O3 = 38)
converted into the protonic form (H-B) by calcination at 550 °C in static air for 5 h.

Surfactant and precipitating agents used in this study were polyvinyl alcohol (PVA, MW =
89,000 - 98,000, hydrolysed, Sigma Aldrich), NaBH. (98 %, Sigma Aldrich), Na>COs (99 %,
Sigma Aldrich), NaOH (98 %, Fisher Scientific).

2.3.2.1 Sol immobilisation method (SI)

Monometallic Pd and Au and bimetallic Pd-Au nanoparticles were supported on TiO; by sol
immobilisation method (SI).

Firstly, aqueous solutions of 1 wt. % PVA and 0.1 M NaBH4 were prepared. For a typical
preparation, the required amount of metal precursor(s) was added to 800 mL of deionized
water, prior to addition of the required amount of PVA (PVA / Metal = 0.65 (or 1.2 for bimetallic)
weight ratio). Subsequently, NaBH4 solution was added (NaBH./ Metal = 5 molar ratio) and
stirred for 30 min, to allow formation of colloids. Following this, the desired amount of support
was added, alongside 5 - 10 drops of sulphuric acid to lower the pH to 1 - 2 and enhance
colloidal immobilisation. The mixture was then stirred for 1 h, while adsorption of the colloids
onto the support occurred and the solution became colourless. The final powder obtained was
filtered, washed with water until a neutral pH was reached, and dried overnight at 110 °C.
When required, catalysts were heat treated in a tubular combustion furnace (Carbolite
MTF12/38/400) at 400 °C for 3h in air (10 °C min! ramp rate, flow rate of 100 mL min‘1).
Catalysts prepared by this methodology were: 1 wt. % Pd on TiO2, 1 wt. % Au on TiO; and 1
wt. % Pd 1 wt. % Au on TiO2, denoted 1Pd/TiO,, 1Au/TiO; and 1Pd-1Au/TiO,, respectively.

2.3.2.2 Wet impregnation method (IMP)

Monometallic Pd, Au and bimetallic Pd-Au samples supported on different materials were

prepared by wet impregnation method (IMP).
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The required amount of metal chloride precursor solution to prepare 1 g of catalyst was added
into a 50 mL round bottom flask with a magnetic stirrer (700 rpm) at 25 °C. Deionized water
was added to adjust the total volume to 16 mL, before the flask was immersed in an oil bath
and the temperature was increased to 60 °C. Once the temperature was reached, the support
was gradually added, and the resultant slurry was stirred for 15 minutes. The oil bath
temperature was then increased to 95 °C and stirred until full evaporation of the water, leaving
a dry solid. When required, catalysts were heat treated in a tubular combustion furnace
(Carbolite MTF12/38/400) at 400 °C for 3h in air (10 °C min* ramp rate, flow rate of 100 mL
min) or 200 °C for 3h in 5% Ha/Ar (10 °C min ramp rate, flow rate of 100 mL min™).

Catalysts prepared by this methodology were: 2.5 wt. % Pd on 2Sn-f3, 2.5 wt. % Au on 2Sn-f3
and 0.5 wt. % Pd 0.5 wt. % Au on 2Sn-B, denoted 2.5Au/2Sn-B, 2.5Pd/2Sn-B and 0.5Au-
0.5Pd/2Sn-(. Likewise, 2 wt. % Pd supported on commercial y-alumina and alumina prepared
by co-precipitation, denoted 2Pd/Al>Ozumey and 2Pd/Al>O3zump@cor), Were also synthesised.
Finally, 2 wt. % Pd supported on MgO, MCM-41, hydrotalcite and H-B, denoted simply

2Pd/support were also prepared.
2.3.2.3 Co-precipitation method (COP)

Various metals (Pd, Ru, Ir, Ni, Cu) supported on alumina were prepared by the co-precipitation
method (COP).

The required amount of metal chloride precursor solution to prepare 1 g of a 2 wt. % loading
catalyst, was added into a beaker with 50 mL of deionized water under stirring (700 rpm) at
25 °C. The support precursor (aluminium nitrate nonahydrate, 99.9 %, Sigma-Aldrich) was
then added, and the pH adjusted to 9 through gradual addition of solid sodium carbonate. The
suspension was then equilibrated under stirring for 1 h and the resultant slurry filtered and
washed extensively with deionized water (3 L per g of catalyst). The solid was then oven dried
overnight at 110 °C and reduced in a combustion furnace (Carbolite MTF12/38/400) at 200 °C
for 3 h under 5% Ha/Ar flow (10 °C min* ramp rate, 100 mL min?). When a catalyst with
different metal loading was prepared, the required amounts of metal and support precursor
were adjusted appropriately.

Catalysts prepared by this methodology were 2 wt. % metal loading, denoted 2M/Al>O3cop),

where M represents the metal employed and 5 wt. % Pd on alumina, denoted 5Pd/Al>Oscop).
2.3.2.4 Deposition precipitation method (DP)

2 wt. % Pd on y-alumina and 2 wt. % Pd on alumina prepared by COP, denoted 2Pd/Al>Oz(op)
and 2Pd/Al>Ozpracor) Were prepared by deposition-precipitation method (DP).
In a beaker containing 160 mL of deionized water, the required amount of metal precursor

was added. Subsequently, the pH was adjusted to 10 by dropwise addition of 0.2 M NaOH

37



Chapter 2

solution under continuous stirring. Then, this solution was poured into a second beaker
containing 40 mL of deionized water and the required amount of support, and the pH was
adjusted again to 10 and stirred for 1 h. The resulting powder was filtered, washed extensively
with water and oven dried at 110 °C for 16 h before being reduced at 200 °C for 3 h under 5%
H/Ar flow (Carbolite MTF12/38/400, 10 °C min ramp rate, flow rate of 100 mL min%).

2.3.2.5 Commercial catalysts employed

In addition to the synthesised materials described above, some commercial catalysts were
employed for the SA hydrogenation where stated. These materials were: 5 wt. % Ru and 5 wt.
% Pd on y-alumina and carbon (Sigma Aldrich), denoted: 5Ru/Al;Oscom), 5RU/Ccom),
5Pd/Al;O3com and 5Pd/Ccowm), respectively.

2.4 Kinetic evaluation

2.4.1 Batch Baeyer-Villiger Oxidation (BVO) reactions of cyclohexanone
(CyO), substituted cyclohexanones (R-CyO) and substituted
acetophenones (4-R-AcetoPhQO)

Batch BVO reactions were performed in a 100 mL round-bottom flask equipped with a water-
free reflux condenser. The reaction temperature was controlled by immersion in a silicon oil
bath. The vessel was charged with a solution of CyO (or similar substrate tested) in 1,4-
dioxane (10 mL, 0.33 M), which also contained an internal standard (biphenyl, 0.01 M), and
the appropriate amount of catalyst, typically 1 mol. % Sn with respect to the substrate. The
vessel was subsequently heated to the desired temperature (typically, 100 °C internal
temperature). The reaction was initiated by addition of an appropriate amount of H.0O, (50 wt.
% in aqueous solution), typically corresponding to a H,O2:ketone ratio of 1.5. The solution was
stirred at 750 rpm with an oval magnetic stirrer. Aliquots of the reaction solution were taken
periodically for analysis and were centrifuged prior to injection into a gas chromatograph (GC).
The GC employed was an Agilent 7820 equipped with a 25 m CP-Wax 52 CB capillary column
and a Flame lonisation Detector (FID), with He as carrier gas (5 mL min'). Reactants were
guantified against biphenyl (Bp) as internal standard. More details on this analytical technique
can be found in Section 2.5.1.1.

Additionally, when analysis and quantification of 6-hydroxyhexanoic acid (6-HHA), and
analogues, were required, aliquots from BVO reaction were analysed by proton Nuclear
Magnetic Resonance (*H NMR) spectroscopy and quantified against a tetramethylsilane insert

previously calibrated, following the experimental procedure described in Section 2.5.2.1.
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Kinetic parameters studied such as conversion, yield, selectivity, carbon balance and turnover
frequency were calculated according to Equations 2.1 to 2.5.

An identical procedure was also followed during investigation of BVO reactions for the coupling
with in situ H202 production.

Kinetic evolution of H,O, during BVO reactions was determined by titration of the remaining
oxidant against a Ce*"* solution using ferroin as indicator, following the experimental procedure
detailed in Section 2.5.3.1.

List of chemicals used for these experiments: cyclohexanone (99 %, Sigma Aldrich), 2-methyl-
cyclohexanone (98 %, Sigma Aldrich), 2-ethyl-cyclohexanone (98 %, Alfa Aesar), menthone
(97 %, Sigma Aldrich), 2-tert-butyl-cyclohexanone (98 % Sigma Aldrich), 4-methyl-
cyclohexanone (97 %, Sigma Aldrich), 4-ethyl-cyclohexanone (98 %, Alfa Aesar), 4-iso-propyl-
cyclohexanone (96 %, Alfa Aesar), 4-tert-butyl-cyclohexanone (99 %, Sigma Aldrich), 4-
amino-acetophenone (99 %, Alfa Aesar), 4-methoxy-acetophenone (99 %, Alfa Aesar), 4-
ethoxy-acetophenone (98 %, Alfa Aesar), 4-tert-butyl-acetophenone (98 %, Alfa Aesar), 4-
methyl-acetophenone (99 %, Alfa Aesar), acetophenone (99 %, Alfa Aesar), 4-chloride-
acetophenone (99 %, Sigma Aldrich), 4-nitro-acetophenone (99 %, Alfa Aesar), hydrogen
peroxide aqueous solution (50 wt. %, Sigma Aldrich), caprolactone (97 %, Sigma Aldrich), 6-
hydroxyhexanoic acid (95 %, Sigma Aldrich), 1,4-dioxane (Alfa Aesar), methanol, ethanol,

isopropanol, acetone (all of them laboratory reagent grade, Fisher Scientific).

2.4.2 Batch caprolactone (Capr) and substituted caprolactone (R-Capr)

hydrolysis reactions

Batch Capr and 4-Pr-Capr hydrolysis reactions were performed following the same
experimental procedure of the standard BVO reaction, although the ketones were replaced by
the lactones and the oxidant was replaced by the equivalent amount of water added for BVO
(typically, 0.3 mL of agueous 50 wt. % H»0;), hence, 0.15 mL of H,0, otherwise stated along
Chapter 3.

Aliquots of the reaction solution were periodically taken for analysis and centrifuged prior to
injection into a GC, and/or analysis by *H NMR (when required), following the experimental
procedures described in Section 2.4.1.

4-isopropyl-caprolactone (4-Pr-Capr), which could not be purchased from any chemical
supplier, was isolated, from the final reactant solution of BVO of 4-'Pr-CyO after 6 h of reaction
by column chromatography, as described in detail in Section 2.5.1.4.1. The isolated product
was then used as substrate for hydrolysis studies.

Kinetic parameters studied such as conversion, yield, selectivity and carbon balance were

calculated according to Equations 2.1 to 2.4.
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2.4.3 Poisoning experiments on BVO reaction

Poisoning experiments for the BVO reaction were generally performed following the same
exact experimental procedure of a typical BVO reaction, as described in Section 2.4.1.
However, small amounts of the reaction (by-)products (Capr, H.O and 6-HHA) were also
added to the initial reaction solution in the vessel, i.e. 10, 25 and 50 mol. % of each product
was co-added to the initial reaction solution.

The reactions were monitored by GC-FID as described in Section 2.5.1.1.

2.4.4 Continuous flow BVO reactions of CyO and 4-Pr-CyO

Continuous BVO reactions were performed in a home-made plug flow, stainless steel, tubular
reactor (PFR). Reactant feed delivery (0.33 M CyO or 4-Pr-CyO in 1,4-dioxane, H,O:ketone
1.5 (or 0.75 where stated)) was performed by an HPLC pump. The catalyst (0.2 g) was mixed
with a diluent material (0.8 g of SiC (Fisher Scientific, grinded and meshed to a particle size
of 63 — 75 ym)) to avoid back mixing and to minimise the pressure drop, and the bed was
placed in between two plugs of quartz wool. The diluted catalyst was densely packed into a
1/4-inch stainless steel tube (4.1 mm ID), and a frit (0.5 mm) was placed at the end of the bed
to avoid any loss of material. A contact time of 5.5 min was typically employed. The reactor
temperature was controlled by immersion in a thermostatic oil bath, and the pressure was
controlled by means of a Back Pressure Regulator (BPR).

The reaction feed was identical to that used for batch reactions and aliquots of the BVO
reaction solutions were periodically taken from a sampling valve placed after the reactor and
were analysed in the same manner as the batch reactions.

Analogously to the BVO batch reactions, kinetic parameters such as conversion, yield,
selectivity and carbon balance were calculated according to Equations 2.1 to 2.4.
Regeneration of the catalyst bed used for BVO continuous reactions was performed heating
the whole reactor in a combustion furnace (Carbolite MTF12/38/400) to 550 °C (10 °C min™)
in air (3 h). After the heat treatment, the reactor was put back again in the reaction system and

the reaction was re-started at the same initial conditions.

2.4.5 Polymerisation studies

Preliminary polymerisation studies of the lactone produced by BVO / H,O,/ Sn-f3 system were
performed at Bath University as a result of a collaboration with Dr Antoine Buchard and Dr
Eva Maria Lopez Vidal.

In a glovebox, 4-Pr-Capr (0.35 g, 2.2 mmol), triazabicyclodecene (TBD, 22 mL of 1 M solution
in anhydrous dichloromethane), 4-methylbenzylalcohol (22 mL of 1 M solution in anhydrous

dichloromethane) were mixed and sealed in a flask under argon, before transferring the
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solution onto an oil bath preheated at 110 °C. After the required time, the flask was opened to
air, quenched with a few drops of MeOH, and the solvent removed under reduced pressure.
A crude 'H NMR spectrum was recorded to determine the conversion of monomers from the
relative integrals of monomer and polymer resonances.

The polymer was then washed with MeOH to remove the unreacted monomer before drying
under vacuum and analysis by Gel Permeation Chromatography (GPC). GPC analysis was
carried out on an Agilent Technologies 1260 Infinity instrument with a flow rate of 1 mL min
at 358° C with THF as eluent and referenced against polystyrene standards (RI). More details
are reported in Section 2.5.1.3.1.

2.4.6 Batch in situ H20> production

Batch in situ H.O- production was performed in a 50 mL Parr autoclave (4590 Micro Bench
Top Reactor) equipped with a glass liner and a mechanical stirrer, controlled by a Parr 4848
reactor controller. In a typical reaction, the reactor vessel was charged with the appropriate
amount of catalyst and 10 mL of the selected solvent and sealed. The reactor was purged
three times prior charging it with 40 bar of 2.5 % H2/5 % O in CO. and subsequently cooled
down to the desired temperature using an ice bath (typically, 10 °C internal temperature). The
reaction was carried out for 30 min at 1000 rpm.

Final H,O; production was analysed following the procedure described in Section 2.5.3.1.
Solvents employed for in situ H>O, production include methanol, ethanol, isopropanol and
acetone (all of them laboratory reagent grade, Fisher Scientific), acetonitrile (99 %, Sigma
Aldrich) and 1,4-dioxane (99 %, Alfa Aesar).

2.4.7 Batch coupling of in situ H202 production and BVO reaction

Coupling of in situ H,O; production and BVO reaction was performed in a 50 mL Parr autoclave
(4590 Micro Bench Top Reactor) equipped with a glass liner and a mechanical stirrer,
controlled by a Parr 4848 reactor controller following similar experimental procedure generally
employed for batch in situ H.O- production (Section 2.4.6). Reactant solution was composed
of 10 mL of 0.33 M CyO dissolved in the chosen solvent mixture (MeOH/1,4-dioxane in a ratio
1:9) and a physical mixture of 1Pd-1Au/TiO2w400 (10 mg) and 2Sn-B (1 mol. % Sn respect to
CyO). The reactor was purged and charged with 40 bar of a gas mixture composed of 2.5 %
H2 /5 % O in CO2, and subsequently cooled down to 10 °C. Reaction ran for 6 h and an
aliguot of the reaction solution was taken and analysed by Ce** titration and GC-FID, as
described in Section 2.4.1.

Kinetic parameters such as conversion, yield, selectivity and carbon balance were calculated

according to Equations 2.1 to 2.4.
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2.4.8 Batch succinic acid (SA) hydrogenation reaction

Catalytic evaluation of SA hydrogenation reaction was carried out using a 100 mL Parr
autoclave (Compact Mini Bench Top Reactor 5500) connected to a Parr 4848 Reactor
controller. In a typical reaction, 15 mL of 0.2 M SA solution in 1,4-dioxane (SA, 99.9 %, Sigma
Aldrich and 1,4-dioxane, 99%, Alfa Aesar) and reduced catalyst (amount required depending
on metal loading and mol. % substrate ratio used, usually 2 wt. % of Pd and 2 mol. % Pd with
respect SA) were charged into the reactor vessel. The reactor was purged three times and
then it was pressurised up to 30 bar with H,. The reactant solution was heated to the reaction
temperature (usually 170 °C) and the reaction initiated by stirring the vessel at 1000 rpm. The
reaction was typically run under continuous stirring for a 4 h period, unless otherwise stated.
When required, control reactions were performed by replacing the SA substrate for some of
the products of the reaction. Otherwise, reactions were performed following the same
experimental procedure.

Chemicals employed for this set of experiments were y-butyrolactone (97 %, Alfa Aesar),
propionic acid (97 %, Alfa Aesar), butyric acid (98 %, Sigma Aldrich) and 1,4-butanediol (98
%, Sigma Aldrich).

This reaction system required the analysis of the reaction products by two analytical
techniques of GC-FID and High-Performance Liquid Chromatography (HPLC).

SA quantification was carried out by an Agilent 1220 HPLC equipped with a variable
wavelength detector (VWD) and a Metacarb 87H Column 250 x 4.6 mm at 60 °C, with 0.4 mL
mint of 0.1 wt. % HzPO4 aqueous solution as eluent, against citric acid (CA) 0.01 M as external
standard. More details on this analytical technique can be found in Section 2.5.1.2.1.
y-Butyrolactone (GBL), 1,4-butanediol (BDO), butyric acid (BA) and propionic acid (PA) were
guantified by an Agilent 7890B GC equipped with a FID detector and a 25m CP-Wax 52 CB
column, against 0.01 M of Bp as external standard, following the same methodology described
in Section 2.5.1.1.2.

Additionally, gas products were analysed using a Varian 450-GC gas chromatograph
equipped with FID and a methanizer. More details are described in Section 2.5.1.1.3.

Kinetic parameters such as conversion, yield, selectivity and carbon balance were calculated

according to Equations 2.1 to 2.4.

2.4.9 Reusability studies for catalytic hydrogenation of SA

Catalyst reusability studies were carried out after simple filtration of the catalyst. Between
measurements, the catalyst was dried overnight at room temperature. The typical conditions
and the methods employed for the standard reaction conditions were performed, as described

above.
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2.5 Analytical methods

Analytical details of the qualitative and quantitative analysis of the reactions reported in the
whole project, are provided in this section.

2.5.1 Chromatography

Chromatography is an analytical technique commonly used to separate a mixture of chemical
substances into its individual components, so that they can be analysed. The mixture is
dissolved in a fluid called the mobile phase, which carries it through a structure holding a
material called the stationary phase. The separation of the components is based on differential
partitioning between the mobile phase and the stationary phase, depending from the affinity

of the single component to bind to the stationary phase.
2.5.1.1 Gas Chromatography (GC)

Gas Chromatography (GC) is a common type of chromatography used for the separation and
analysis of compounds that can be vaporised without decomposition. In this technique, the
mixture to be separated is passed through the system by use of an inert carrier gas (typically
He), which acts as the mobile phase. The fluid phase is continuously carried through the
chromatographic column (usually a capillary column coated or supported with a thin polymeric
film), which acts as the stationary phase. The molecules transported in the mobile phase
interact differently with the stationary phase, leading to them being eluted from the column at
different time (retention time, RT). Hence, a molecule that interacts strongly with the column
will elute later (longer RT). At fixed conditions, RT is characteristic of each compound being

eluted from the system (Fig 2.3).

Flow
2R Chromatogram
e %
£
= L U 1) | |
3% 3% RT
)

Figure 2.3. Representation of a chromatographic separation process.
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Generally, a GC instrument is composed of a series of common elements. An injector, usually
held at temperatures of 150 - 300 °C, vaporises the sample and introduces the mixture into
the eluent gas, which carries the analytes into a column that is held in an oven. The oven
controls the temperature at which the column is working, and its temperature range and ramp
rates depend on the GC method chosen for the particular analysis. The separation of the
analytes is strongly dependent of the temperature, in addition to the type of stationary phase,
so the control of temperature represents one of the most important parameters in GC. Finally,
the eluted analytes arrive to the detector, which generates a response that is proportional to
the amount of the analyte detected. The type of detector chosen depends on the nature of the
analytes and their sensitivity to generate a signal by the detection method. Generally, for the
detection of hydrocarbon or organic molecules containing low quantities of oxygen, such as
alcohols, ketones and ethers, a Flame lonisation Detector (FID) is often employed. In this
case, a H, flame burns the organic molecules producing a flow of ions that are collected,
thereby generating a current that is transformed into a chromatographic signal. The analyte

signal results in a gaussian peak whose area can be integrated and used for its quantification.
2.5.1.1.1 Quantification of BVO products

The evolution of BVO reaction was monitored by a GC (Agilent 7820, 25 m CP-Wax 52 CB
column) equipped with an FID (at 250 °C) and He (5 mL min?) as carrier gas. The
guantification of the reactant components was carried out against Bp as internal standard prior
calibration of all the analytes of interests. Calibrations were performed by preparation of
accurate solutions of the analytes at different concentrations (covering the full reaction range
from O - 100 % conversion or yield) in a 1,4-dioxane with a fixed concentration of Bp (0.01 M).
The area of the analytes and standard were obtained by integration of the corresponding
signals in the chromatograph. The GC method employed was previously optimised to ensure
the proper separation of all components. In this case, the temperature profile of the GC method
consisted of an initial isothermal period at 35 °C for 7.5 min, a heating period with a ramp rate
of 15 °C mint until 200 °C and a final isothermal period at 200 °C for 8 min. Table 2.1 shows

a representative example for the GC calibration of CyO.
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Table 2.1. Concentrations and GC areas obtained for the calibration of CyO.

CyO Bp
n° Concentration / M Area Concentration / M Area
1 0.334 481.0 0.011 588.8
2 0.196 1779.0 0.010 582.5
3 0.0982 2615.8 0.0106 598.8
4 0.069 4757.5 0.0108 568.5
5 0.0192 7460.3 0.0108 569

As reported in Fig 2.4, the calibration curve was generated by plotting the ratio of the
concentration of the analyte and Bp against the ratio of the corresponding areas obtained by

the chromatogram, according to Equation 2.6:

[CyO] Area CyO

——— =(CF —— E tion 2.6
[Bp] Area Bp [Equation 2.6]
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Figure 2.4. Calibration curve obtained by GC for CyO against Bp as internal standard.
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The calibration factor (CF) was obtained by calculating the slope of the fitting curve of the
calibration points, and it was used to obtain the unknown concentrations of each analyte during
the reaction. For example, the CF obtained for CyO was 2.29. CF for Capr and R-CyO were
calculated following the procedure described above and their CF as well as RT are compiled
in Table 2.2. The corresponding lactone products of the BVO reaction of R-CyO, R-Capr, could
not be purchased from any supplier and calibrated. Hence, considering that CF obtained for
CyO and Capr were almost identical, the same CF of their original ketone was employed.

Table 2.2. CF and RT for BVO ketones and lactones obtained by GC.

Analyte CF RT / min
CyO 2.29 14.7
Capr 2.41 20.7

2-Me-CyO 1.77 14.2
2-Eth-CyO 1.66 15.4
Menthone (2-Pr-CyQ) 1.35 16.7
2-Bu-CyO 1.32 17.0
4-Me-CyO 1.73 14.7
4-Eth-CyO 1.39 16.8
4-'Pr-CyO 1.47 18.3
4-'Bu-CyO 1.21 18.9

For quantification of para-substituted acetophenone (4-R-AcetoPhO) BVO products, a
different GC method was required, whose temperature profile consisted in an initial isothermal
period of 6 min at 55 °C, a heating step up to 158 ° C at a ramp rate of 35 °C min! followed
by an isothermal period for 6 min and a final heating step up to 205 ° C at a ramp rate of 35
°C min’?, followed by an isothermal period of 14 min. Calibration curves of the analytes were
obtained following the same experimental procedure against Bp as internal standard. All the
CF obtained for 4-R-AcetoPhO were calculated following the exact procedure described
above and their CF as well as RT are compiled in Table 2.3. As occurred with the substituted
lactones, the corresponding esters produced from BVO of 4-R-AcetoPhO could not be
purchased from any supplier and calibrated. Therefore, the same CF obtained for the original

substrate was employed for the quantification of each ester.
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Table 2.3. CF and RT for BVO 4-R-AcetoPhO obtained by GC.

Analyte CF RT / min

4-AcetoPhO 1.58 18.9
4-Me-AcetoPhO 1.40 12.7
4-MeO-AcetoPhO 1.47 14.7
4-EthO-AcetoPhO 1.45 17.9
4-'Bu-AcetoPhO 1.35 16.0
4-NH;-AcetoPhO 1.72 204
4-NO2-AcetoPhO 2.1 16.3
4-Cl-AcetoPhO 1.57 14.3

2.5.1.1.2 Quantification of SA hydrogenation liquid-products

The evolution of the products from the catalytic hydrogenation of SA hydrogenation was
monitored by the same GC instrument, following the same experimental and GC method
described in Section 2.5.1.1.1., with the only difference of using Bp as external standard,
adding a fixed amount of solution of known concentration into the GC vial. CF and RT of the

hydrogenation products are compiled in Table 2.4.

Table 2.4. CF and RT for SA hydrogenation products in the liquid phase obtained by GC.

Analyte CF RT / min
GBL 4.21 18.9
PA 6.70 18.0
BA 3.88 18.7
BDO 3.99 20.6

2.5.1.1.3 Quantification of SA hydrogenation gas-products

Quantification of gas products from the hydrogenation of SA was achieved using a Varian 450-
GC gas chromatograph equipped with FID and a methanizer. The FID has little or no response
to CO and CO; since they are unable to burn, and thus cannot generate a FID signal. However,

when preceded by a methanizer, which consists of a hydrogenating reactor, CO and CO; can
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be converted into methane, producing a feasible signal for the detector and allowing their
quantification. By using an isothermal GC method at 35 °C with He (5 mL min) as carrier gas,
the gas products from the hydrogenation of SA were calibrated by injecting known
concentrations of each analyte and plotting their resultant signal against these concentrations.
The CF and RT obtained for each gas analyte are summarised in Table 2.5.

Table 2.5. CF and RT for SA hydrogenation products in the gas phase obtained by GC.

Analyte CF RT / min
CO 3130 5.05
CHa 3130 5.16
CO; 3130 5.40

Ethane 6650 5.52

Propane 9271 7.12

2.5.1.2 High Performance Liquid Chromatography (HPLC)

High Performance Liquid Chromatography (HPLC) is an alternative analytical methodology to
GC, sharing similar principles for the separation of the components present in a mixture, which
is achieved by interaction of the analyte in the mobile phase with the stationary phase.
However, in this case the mobile phase is a liquid solution and the stationary phase a packed
column, usually a polymeric resin. As occurs with GC, identification and quantification of
analytes is generally obtained by comparison with the calibration curves of authentic standard
of the analytes.

HPLC is preferred to GC when is not possible to vaporise the analytes without decomposing
them, i.e. where the analytes are either poorly thermally stable, and/or possess low vapour
pressure. To achieve an efficient interaction between mobile and stationary phase and a good
separation, the instrument needs to be run at high pressures, normally between 40 - 100 bar.
Hence, a pump is required to provide an accurate and constant flow of eluent through the
whole system and provide the ability to operate at high pressure arises from the pressure
drops caused by the densely packed chromatographic column. The choice of the stationary
phase ultimately depends from the nature of the analytes being investigated. For instance,
acidic resins are commonly used for organic acid separation. The detection of analytes in
HPLC can be carried out with different detectors, hence, the HPLC technique can be
assembled with more than one detector and their use will depend on the nature of the analytes.

The most common liquid chromatography detectors are the UV-Vis and the Refractive Index
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Detector (RID). The UV-Vis detector, for instance, is based on the detection of the differences
in absorbance between the solution containing the analyte, and the eluent itself. Therefore, in
this case, the analytes require a functional group that is UV-sensitive. Generally, HPLC
methods are simple, with the column temperature, the eluent composition and the flow rates
all kept constant. A gradient of eluent composition can also be used to improve separation of

certain compounds.
2.5.1.2.1 Quantification of SA

SA quantification was carried out by an Agilent 1220 HPLC equipped with a variable
wavelength detector (VWD) set up to 210 nm and a Metacarb 87H Column 250 x 4.6 mm at
60 °C, with 0.4 mL min of 0.1 wt. % H3zPO, solution as eluent, against 0.01 M citric acid (CA)
as external standard.

Calibration of SA was performed by preparation of accurate solutions at different
concentrations, covering the full reaction range from 0 - 100 % conversion, in 1,4-dioxane.
Prior to injection, samples were diluted in water to operate within an optimal UV signal range.
At the same time, a known amount of external standard was co-added to each solution.
Typically, each HPLC sample contained: 9.8 mL of water, 0.1 mL of sample and 0.1 mL of CA
solution. The area of the analyte and standard were obtained by integration of the
corresponding signals in the chromatograph. Analogous to the calibration by GC, a calibration
curve could be obtained by plotting the ratio of the concentration of SA and CA against the
ratio of the corresponding area obtained by the chromatogram. A CF of 3.48 was obtained by
calculating the slope of the fitting curve equation of the calibration points, and it was used to

obtain the unknown concentrations of SA during the reactions.
2.5.1.3 Gel permeation chromatography (GPC)

Gel Permeation Chromatography (GPC) or Size Exclusion Chromatography (SEC) is a
versatile type of liquid chromatography (LC), in which, a solid stationary phase and a liquid
mobile phase are used.! Its separation mechanism relies on the size of the analytes, usually
polymers, rather than any chemical interaction between them and the stationary phase.
GPC is able to determine several important parameters for polymers such as number average
molecular weight (Mn), weight average molecular weight (Mw), and the most fundamental
characteristic of a polymer, its molecular weight distribution curve and polydispersity index
(PDI).

A GPC/SEC instrument consists of a pump to push the solvent through the instrument, an
injection port to introduce the test sample onto the column, a column to hold the stationary
phase, one or more detectors to detect the components eluted by the column, and a software

to control the different parts of the instrument and calculate and display the results.
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Figure 2.5. Representation of the separation mechanism of polymers by GPC/SEC,

based on different sizes.

Firstly, the polymer is dissolved in a solvent to adopt a coiled formation of long molecules.
Subsequently, these coiled up polymer molecules are introduced into the mobile phase and
flowed into the GPC/SEC column, where they pass the column made of a porous structure of
polymer beads as the mobile phase carries them through. Depending on the size of the
polymer coils, they can be accommodated in the pores of the beads, along the column. The
larger coiled polymers, which do not enter into the pores, flow straight out of the column; the
coiled polymer with a similar size than the pore beads can be accommodated along the
column, occupying some of the stationary phase; while the smallest polymer coils can enter
any of the pores in the beads. This partitioning occurs repeatedly, with diffusion acting to bring
the molecules into and back out of any pores they pass as they travel down the column. As a
result, small polymer coils that can enter into many pores in the beads take a long time to pass
through the column and therefore exit the column slowly, whilst the largest polymer coils are
eluted faster. As the different sizes of polymer exited the column, they are detected by various
ways, typically RID, and their signals are displayed in a chromatogram.

The data is compared to the calibration of a polymer with a series of known molecular weights
which elute the column at certain retention times, allowing the calculation of the molecular

weight distribution of the sample and the rest of the parameters relevant for polymer analysis.
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2.5.1.3.1 Analysis of Capr oligomers and 4-Pr-Capr polymer

Analysis of Capr oligomers, and the poly(4-'Pr-Capr) polymer product formed were conducted
on an Agilent Technologies 1260 Infinity instrument equipped with a PLgel 5 ym MIXED-D
300 x7.5mm column at 35 °C. A flow rate of 1 mL min* of THF was used as eluent and
polymeric samples were dissolved at a concentration of 2 mg mL* and referenced against
polystyrene standards.

2.5.1.4 Column chromatography

Column chromatography is frequently used in organic chemistry to purify liquids or solids.
Typically, a sample is loaded onto the stationary phase, composed of a column of adsorbant
material, such as silica gel or alumina. An organic solvent, or mixture of solvents, are then
passed through the stationary phase, acting as a mobile phase. The individual components of
the mixture can be separated from each other by partitioning between the stationary packing
material and the mobile eluent. Therefore, they move through the column at different rates.
The eluent is collected in fractions that are commonly analysed by thin-layer
chromatography (TLC), to monitor the elution, and hence, separation, of the individual
components of the analysed mixture. TLC is based on the separation of compounds by their

polarity and interaction with the silica plate.
2.5.1.4.1 Lactone separation

Separation and purification of lactones produced from BVO of CyO and R-CyO were carried
out by column chromatography. The crude sample was charged onto a packed silica column
and components were separated using hexane as eluent to separate the biphenyl, and
subsequently, a mixture hexane/ethyl acetate (3:1) was used to separate the ketone and the
lactone. Fractions containing the lactone were identified by TLC and were isolated by
evaporating the column chromatographic solvent by a rotavapor. The presence and purity of
the corresponding lactone was confirmed by *H NMR analysis. After its isolation, the desired
lactone was used either to investigate the hydrolysis reaction step or to perform polymerisation

studies.

2.5.2 Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique that
allows the identification and quantification of organic molecules in solution. The fundamentals
of this technique are based on the application of a local magnetic field around a nucleus of a
specific element in a particular sample, giving information on how the atoms in the molecule

are spatially arranged.?
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The principle behind NMR is that many nuclei have spin and all nuclei are electrically charged.
In some atoms (*C, !°0, 32S) these spins are paired and cancel each other out so that the
nucleus of the atom has no overall spin. However, in many atoms (*H,3C, 3!P, ®N, °F) the
nucleus does possess an overall spin.

If an external magnetic field is applied (Bo), the magnetic moment of these spin active nuclei
aligns, either with or against the direction of the external magnetic field. In doing so the
degenerated nuclear energy level splits, forming different energy levels, which are given by a
magnetic number, m. Each single energy level can therefore be defined as:

E = +mhyB, [Equation 2.7]

Where m is the magnetic number, h is Planck constant divided by 2m, and y is the
magnetogyric ratio.
When m is £¥%, two nuclear energy levels are formed and the difference between these levels

is expressed as:

AE = hyB, [Equation 2.8]

E = +mhyB,

E = —mhyB,

Figure 2.6. Representation of the spin energy level splitting of nuclei (with m= +%) as a

function of the external magnetic field Bo.

An energy transfer is possible between the lower energy to a higher energy level (generally a
single energy gap). The energy transfer takes place at a wavelength that corresponds to radio
frequencies (of order of hundreds of MHz or GHz). The exact frequency (Larmor frequency)
depends on the type i.e. the identity, of the nucleus under study, and on the magnitude of the

external magnetic field, as determined by:
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V= Y50 [Equation 2.9]
2m
However, in molecules, all the nuclei are surrounded by electrons, which create a local
magnetic field, Be, which interact and oppose to the external magnetic field, Bo. As a result,
the effective resonance (ver), which strongly depends on the interactions caused by the
electrons, originates a characteristic and unique signal for each species in a sample, even if

all species correspond to the same chemical element. Equation 2.9 is then re-defined as:

)/(BO - Be)

o [Equation 2.10]

Verr =
Subsequently, the spin returns to its base level through a process called relaxation. Relaxation
processes are complex and can be of different nature, however, the two more common
relaxation modes are the spin-lattice (T1) and spin-spin (T2) relaxation. The relaxation modes
can have different timescale and they are strictly dependent from the nature of the nuclei and
their chemical surrounding. As such, two different nuclei of the same element can have a very
different relaxation times and mechanisms, depending on the position they occupy in the
molecules. In general, the more efficient the relaxation, the faster is the time of T4, and hence,
the faster is the time of analysis. Consequently, the quality of the signal improves, since more
spectra can be acquired per unit time, increasing the signal to noise (S/N) ratio, resulting in
better signal quality and resolution.
The resonance frequency of a particular NMR signal is expressed in terms of chemical shift
(©), which has a ppm as unit. Chemical shift is the resonance frequency of a specific nuclei
compared to the frequency of the same element nucleus when it is in an arbitrary standard
molecule (vier). The chemical shifts are normalised to the working frequency of the
spectrometer and the same chemical shift is observed for the same nuclei in different

machines.

(Veff — Vref) Hz
Vyer X 106 Hz

§ (ppm) = [Equation 2.11]

For *H NMR, the reference is usually tetramethylsilane (TMS), Si(CH3)4. This compound has
four -CHs groups single bonded to a silicon atom, hence all the protons are in the same

electronic environment. Therefore, only one NMR signal is generated at 0 ppm.
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2.5.2.1 Quantification of BVO products

Quantification of BVO reaction analytes was carried out with *H NMR, by using a capillary
filed with TMS in deuterated chloroform (1% TMS/CDCIs) previously calibrated, against
standards.

The *H NMR and 3*C NMR analysis were conducted on a 400MHz Bruker DPX instrument.
For the calibration of the TMS insert by *H NMR, the insert was introduced into different NMR
sample tubes containing 6-HHA solutions of various known concentrations. For each analysis,
0.3 mL of primary standard solution was placed into a round-bottom flask and solvent-
evaporated by rotavapor. Subsequently, 0.7 mL of CDCl; was added to recover all the
remaining analyte in the flask, and the solution carefully transferred into an NMR tube
containing the TMS insert. As described above, TMS presents a characteristic singlet signal
at 0 ppm that could be integrated and calibrated to 1. Once this signal is calibrated, the rest
of the signals to be analysed can also be integrated. By plotting the integration values of the
signal at 1.4 ppm, originated from 6-HHA, against the theoretical concentration of 6-HHA used

for each calibration point, a calibration curve was obtained as illustrated in Fig 2.7.
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Figure 2.7. Calibration of TMS capillary against solutions of various 6-HHA
concentrations.

The slope obtained from the fitting curve equation corresponds to the CF of the TMS insert.

The CF value obtained was 26.39 and used to quantify all unknown analytes of the sample.
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Typically, *H NMR analysis was performed following the same analytical procedure, and the
analytes present were quantified against the previously calibrated TMS insert, placed inside
the NMR tube. As long as the signal of the analyte arises from the same number of protons,
the same CF of the insert calibrated with 6-HHA can be used. Therefore, the Capr signal
chosen (4.2 ppm), which arises also from two protons, did not require a new CF and the same
than for 6-HHA could be used for its quantification by *H NMR. The same principle can be
restored for 4-R-6-HHA, where the same CF obtained for the resonance originated by 6-HHA
at 1.4 ppm can be employed for their quantification. However, in the presence of 4-R, the
analogous resonance of 1.4 ppm corresponds to only one proton, hence, this cannot be used,
instead the resonance at 3.8 ppm (analogous to the 3.6 ppm signal of 6-HHA), still arising
from two protons, allowed proper quantification of 4-R-6-HHA formed.

2.5.3 Titration of hydrogen peroxide (H205)

Hydrogen peroxide (H202) concentration was determined by titration with cerium (IV) sulfate
(Ce(S0.4),) using ferroin as indicator. This titration is based on the redox reaction occurring
between the two compounds, which end point is detected by a colorimetric change from red

to pale blue:

H,0, + 2Ce(S0,), — Ce(S0,); + H,SO0, + O,

2.5.3.1 Quantification of H20>

Typically, 0.1 mL of sample was placed into a glass vial with 0.5 mL of 2 wt. % H»SO4 solution
and some drops of ferroin. Samples were titrated with Ce(SO.), solution, previously
standardised using ammonium iron sulphate and ferroin, until the initially red solution became

pale blue. The volume of titration solution was used to calculate the oxidant concentration.

2.5.4 Attenuated Total Reflectance (ATR) Infra-Red (IR)

Attenuated Total Reflectance (ATR) is an Infra-Red (IR) technique that allows a wide variety
of solid and liquid samples to be measured without any complex sample preparation.®

The IR technique is based on the fact that all molecules are capable of absorbing IR radiation
when the energy of the incident beam matches the energy necessary to excite a particular
mode of vibration of the chemical bonds present in the molecule. Therefore, IR spectroscopy
is used to determine the type and strength of the bonds present in the molecules. This is very
useful to identify components of a mixture by their particular IR signals.

The ATR crystal consists of an IR transparent material with a high refractive index and has

polished surfaces. The IR beam enters the crystal at 45 ° and is totally reflected at the crystal
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to the sample interface. Different kinds of materials can be used as ATR crystals, with diamond
being particularly good, as it is very robust and chemically inert; thus, diamond is an ideal
crystalline material for routine measurements with a wide range of possible samples. After one
or several internal reflections, the IR beam exits the ATR crystal and is directed to the IR-
detector. ATR-IR measurement is transformed by the detector into the corresponding IR
spectrum, usually in the range of 4000 - 400 cm™.

Sample

IR beam
to the detector ATR crystal

Figure 2.8. ATR principle of IR beam reflection through the crystal and sample interface.

2.5.4.1 Analysis of BVO products

ATR-IR spectroscopy was used to analyse the spectra of the potential species involved in the
BVO reaction (CyO, Capr, 6-HHA and adipic acid (AA)). The standards were placed directly
on to a Platinum ATR cell, equipped with a diamond crystal, mounted on a Bruker Vertex 70v,

and were measured without any further sample preparation.

2.5.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a techniqgue in which the mass of the sample is measured
while its temperature is changed over time. The information provided by this technique relate
to the thermal stability of the sample, or the species adsorbed on the material.

The main component of this instrumentation is a combustion chamber in which a balance
constantly measuring the mass of the sample placed on an alumina crucible. The temperature
can be accurately programmed and the atmosphere of the combustion chamber, gas flow and
gas composition (i.e. Nz or air), can be controlled as well. A plot of the mass of the catalyst vs.
time and/or temperature is obtained from this analysis. Commonly, the first derivative of the
mass loss against time or temperature is plotted to obtain a more clear and visual identification

of at what temperature, a specific mass loss occurs.
2.5.5.1 Experimental details for TGA

TGA was performed using a Perkin Elmer TGA 4000. All samples were subjected to the same
temperature programmed step in an air atmosphere, which consisted of an initial isothermal

step at 30 °C for 30 min, followed by a heating step with a temperature ramp of 10 °C min™* up
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to 550 °C and a final isothermal step at 550 °C for 30 min, prior cooling down to room
temperature.

Prior to the analysis, the catalyst was treated with standard solutions (solvents, CyO, Capr, 6-
HHA, AA and SA) for 4 h, filtered and dried overnight. First derivatives of each TGA were used
to determine the desorption time of each analyte, to allow the identification of the adsorbed
species in the used catalyst.

Samples analysed after reaction (BVO or SA hydrogenation) were subjected to the same
procedure of filtering and drying prior being analysed by TGA. Knowing the specific desorption
time of each analyte and the percentage of weight loss corresponding to each one from the
TGA, the quantity of each analyte desorbed from the material can be estimated.

2.6 Catalyst characterisation techniques

To better understand catalytic performance, and to correlate the structure of the synthesised
catalysts to their activity, multiple characterisation techniques were adopted in this study.
Structural and textural analyses were performed with powder X-ray Diffraction and
porosimetry, respectively, and the morphology of each material studied with Scanning
Electron Microscopy and Transmission Electron Microscopy. Characterisation of the active
sites in the zeolite catalysts was conducted through Magic Angle Spinning NMR spectroscopy,
while the nature of the active species in metal supported nanoparticles was investigated by X-
Ray Photoelectron Spectroscopy. Differences in acidity between alumina supports were
analysed by Diffuse Reflectance Infrared Fourier Transformed spectroscopy. The combination
of these techniques provides a deeper comprehension of the structure - activity relationships
observed in the catalytic systems studied in this thesis. The theoretical background of each
characterisation technique and experimental details employed with each method, are

presented in the following sections.

2.6.1 Powder X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is an essential technique used to analyse the crystalline structure of
materials and to confirm phase purity by examination of their diffraction patterns.* Crystalline
solid materials are spatially arranged in a highly ordered manner that is repeated in the three
dimensions of space. Hence, diffraction occurs when the incident X-ray beam interacts with
their structure at certain angles that satisfy Bragg’s Law,> which provides information on the

crystalline lattice:

nd = 2dsinf [Equation 2.12]
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Where n is an integer number, A is the wavelength of the X-ray radiation, d is the spacing
between the planes and 8 is the angle between the diffracted beam and the sample. A

schematic of the X-ray diffraction process is shown in Fig 2.9.

Incident beam Diffracted beam

Figure 2.9. Scheme of diffraction phenomenon generated by the incidence of a

monochromatic radiation into a crystalline structure according to the Bragg’s law.

An XRD instrument is commonly composed of an X-Ray generator, a sample holder and a
detector. The X-Ray beam is generated by irradiating a copper foil with a high-energy electron
beam and is filtered by a monochromator that selects the typical CuK, radiation (1.54 A) to
converge upon the sample. The detector moves around the sample through an arc, collecting
the diffracted radiation at a determined range of angles, usually from 5 to 80 ° 26. The resulting
diffractogram shows the intensity of the diffracted beam against the diffraction angle 26. By
comparison of the obtained XRD patterns with references patterns on a data base, the phase
or phases present in each sample can be identified, alongside the crystal planes
corresponding to each main diffraction peak. Furthermore, it allows comparison of crystallinity

between samples by measuring parameters such as the full width half maximum intensity.
2.6.1.1 Experimental details

In this work, a Panalytical X’PertPRO X-ray diffractometer was employed for powder XRD
analysis. A CuKq radiation source (40 kV and 30 mA) was employed and diffraction patterns
were recorded between 5 - 80 ° 26 (step size 0.0167°, time/step = 150 s). In case of the zeolite
materials, patterns were compared with references on the data base, i.e. “Collection of

simulated XRD powder patterns for zeolites”.
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2.6.2 Surface area and porosimetry analysis

Porosimetry is an analytical technique used to determine the porous properties of solid
materials including pore diameter, total pore volume and surface area. It consists in the
gradual physical adsorption of an inert gas (N2, Ar or Kr) at low temperature on the material
surface, first forming a mono-layer and then subsequent multi-layers, generating an isotherm
that is a function of the volume of gas adsorbed (v) and the relative pressure (P/Po).®

One of the most relevant parameters studied by this technique is the surface area, commonly
calculated by the Brunauer-Emmett-Teller (BET) method:’

! C_1<P)+ ! [Equation 2.13]
= —+— quation 2.
v[(P/PO) —1] UnC \P U C

Where v is the volume of adsorbed gas at a pressure P, Py is the saturation pressure, vm is
the molar volume of gas needed to make monolayer of adsorbed gas and C is the BET
constant. According to the BET theory, it should be possible to obtain a straight line if the
equation is applied in the relative pressure range of 0.05 — 0.35 P/P,. The slope calculated by
this line contains the value of v, and the specific surface area can be calculated as:

v, Ns )
Sgpr = g [Equation 2.14]

Where N is the Avogadro number, s is the adsorption cross-section of the adsorbing gas (for
N2, s = 0.162 nm?), V is the molar volume of the adsorbing gas and a is the mass of the solid.
The total pore volume can be directly extrapolated from the isotherm at partial pressure P/Pq
= 0.99, assuming all pores are filled with adsorbate. The pore size distribution is usually
determined by the Barrett-Joyner-Halenda (BJH) model,® a procedure for calculating pore size
distributions from experimental isotherms using the Kelvin model of pore filling. BJH can only
be correctly applied to mesopores and small macropores. The microporous volume and
external surface area can be calculated by the t-plot,° based on standard isotherms and
thickness curves, which describes the statistical thickness of the film of adsorptive on a non-
porous reference surface. The difference between the total pore volume and the micropore

volume (obtained by t-plot) gives the mesopore volume.
2.6.2.1 Experimental details

Porosimetry analysis of all materials used in this work were carried out on a Quantachrome
Quadrasorb, with N» as adsorbate, and the isotherms were collected at 77 K. Samples were

degassed accordingly prior the N> adsorption measurements, depending on the kind of sample
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analysed. Sn-catalysts were degassed at 277 °C for 16 h using a FLOVAC Degasser, while
the metal supported nanoparticles were degassed at 120 °C for 6 h.

2.6.3 Electron Microscopy

Electron microscopy is a technique that uses a beam of accelerated electrons as a source of
illumination to irradiate the sample and obtain detailed images at a very small scale. In
catalysis, this technique is typically employed to obtain information on the morphology of solid

samples.t®
2.6.3.1 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) provides images of the sample surface by scanning it
with a focused beam of electrons. When the incident electrons are deflected by the specimen
atom nucleus or by similarly energetic external shell electrons, the interaction are defined as
elastic. In these interactions, negligible energy is lost in the collision and produces wide angle
of electronic scattering. The Back-Scattered Electrons (BSE) reflected from the sample
through elastic scattering at angles > 90 ° provides a good signal for imaging. On the contrary,
inelastic scattering occurs when the interactions between the fallen electrons and the atoms
and electrons of the specimen, lead to the transfer of essential energy to the atoms. As a
result, Secondary Electrons (SE) would be generated from the excitation of the sample
electrons during the ionisation of the atoms. These electrons are typically known to possess
energies lower than 50 eV and can be applied as a useful tool to analyse or generate images
of the specimen. Both BSE and SE can generate images at very high magnifications.
Additionally, another type of signal widely used in SEM analysis is the X-ray, which is
generated by the energy difference of the transition of a higher energy shell electron filling up
a hole that has been formed when an electron of a lower energy shell has been exited by the
electron beam. This X-ray has an energy that is characteristic of the energy difference
between these two shells. It depends on the atomic number, which is a unique property of
every element. In this way, this X-rays can be used to identify and quantify the elements
present in each sample. This process is known as Energy-Dispersive X-ray (EDX) analysis.
Hence, SEM images are a useful way of providing information on the elemental distribution
and to compare crystal morphology between samples, in order to relate any changes in activity

to changes in the structure.
2.6.3.1.1 Experimental details

For their analysis, samples were dispersed in a carbon film and placed into the SEM chamber
under vacuum. A Hitachi TM3030Plus SEM instrument was used to acquire images at an

energy of 15 kV, and EDX was utilised to analyse the elemental composition and distribution.
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2.6.3.2 Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) is a powerful microscopy technique. A high energy
beam of electrons is passed through a very thin sample, allowing features such as crystal
structure, grain boundaries and dislocations to be observed due to the interactions between
the electrons and the atoms.

In a TEM instrument, the electron gun generates the electron beam, which hits the sample,
and transmitted electrons are magnified by electromagnetic lenses. The optics bring the
scattered electron from the same point in the sample to the same point in the image. The
image recorder transforms the electron signals into a form perceivable by the human eye.
While SEM works on the topological and compositional structure of a surface, TEM obtains
information from the electron beam as it interferes with the mass in a two-dimensional image.
This technique is especially useful to characterise metal supported nanoparticles, since
usually particle with a diameter > 1 nm can be observed. The processing of several images of
each sample allows a statistical analysis to be performed, allowing the patrticle size distribution

and the average particle size of the supported nanopatrticles to be determined.
2.6.3.2.1 Experimental details

Samples were prepared by dispersing the catalyst powder in ethanol via ultra-sonication. 50
ML of the suspension was dropped on to a holey carbon film supported by a 300 mesh copper
TEM grid, followed by evaporation at room temperature. TEM images were obtained using a
JEOL JEM-1200EX, operating at 300 kV.

The analysis of the patrticle size distribution of each sample was carried out by measuring 300
particles and performing the statistical analysis of this data set to build a histogram. This
permitted the particle size distribution, the average particle size and the standard deviation of

the sizes to be determined.

2.6.4 Diffuse Reflectance Infrared Fourier Transformed (DRIFT)

spectroscopy

Diffuse Reflectance IR Fourier Transformed (DRIFT) spectroscopy is a suitable technique to
analyse powders, due to its simple operational procedure. Following the same principle
previously described in Section 2.5.4, DRIFTS occurs due to the capability of molecules to
absorb IR radiation when the energy of the beam matches the energy necessary to excite a
particular vibration mode of the chemical bonds present in the molecule.

In the diffuse reflectance mode, the IR beam illuminates the catalyst sample, which is placed
loosely in a small basket, and the scattered ray resulting from the illumination is collected with

suitable optics for analysis. Furthermore, with the proper setup, the sample cell can be heated
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up and / or flushed with different atmosphere gases, which can contain also a probe molecule
to perform a variety of in situ experiments.

P

Sample IR beam

to the detector

Figure 2.10. Representation of the IR beam diffusion on the sample in a DRIFT cell.

In catalysis, the adsorption of probe molecules to the catalytic material can provide precious
information about the type and the strength of the active site, as well as the strength of acidity
and basicity properties.’''? The intensity of this signal indicates the quantity of surface
coverage and the type of interaction, in addition to the strength of the interaction(s), between
the probe and the catalytic surface. The IR spectra is unique to every adsorbate and is highly
sensitive to the probes bonding to the surface sites and to the local environment surrounding
the molecule. Many different molecules can be used as probe molecules, e.g. carbon
monoxide, deuterated acetonitrile and pyridine, and the choice of probe depends on the kind
of study desired.*®

For instance, pyridine is a useful probe molecule to study the acidity of the material.** In fact,
pyridine can bond with both kind of acid sites, i.e. Lewis and Brgnsted. In doing so, pyridine
generates characteristic vibrations at 1595 and 1450 cm™, assigned to Lewis acid interactions,
and vibrations at 1643 and 1540 cm™ that are assigned to Brgnsted acid interactions.'® Semi-
guantitative comparison of the degree of Lewis and Brensted acidity between different
materials can be done by measuring the area of the signals at gradually increasing desorption
temperatures, in order to remove the contribution of the physisorbed molecules and evaluate

how fast the probe molecule desorbs.
2.6.4.1 Experimental measurement

A Bruker Tensor spectrometer equipped with a Harrick praying mantis cell was utilised for
DRIFT measurements. Spectra were recorded between 4000 — 600 cm'™.

Pyridine measurements were performed on pre-treated alumina materials (200 °C, 2 h under
flowing N2, 60 mL min) used as sample background. Dosing of the probe molecule was
carried out at room temperature for 15 min, by bubbling N (40 mL mint) through liquid pyridine
held at 30 °C. Subsequently, samples were gradually heated up to 50, 100, 150, 200, 300,
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400 and 500 °C and the IR spectra of the samples were recorded in situ after each heating
step.

2.6.5 Magic Angle Spinning NMR (MAS NMR) spectroscopy

When classic NMR, described in Section 2.5.2, is applied to solid samples, the resulting
spectra typically possess very poor quality, since samples in a solid state possess constrained
molecules. This causes anisotropy of the local magnetic field of the nuclei present, resulting
in broad signals and poor signal-noise (S/N). However, by spinning the sample (usually at a
frequency of 1 to 130 kHz) at the magic angle, 6 (ca. 54.74°, where cos?0y, = 1/3) with respect
to the direction of the magnetic field, the normally broad lines become narrower, increasing
the resolution for better identification and analysis of the spectrum. This type of NMR
technique is known as Magic Angle Spinning NMR (MAS NMR).*®

54.7°
Sample

Figure 2.11. Representation of MAS NMR spinning rotor placed at 54.7° (magic angle)
respect to the applied magnetic field (Bo).

Accordingly, *°Sn MAS NMR can be used to study the local environment of the nucleus, giving
information on the coordination of the Sn in the zeolites employed for this work. For instance,
in a*Sn MAS NMR spectrum, a band at a chemical shift of - 688 ppm is indicative of hydrated
isomorphously substituted Sn (V) species (hexacoordinated) while a band at a chemical shift
of - 602 ppm is indicative of octahedral Sn, such as in SnO.. Fig 2.14 illustrates how the 1°Sn
MAS NMR spectrum of 2Sn-B confirms the presence of hydrated Sn (IV) sites in the
framework, since only the band at - 688 ppm is observed and the band at - 602 ppm, which

corresponds to SnO; extra-framework, is negligible.
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Figure 2.12. 11°Sn MAS NMR spectrum of 2Sn-B.

2.6.5.1 Experimental details

MAS NMR experiments of Sn-catalysts were performed at Durham University through the
EPSRC UK National Solid-state NMR Service, with a 400 MHz (9.4 T) solid state NMR
spectrometer. 1°Sn MAS NMR spectra of the samples employed in this study, were measured
under identical conditions to those reported by Bermejo-Deval et al.}” Approximately 60 - 100
mg of sample was packed into a 4 mm rotor. Measurements were performed in direct
excitation mode using a Larmor frequency of 149 MHz, with a recycle delay of 2s. The rotor

spinning frequency was set on 10 KHz.

2.6.6 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition at the parts per thousand range. It also
allows the empirical formula, chemical state and electronic state of the elements that exist
within a material to be identified.

A surface is irradiated with X-rays (commonly Al K4 or Mg Kq) in vacuum. When an X-ray
photon hits and transfers its energy to a core-level electron, it is emitted from its initial state
with a kinetic energy dependent on the incident X-ray and binding energy of the atomic orbital
from which it has been originated. The energy and intensity of the emitted photoelectrons are
analysed to identify and determine the concentrations of the elements present in the analysed

material. These photoelectrons originate from a depth of < 10 nm, therefore, this technique
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provides only information about the elements present within this depth. An XPS instrument is
commonly composed of a high vacuum system, a source of radiation, an ionisation chamber,
an electron analyser (typically hemispherical) and an electron detector, which transforms the
signal accordingly to generate the corresponding XPS spectrum.

Electron
P e analyser
[ ]

Detector

nd

X-Ray

Excited
v electrons

Intensity (Mcps)

1000 800 600 400
Binding Energy (eV)

XPS spectrum
Sample

Figure 2.13. Schematic of a typical XPS instrument.

The interpretation of an XPS spectrum is based on the fact that each element possesses
characteristic binding energies depending on its chemical state. For instance, metallic Pd has
a binding energy of 335.0 eV, whilst Pd oxide has a binding energy of 336.7 eV. The
deconvolution of the bands characteristic of each element allows determination and
guantification of the oxidation state of the metal(s) present on the samples giving valuable
information on the chemical nature of the metal supported nanoparticles. This technique is
also very useful to analyse the changes that occurs after a certain treatment (i.e. reduction

heat treatments) or after a reaction.
2.6.6.1 Experimental details

XPS analyses were performed on a Thermo Scientific K-alpha* spectrometer by Davide Motta.
Samples were analysed using a monochromatic Al X-ray source operating at 72 W (6 mA X
12 kV), with the signal averaged over an oval-shaped area of approximately 600 x 400
microns. Data was recorded at pass energies of 150 eV for survey scans and 40 eV for high
resolution scan with a 1eV and 0.1 eV step size respectively.

Charge neutralisation of the sample was achieved using a combination of both low energy
electrons and argon ions (less than 1 eV), which gave a C (1s) binding energy of 284.8 eV.
All data was analysed using CasaXPS (v2.3.17 PR1.1) software using Scofield sensitivity

factors and an energy exponent of -0.6.
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2.7 Computational studies

Density Functional Theory (DFT) is an alternative procedure for the solution of the Schrédinger
equation, where the functional of the electronic energy is minimised with respect to the
electronic density. The DFT method is one of the most commonly used computational tools to
study and predict the properties of isolated molecules, bulk solids, and material interfaces,
including surfaces.

This kind of calculation can be used to obtain very varied information regarding the molecular
properties such as molecular structures, vibrational frequencies, ionisation energies, electric
and magnetic properties of a species, as well as reaction pathways and evaluation of the
thermodynamics of the reaction.

The fundamental idea of DFT is to replace the complete many-electron wave function with the
much simpler ground-state electron density as the main variable. This is an enormous
simplification because the density depends only on position (i.e. three variables). The electron
density is an observable and the orbitals are just a mathematical construction, hence, they
can be used to calculate all ground-state molecular properties. However, the exact DFT
functional is unknown, thus the reliability of such calculations depends on the development of
a series of approximations in order to simplify and resolve the energy functional.®

The level of complexity of the basis set to describe the density and the applied functionals

elevates the time as well as the accuracy of the DFT calculations performed.

2.7.1 Experimental details

The thermodynamic of BVO of CyO and 4-R-CyO reactions was evaluated using DFT
calculations performed by Dr Antoine Buchard (University of Bath). Calculations were
performed with Gausian 09 software. Geometry optimisations were performed at the wB97XD
level and 398.15 K, using a mixed valence ftriple  basis set 6-311++g(2d,p) for all atoms, and
a conductor-like polarisable continuum model of 1,4-dioxane. Calculations were carried out
on the (S)- enantiomers, with the alkyl substituent in equatorial position.

The decreased intrinsic reactivity of 4-R-Capr against Capr was also evaluated by using DFT
by calculating the thermodynamics of the hydrolysis reaction for each substrate. Geometry
optimisations was performed at the wB97XD and B3LYP-D3 levels and 398.15 K, using a
mixed valence triple C basis set 6-311++g(2d,p) for all atoms, and a conductor-like polarisable
continuum model of 1,4-dioxane. The smallest value found from both enantiomers (if any) was

reported.
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3. Selectivity and lifetime effects in
zeolite-catalysed Baeyer-Villiger
Oxidation reaction

3.1. Introduction

As described in Section 1.3.1.1, the Baeyer Villiger Oxidation (BVO) reaction has been widely
studied over the past 100 years, since its discovery in 1899.! It has demonstrated itself to be
an especially profitable method to convert ketones, readily available building blocks in organic
chemistry, into more complex and valuable esters and lactones.?® A key example of this
chemistry is the industrially employed BVO of cyclohexanone (CyO) to e-caprolactone (or
simply caprolactone, Capr),* produced at about 50,000 tonnes per year and used for the
synthesis of caprolactam, a precursor of Nylon-6,> and poly(caprolactone),®” a renewable
polymer (Scheme 3.1).

Traditionally, BVO chemistry has been performed using peroxyacid-based oxidants, such as
meta-chloroperbenzoic acid (MCPBA) or peroxyacetic acid. However, such oxidants possess
several drawbacks, including the co-production of by-products (carboxylic acids), low active
oxygen content, potential explosiveness and a requirement for undesirable chlorinated
solvents.®® Additionally, peroxyacid-based oxidants typically exhibit poor levels of selectivity
for oxidation reactions when other functional groups, such as C=C double bonds, are present

in the substrate.
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Scheme 3.1. Relevant industrial pathways of Capr obtained from BVO of CyO.

To overcome these problems, much effort has been made towards replacing peroxyacid-
based oxidants for greener and potentially less expensive oxidants,®!? such as hydrogen
peroxide (H20,).1*1¢ In this case, a suitable catalyst is required to allow H,O, to interact
appropriately with the ketone substrate and proceed with the transformation. Amongst several
potential catalytic materials, the Lewis acidic zeolite, Sn-f3, has been conclusively reported by
Corma et al.'® to be the most active, selective, and suitable catalyst for this BVO
transformation. The excellent catalytic performance of this material arises from its ability to
activate the substrate, without the need of activating H.O-. Indeed, the Lewis acid sites present
in the material, are able to polarise the carbonyl group of the substrate, thus making it more
reactive to the nucleophilic attack of the oxidant, H2O..

Although the reaction mechanism has not been truly elucidated yet, the most widely accepted
mechanism for this reaction, described in Scheme 3.2, proceeds through the formation of an
intermediate known as Criegee adduct. This adduct is formed after nucleophilic attack of the
oxidant, and its subsequent rearrangement by the elimination of a molecule of H,O leads to
the obtainment of the lactone.!’

Additionally, this reaction has been shown to be regio-selective, meaning that the insertion of
oxygen takes place between the carbonyl and the more substituted carbon atom neighbour,
achieving high levels of chemo-selectivity even when multiple functional groups are present.
This fact acquires especial importance when a more complex ketone is used as substrate, as

it will be shown in more detail in Chapter 4.
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Scheme 3.2. Simplified reaction mechanism for the BVO of CyO catalysed by Sn-f.

Although at the time of this study, much work has been devoted in academic research circles
towards to scalable synthesis of Sn-B,'®2? and the development of novel catalytic processes
catalysed by the same (or similar) material(s), research focusing on the Sn-f3 catalysed BVO
reaction itself lacked behind, despite the considerable industrial potential. Consequently,
several questions and challenges still remain, such as:

i)  The need to identify and optimise all the kinetic parameters of the reaction.

ii)  The requirement to identify the by-products, and hence, close the low carbon balance.
iii) The study of potential scalability of the system, particularly in the continuous regime.
Therefore, the investigation of these three challenges by taking the BVO of CyO to Capr as
model reaction constitutes the focus of this chapter. The BVO of CyO to Capr was selected
as first target of investigation for several reasons including i) the practicality of the substrate,
with only one functional group involved in the substrate ii) its suitable size (kinetic diameter of
6 A) allowing it to freely diffuse through the Sn-B pores (7 A), and iii) the industrial relevancy
of the lactone obtained. Herein, understanding of kinetics and mechanism of this model

reaction is crucial to move forward to more complex ketones.
3.2 The catalyst: Sn-33

Solid Lewis acid catalysts, such as zeolites, especially those containing small amounts of
metals (e.g. Zr, Ti and Sn) in the framework, are increasingly employed for biomass
valorisation and other sustainable processes.?*?’ These materials combine the advantages of

molecular catalysts, such as site isolation and high intrinsic activity, along with the practical
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advantages of heterogeneous catalysts, i.e. easy separation. Amongst these materials, Sn-p3,
a medium pore size zeolite possessing isolated Sn (IV) sites and BEA (B) topology, has
garnered tremendous levels of academic and industrial interest and has been reported as
suitable catalyst to carry out the reaction of study, BVO of Cy0O.*3%

According to the optimised synthesis protocol described in detail in Section 2.3.1.1, a range
of Sn-B catalysts was prepared from a commercially available Al-B precursor material
(SiO2/Al203 = 38). Sn loadings of 1, 2, 5 and 10 wt. % were achieved by incorporating Sn into
the vacant framework sites by Solid-State Incorporation (SSI). These catalysts were simply
denoted 1, 2, 5 or 10Sn-B, respectively. Additionally, when required, 2 wt. % Sn-f catalysts
were also prepared following the same procedure, using different starting B zeolites
(SiO2/Al,03 = 25 and 300), denoted 2Sn-B (25) and 2Sn-B (300), respectively.

Sn-B materials were extensively characterised by various techniques in order to determine
their structure and successful incorporation of the Sn in the zeolite framework. Firstly, X-Ray
Diffraction (XRD) analysis of fresh zeolite B, dealuminated B (deAl-B) and 2Sn-B were
performed to evaluate the effect of the preparation treatments to the original structure. As can
be seen in Fig 3.1, all XRD patterns obtained presented the same characteristic diffraction
peaks of zeolite B, and showed comparable intensity, demonstrating the preservation of the
structure as well as high crystallinity of the original material throughout the different stages of

synthesis of Sn-f.
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Figure 3.1. XRD patterns of commercial zeolite 3, deAl-f and 2Sn-j.
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Similarly, Transmission Electron Microscopy (TEM) images (Fig 3.2) of zeolite  and 2Sn-f3
displayed the same characteristic morphology. Hence, the channels are conserved after the
post-synthetic treatments to form 2Sn-, emphasising the success of the material preparation.

Figure 3.2. TEM images of a) commercial zeolite p and b) 2Sn-p.

Additionally, Hammond et al.?° previously confirmed by Magic Angle Spinning (MAS) Nuclear
Magnetic Resonance (NMR) analysis that isomorphously-substituted Sn (IV) sites can be
almost exclusively observed in Sn-g samples up to a loading of 5 wt. %. Beyond this loading,
inactive, extra-framework SnxOy sites can be also present as consequence of the intrinsic
limitation of the material to accommodate such high amount of Sn in the framework.
Accordingly, the primary catalyst, 2Sn-B was analysed by *°Sn MAS NMR and compared with
extra-framework cluster of Sn,Oy (10SnO.-deAl-B, physical mixture) and bulk SnO; (Fig 3.3).

- 602 - 688
SIO///, (|)Si\\\\\OHz
| "Sﬁ\\
SiO/ | ,\OHZ
/ \\ OSi
. / \\ -688 ppm
/ 4
© - N 28n-
% '”w'\,\a/‘\k/\/\/\//"_/ \,\—\/\Jr\/\r B S:r);gy
E _WWWW 1OSnOZ'deAI'B SnOZ
TR T RS Y

W o Sn02
1 ot vttt At B

T T T T T T T T T T T T T T T 1
-200 -300 -400 -500 -600 -700 -800 -900  -1000
Chemical shift / ppm

Figure 3.3. MAS NMR spectra of 2Sn-f3, 10SnO2-deAl-B and bulk SnO2.
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11950 MAS NMR analysis revealed a main resonance at - 688 ppm which corresponds to
isomorphously substituted hydrated Sn (IV) sites, demonstrating the successful incorporation
of Sn (IV) sites in the zeolite framework, whilst the resonance corresponding to extra-
framework Sn clusters, at - 602 ppm was hegligible at the 2 wt. % loading used.

Accordingly, the primary catalyst of this chapter corresponds to 2Sn-B, as this loading is
consistent with a material possessing highly active, isolated Sn (IV) sites and negligible

amounts of inactive extra-framework Sn.

3.3 Results and discussion

3.3.1 Impact of kinetic parameters

3.3.1.1 Standard BVO reaction

Over the past years various examples using Sn-$ catalyst have been successfully reported
for BVO of CyO to Capr, with the results obtained by Corma et al.** and by Hammond et al.,?®
being of particular interest. Corma et al. reported that the catalytic performance of Sn-f3
catalyst, prepared by the typical fluoride medium approach, provided up to 52 % of Capr yield
with selectivity > 98 % after 3 h of reaction in 1,4-dioxane at 90 °C. In parallel to these results,
Hammond et al. demonstrated that a Sn-B, prepared by a similar post-synthetic procedure
than the one employed in this work, provided up to 41 % of conversion with selectivity up to
93 % after 4h of reaction using also 1,4-dioxane as solvent at 100 °C.

Accordingly, a preliminary test to benchmark the catalytic activity of the 2Sn-f for the BVO of
CyO was carried out under a combination of the reaction conditions stated above, following
the experimental procedure described in detail in Section 2.4.1. A standard BVO reaction was
then performed using a solution of 0.33 M CyO in 1,4 dioxane and 1 mol. % Sn relative to the
ketone (2Sn-B) at 100 °C, with the addition of H,O; at a final concentration of 0.5 M (H,02:CyO
= 1.5) for 6 h. The reaction was repeated several times, and an experimental error of 8 % was
calculated from the obtained results (Annex). Thus, an error bar of 8 % was added to all kinetic
parameters (i.e. conversion (X), yield (Y), selectivity (S) and carbon balance (C Bal)) in each
experiment.

As can be seen in Fig 3.4, left, under the chosen reaction conditions, 2Sn-3 was a highly active
catalyst, with CyO conversion values reaching > 60 % in 1 h, and > 90 % in < 6 h. Initially, the
system was highly selective (x 80 %) to Capr, demonstrating this to be the primary reaction
product, however, a remarkable decrease in Capr selectivity and total carbon balance was

observed as the conversion increased beyond 60 % (Fig 3.4, right).
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Figure 3.4. Catalytic activity of 2Sn-f3 for BVO of CyO. (Left) Conversion and Capr yield
vs. time and (Right) selectivity towards Capr and total carbon balance as function of CyO
conversion. Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn
respect to CyO, 1.5 H202:CyO, at 100 °C.

According to this kinetic profile, Capr yield very quickly reached + 40 %, but then stagnated
and eventually decreased slightly at the highest levels of conversion. This observation,
coupled with the corresponding decrease in carbon balance at elevated conversion, strongly
points towards the formation of consecutive by-products throughout the reaction period.
However, no additional products could be detected by Gas Chromatography with Flame
lonisation Detector (GC-FID), used as primary analytical technique for the kinetic evaluation
of CyO and Capr. The identity of these by-products is discussed in detail later in this chapter.
Subsequently, a range of experiments was performed to optimise all parameters and catalyst
features in the attempt to improve the initial catalytic results and get a deeper understanding

of the reaction mechanism and its kinetics.
3.3.1.2 Impact of initial aluminium content of parental B zeolite

The first parameter investigated was the catalyst itself. Initial Al content of parental zeolite 3
used for Sn-B preparation may impact the catalytic performance of the material since the
different Al content present in the material may lead to different levels of

hydrophobicity/hydrophilicity after the dealumination step and the formation of the free silanol
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sites (Si-OH). In regards of this, Corma et al.*° reported that in materials such as Ti-MCM-41
or Ti-B, the hydrophobic/hydrophilic properties of the surface are just as important as the
number of active sites and that the control of it significantly impacts the adsorption of reactants
and products. In view of this, it may be hypothesised that, for example, zeolite f 300 (0.3 %
of Al) with a poor Al content should present much less Si-OH groups once dealuminated,
which likely leads to a more hydrophobic final material. In the other hand, the higher is the
initial Al content, the higher is hydrophilicity after dealumination and the final material.

In order to evaluate how the hydrophilicity may affect the reaction, three parental zeolites with
different Al content (SiO2/AlO3 molar ratios of 25, 38 and 300) were used to prepare 2Sn-3
materials. Catalysts were tested, and their catalytic performances were compared in Fig 3.5.
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Figure 3.5. Catalytic activity of Sn-B starting from different B zeolites. (Left) Conversion

vs. time and (Right) Capr selectivity trends as function of CyO conversion.

As shown in the figures above, zeolite 8 with higher initial Al content (25 and 38), hence higher
acidity and hydrophilicity, presented higher selectivity to Capr, between 10 - 20 % higher than
2Sn-B (300) at all overlapping levels of conversion. Note that selectivity of 2Sn- (25) was
slightly lower than 2Sn-B (38), although the difference was within the applied experimental
error. Contrarily, 2Sn-f (300) presented lower selectivity to the lactone, suggesting a major
extension of by-products formation potentially due to the lower hydrophilicity of this material.

This observation is in good agreement with the recently published study by Conrad et al.,**
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where the best catalytic performance for BVO of CyO in aqueous H»O; was achieved with a
Sn-B catalyst with moderate hydrophilicity. Given its higher levels of activity and selectivity,
2Sn-f starting from zeolite 3 (SiO2/Al>O3 molar ratio = 38) was selected to be used for the rest

of the study.
3.3.1.3 Impact of the Sn loading

The next catalyst feature to have in mind was the Sn loading. Utilisation of high Sn loadings
can be beneficial to obtain high Space Time Yield (STY) values and enhance the process
profitability. STY refers to the quantity of product produced per quantity of catalyst per unit
time. Therefore, if the same catalytic performance can be observed even at high Sn loading,
the mass of catalyst used for the same productivity can be significantly reduced when using
the highest Sn loading. With the aim to investigate this aspect, various samples of Sn-f,
containing 1, 2, 5 and 10 wt. % of Sn, were tested at a fixed amount of Sn relative to CyO, i.e.
catalyst mass was adjusted so that the same amount of Sn was employed in the reactor (1
mol. %) (Fig 3.6).
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Figure 3.6. Catalytic activity of various Sn-3 samples containing 1 - 10 wt. % Sn for BVO
of CyO. (Left) Conversion vs. time and (Right) selectivity towards Capr as function of

CyO conversion.
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As already mentioned in Section 3.2, there is a limited theoretical amount of Sn able to be
incorporated into dealuminated zeolite. For instance, for deAl-B 38 this value is approximately
9 wt. %, although in practice only loadings up to 5 - 6 wt. % have been accommodated of all
Sn in the zeolite framework. In the set of catalysts investigated, catalysts of loadings below
and beyond the limit were used, hence, the selectivity trends towards Capr may differ.
However, as observed in Fig 3.6, reactions performed using 1Sn-B, 2Sn-B and 5Sn-f3
presented almost identical catalytic activity in terms of conversion, whilst 10Sn- presented
slightly lower activity. Subsequently, to better see the effect of the wt. % Sn loading on the
initial rate, comparison of initial turnover frequency (TOF) (at 5 min) of the four materials is

reported in Fig 3.7. TOF values were calculated as described in Equation 2.5.
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Figure 3.7. Initial TOF obtained for catalysts with different Sn wt. % loadings. Initial TOF

was calculated at 5 min of reaction as moles of CyO converted per moles of Sn per time.

This comparison revealed a clear decrease in activity and TOF as the Sn loading of the
catalyst was increased to 10 wt. %, from 360 h* for 2Sn-B to 199 h*! for 10Sn-B. Such decrease
in activity with the highest Sn loading tested agrees with the formation of inactive SnO, clusters
when loadings above the intrinsic material limitation are prepared. In fact, Hammond et al.?®
observed by MAS NMR analysis that at 10Sn- possesses non-negligible amounts of extra-

framework clusters of SnO.. Said clusters are not active for typical Sn-p reactions, such as
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transfer hydrogenation and glucose isomerisation reactions. Hence, the use of high loadings
of Sn in Sn-B catalysts results detrimental for the catalytic activity of the material.
Additionally, at all levels of conversion, each catalyst exhibited comparable selectivity,
showing that the formation of spectator Sn sites does not negatively contribute to the reaction
or consecutive reaction products.

As a result of these experiments, 2Sn- was determined as primary catalyst and used for the
rest of this study. In view of this, selectivity improvement by catalyst modification appears
unlikely and the quest of selectivity improvement should be investigated through optimisation

of other parameters such as oxidant concentration, mass of catalyst and reaction temperature.
3.3.1.4 Effect of H.O2 concentration

Once the optimal catalyst design was identified, other parameters involved in the reaction
performance were investigated, starting with the study of the effect of oxidant concentration.
To do so, a series of experiments with different H.0.:CyO ratios (i.e. different initial oxidant
concentration) was performed. These experiments allow to evaluate the effect of H.O>
concentration on the catalytic rate, with all other parameters e.g. Sn content (1 mol. %),
reaction temperature (100 °C) and catalyst choice (2Sn-f) remaining unchanged. The initial
H.O, concentration was varied from 0.035 to 1 M, representing a range of H,0.:CyO ratios
from 0.1 to 3.0 (under typical conditions, a ratio of 1.5 (0.5 M) was employed).

To better comprehend this effect, the initial reaction rate of each experiment was calculated.
In regard of this, first order and second order kinetic adjustments were considered for the

fitting, as described in Equation 3.1 and Equation 3.2, respectively:

First order: In[Cy0] = In[CyO0], — kt [Equation 3.1]

1 1
Second order: =

[Cy0] ~ [Cy0],

kt [Equation 3.2]

Where k represents the initial kinetic constant of a reaction according to these two equations.
Representative first and second order kinetic plots for the using BVO reaction of CyO at the
typical H20,:CyO ratio of 1.5, shown in Figure 3.8, left and right, respectively, revealed a better
kinetic adjustment as second order respect to the ketone for the evaluation of the reaction rate
of this system. Herein, the apparent rate constant, corresponding to a second order fitting
(Kapp, Units M s1), at each H,0,:CyO ratio was determined at the very initial stages of the

reaction according to Equation 3.2, and represented in Fig 3.9, left.
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Figure 3.8. Kinetic adjustments for BVO of CyO using a 1.5 H202:CyO as (Left) first

order adjustment respect to CyO and (Right) second order adjustment respect to CyO.
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Figure 3.9. (Left) Effect of H202:CyO on the catalytic rate and (Right) selectivity trend

obtained at different initial H202 concentrations (stated as H202:CyO molar ratio).
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As reported in Fig 3.9, left, for H202:CyO ratios in the range from 0.1 to 0.75, a first order
dependence on H»0> can be observed, with kapp increasing linearly with the oxidant
concentration. However, above this ratio, kap, reached a plateau, within experimental error,
and the reaction becomes zero order with respect to the oxidant.

Itis worth mentioning that at ratio 0.75, the oxidant was added at sub-stoichiometric quantities,
and the reaction could never reach full conversion. However, the initial stage of the reaction
remained unaffected by the limitation of H.O, and the kapp Obtained can be considered in the
borderline of the zero order regime range. Once in the zero order regime range, an excess of
H>0: did not overly interfere with the intrinsic kinetics of the system, except for the highest
oxidant ratio tested where the selectivity towards Capr decreased considerably (Fig 3.9, right).
It should be noted that, since H.O, was used as an aqueous solution (50 wt. %), the
concentration of H>O also changed during these experiments and at the highest ratio tested
(3:1) the amount of H,O added was doubled the typically used. This observation suggests that
H.O, and/or H,O may be involved in a consecutive reaction that may cause the observed
decrease of total carbon balance observed in Fig 3.4, right. Given the results obtained, a ratio
of 1.5 H,0,:CyO was employed for the rest of the optimisation study to ensure no dependence

of the oxidant concentration on the reaction rate,.
3.3.1.5 Effect of mass of catalyst

Being in the kinetic regime i.e. under catalyst control, is of great importance to obtain reliable
catalytic data free of interferences such as mass transfer limitations, which can occur when
the limiting reaction step is the diffusion of the reactants to the active sites of the catalyst,
instead of being the reaction itself. Therefore, the effect of the mass of catalyst employed was
investigated in order to ensure performance in a purely kinetic system.

Typically, usage of catalyst quantities comprised between 0.5 - 2 mol. % of Sn respect to the
substrate, can be found in literature when using Sn-B catalyst. For instance, Corma et al.,*
reported a usage of Sn contents of 1 mol. % (respect to CyO). With the aim of identifying the
optimal mass of catalyst, the mass of 2Sn-3 was varied so that Sn contents of 0.1 - 3 mol. %
Sn relative to CyO were utilised, corresponding to a range of mass of catalyst between 0.02
and 0.6 g. All other reaction parameters were unchanged, and reactions carried out for 6 h.
Selectivity to Capr trends obtained as function of CyO conversion for all the reactions are

represented in Fig 3.10, left.
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Figure 3.10. (Left) Capr selectivity as function of CyO conversion for all mol. % of Sn
tested and (Right) impact of relative Sn content on the rate of BVO of CyO at 100 °C.

As observed in Fig 3.10, the selectivity trend was maintained throughout all experiments, and
the differences can be considered within the experimental error. Therefore, varying the Sn
content employed does not massively impact selectivity at any level of conversion. In terms of
catalytic activity, the increment of mass of catalyst should, in principle, lead to a proportional
increment of conversion (at the same reaction conditions used). However, although a slight
improvement was observed with increasing mass of catalyst, the improvement was lower than
expected. This fact can be better noticed in Fig 3.10, right, where the Kkapp is shown as a
function of mol. % of Sn. At low mol. % of Sn, up to 1 mol. % Sn, a linear relationship between
kapp @and Sn content is observed. However, at very high Sn loadings, kapp Wwas lower than
anticipated, indicating that some mass transfer limitations occurred at higher Sn loadings,
diminishing the reaction rate, as consequence of the large mass of catalyst used. Accordingly,
to ensure the reaction to be in the kinetic regime, all further experiments were conducted at

Sn contents of 1 mol. %.
3.3.1.6 Effect of reaction temperature

Subsequently, the effect of the reaction temperature on the catalytic activity, selectivity and
carbon balance, was investigated, with the aim to maximise the lactone production, by varying

the reaction temperature from 100 to 40 °C, as reported in Fig 3.11.

81



Chapter 3

100 + -

X 1%
S/%

——50°C
||—~—60°C

204 |—~—70°C 1
||—e—80°C
—*—90 °C
—=— 100 °C

T T T T T T T T T T T T T T
0 120 240 360 20 40 60 80 100
Time / min X/ %

Figure 3.11. BVO of CyO performed at various reaction temperatures. (Left) CyO
conversion evolution with time and (Right) Capr selectivity as function of conversion.

As shown in Fig 3.11, left, the conversion per unit time decreased with lower temperature
employed. For instance, the conversion reached after 6 h of reaction at 100 °C was about 90
%, while only about 20 % could be achieved at 40 °C. In terms of selectivity trends, as it can
be seen in Fig 3.11, right, regardless of the reaction temperature, high selectivity to Capr (>
70 %) was only observed when CyO conversion levels were < 50 - 60 %. However, at higher
conversion levels, selectivity towards Capr and total carbon balance, dropped noticeably.
Selectivity trends were clearly comparable at all reaction temperatures, within experimental
error, hence, selectivity seems to depend only on the extent of conversion. This fact suggests
that the side reactions or consecutive reactions involved may have comparable activation
energies to the BVO reaction, and that high(er) levels of selectivity cannot be obtained through
kinetic control.

Subsequently, advanced kinetic analysis of the data obtained, already mentioned in Section
3.3.1.4 to better fit as a second order reaction with respect to ketone, allowed calculation of
the kapp Of each experiment. Notably, the slope of each linear fit (Fig 3.12, left) corresponded

to the kapp at each temperature calculated from Equation 3.2.
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Figure 3.12. (Left) Kinetic adjustment as second order respect CyO of reactions at

different reaction temperatures and (Right) the corresponding Arrhenius plot obtained.

The kinetic constant of each reaction can be used to calculate the energy of activation of the

reaction using the Arrhenius equation (Equation 3.3):

Eact

Ink=Ind - RT

[Equation 3.3]

From the slope obtained from the Arrhenius plot (Fig 3.12, right), the activation energy (Eact)
of the system was determined to be 51.1 kJ mol?, which represents the minimum energy
required to allow the reaction to occur. This value is comparable to the value reported by
Boronat et al.*? (45 kJ mol?) for analogous materials under similar reaction conditions.

Following the detailed study of all these parameters and the definition of the optimal reaction
conditions for the BVO / Sn-B / H,O; system, the excellent performance of the material for a
greener production of renewable lactone monomers, as Capr, is highlighted. However, general
selectivity trend, which decreased alongside the carbon balance as CyO conversion increased
evidences the need for further investigating the reaction network, and the need to identify all
by-products to better understand the limitation of high selectivity to the lactone at high

conversion observed.
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3.3.2 ldentification of by-products and closing the carbon balance

At the time of this work, very few studies had been focused on the detail analytics of the BVO
reaction, i.e. the full disclosure of the overall reaction network had not been achieved. Hence,
attention was focused on the full elucidation of the nature of the unknown by-products that
must be present, accounting for the missing carbon balance.

From the literature it is known that the most likely by-products include 6-hydroxyhexanoic acid
(6-HHA), formed from the opening of Capr by hydrolysis, and adipic acid (AA), formed via
oxidation of 6-HHA. 333 Unfortunately, 6-HHA is a non-volatile compound, not detectable by
GC-FID, the analytic technique typically employed for the catalytic evaluation of the system.
In view of this, other techniques available such as High Performance Liquid Chromatography
(HPLC) and Attenuated Total Reflectance Infrared (ATR-IR) spectroscopy, were then used in
order to identify the by-products. However, the analysis was unsuccessful. For instance, HPLC
analysis of the standards (CyO, Capr, 6-HHA and AA), showed overlapping of Capr and 6-
HHA signals, making them indistinguishable. In the same way, as observed in Fig 3.13, IR
spectra of the four potential reactant species displayed a relative overlap of each C=0 signal
which prohibited the identification and quantification of those presents in the reaction mixture.

The monitoring of reaction time online by these techniques was hence not feasible.
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Figure 3.13. ATR-IR analysis. (Left) Spectra of CyO, Capr, 6-HHA and AA standards and
(Right) time online analysis of a typical BVO reaction. Reaction conditions: 10 mL of 0.33
M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO, 1.5 H202:CyO, at 100 °C.
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The next technigque considered for the identification of by-products was *H NMR spectroscopy.
Although the presence of the solvent inhibited identification of all potential species within the
reaction solution under normal conditions, the relatively high boiling points of CyO and all the
potential products allowed almost complete evaporation of the solvent (1,4-dioxane, boiling
point of 101 °C) prior to the analysis, and consequently satisfactory qualitative data to be
obtained. Analysis of the four standards, including CyO, Capr, 6-HHA and AA, by *H NMR are
reported in Fig 3.14.
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Figure 3.14. *H-NMR spectra of a) CyO, b) Capr, ¢) 6-HHA and d) AA standards.

Unfortunately, all *H NMR resonances of CyO and AA overlapped in some way with the rest
of the potential reactants. For instance, the *H NMR resonance at 2.3 ppm was commonly
observed for CyO, 6-HHA and AA. These overlapping resonances complicated identification
of CyO and AA and hence they could not be conclusively guantified by *H NMR. Only
resonances at 4.2 and 1.4 ppm (or 3.6 ppm) of Capr and 6-HHA respectively (marked in green
in Fig 3.14), could adequately be used for the analytical quantification of these species.
Quantification of Capr and 6-HHA, formed during the BVO reaction was then carried out by 'H
NMR using a capillary filled with tetramethylsilane in deuterated chloroform (1% TMS/CDCIs),
previously calibrated against 6-HHA, as described in Section 2.5.2.1.

To verify the validity of this approach, quantification of Capr was carried out using *H NMR

with the TMS insert and the concentrations obtained were compared with the results
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determined by GC-FID. As shown in Table 3.1, all values were found to be within < 6 % of
error, verifying the use of this approach. As already mentioned, the presence of overlapping
signals prevents quantification of CyO by this method, and its concentration was solely
monitored by GC-FID. A typical time online analysis by *H NMR is reported in Fig 3.15.

Table 3.1. Capr concentration during the BVO reaction obtained by GC-FID and *H-NMR.

Time / min | [Capr] by GC-FID/M | [Capr] by '"HNMR /M | Standard deviation / %
0 0 0 0
30 0.132 0.131 0.5
60 0.137 0.132 2.6
120 0.129 0.126 1.7
360 0.098 0.090 6.0

t=360 min

t=60 min

=somin ) o A

t=0 min

A .

° A ° 2o [ LY PN ™S

[Ppm]
Figure 3.15. Time online analysis of BVO of CyO at 100 °C monitored by 'H NMR.

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to the
ketone, 1.5 H202:CyO, at 100 °C.
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By utilising both GC-FID and *H-NMR, a complete kinetic evaluation of the BVO of CyO could
be obtained (Fig 3.16).

100
80
x
= 60
o0
@)
>~ 40 4
X‘ ~
204 | & —=—XCyO ||
’ —e—Y Capr
‘ —A—Y 6-HHA
0 < CBal 7
T T T T T T T T T T T T T
0 60 120 180 240 300 360

Time / min

Figure 3.16. Time online analysis of BVO of CyO catalysed by 2Sn-p, at 100 °C,
monitored by GC-FID and *H NMR.

Following quantification of 6-HHA, carbon balance improved from 54 % to 88 % at the highest
levels of conversion. This clearly demonstrates that as CyO conversion increases, selectivity
towards 6-HHA dramatically increases, indicating that the overall reaction contains two
consecutive steps: 1) BVO of CyO to Capr, and 2) hydrolysis of Capr to 6-HHA.

To fully rule out the presence of AA in the reaction mixture, **C NMR analysis were performed,
since AA possesses a distinct *C resonance at 175.82 ppm, which can be differentiated from
the rest of the reaction components. A representative example of *C NMR analysis of BVO

reaction of CyO after 6 h is shown in Fig 3.17.
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Figure 3.17. 3C-NMR analysis of the final reaction mixture after 6 h of BVO reaction.
Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to the
ketone, 1.5 H202:CyO, at 100 °C.

As revealed by *C NMR analysis, only traces of this by-product could be observed during the
entire reaction period. It was previously reported by Cavani et al.*® that AA can be formed as
a deep oxidation product during the BVO of CyO with titanium silicalite-1 as catalyst, since
titanium silicalite-1 is a catalyst which is well known to produce ‘OH radicals that may readily
oxidize 6-HHA. However, in this study, the 1,4-dioxane employed as solvent can act as an
‘OH radical scavenger and Sn-B has a poor ability to generate "OH radicals. Therefore, the
low amounts of AA observed in this work are consistent with the catalyst choice and solvent,
which prevent the oxidation reaction to go further.

To further close the final carbon balance, the used catalytic materials extracted from the
reactor after reaction was analysed by Thermogravimetric Analysis (TGA). This technique is
very useful to identify and quantify the species adsorbed onto the catalyst during the reaction.
Firstly, preliminary analysis of the catalyst pre-treated with pure 1,4-dioxane and solutions of
CyO, Capr and 6-HHA in 1,4-dioxane, were analysed to determine the grade of adsorption of
each compound onto the material. The first derivatives obtained for TGA of each pre-treated
sample are collected in Fig 3.18 where it can be observed that each standard could be

distinguished by its time of desorption from 2Sn-f3.
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Figure 3.18. TGA of 2Sn-B pre-treated with a) 1,4-dioxane, b) CyO, c) Capr and d) 6-

HHA standards in 1,4-dioxane.

The TGA of the used 2Sn-f3 after a typical BVO reaction of 6 h was compared with the mass

losses corresponding to the 4 pre-adsorbed standards. This allowed the type (from the

desorption time) and quantity (by the mass loss observed at said time) of adsorbed reactant

on the material to be established (Fig 3.19).
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Figure 3.19. TGA of used catalyst after BVO reaction. Reaction conditions: 10 mL of
0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO, 1.5 H202:CyO at 100 °C.
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In addition to some residual solvent (which desorbed at a distinct, low temperature), a
considerable amount (11 wt. %) of Capr, and a small amount (3 wt. %) of 6-HHA were
detected. In total, this corresponded to approximately £ 5 % of the original carbon species
introduced into the reaction at the start of the process, and thus raised the final carbon balance
to 93 %.

It should be noted from the *H NMR time online analysis (Fig 3.15) that, at extended times, a
new set of resonances arose between 3.7 - 4.5 ppm, which suggests the possible formation
of oligomeric and polymeric products. With the aim of bringing the carbon balance to 100 %,
final reactant solution was analysed by Gel Permeation Chromatography (GPC) as shown in
Figure 3.20.

Figure 3.20. GPC analysis of oligomers traces formed after 6 h of reaction.

Preliminary GPC analysis of final reaction mixture (6 h of reaction) revealed these polymeric
species to be oligomers of Capr, possessing between 2 and 3 Capr units, although its precise
guantification was not possible at this stage of the project. Peak 1 corresponded to species
with an average molecular weight (Mn) of 1704 Da and a polydispersity index dispersity (PDI)
of 1.08; Peak 2 corresponded to Mn of 534 Da and PDI of 1.04; and Peak 3 corresponded to
Mn of 302 Da and PDI of 1.03. Lower molecular-weight species, outside of the calibration
zone, are likely monomeric species, including CyO, Capr and 6-HHA. Although not
guantitative, the degree of Capr oligomerisation likely fully closes the carbon balance at high
levels of conversion and allows to consider the full reaction pathway disclosed. The
confirmation of oligomeric products at extended levels of conversion indicates that performing
the reaction continuously at high conversion should be avoided, so as to minimise the

opportunity of fouling by oligomer formation.
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3.3.3 Caprolactone conversion studies

In the previous section, the identity of the main by-product of the BVO reaction of CyO was
confirmed to be 6-HHA, co-produced besides the desired lactone, especially at high levels of
conversion. Having this fact in mind, a detailed study on its formation was carried out for a
better understanding of the reaction network and the nature of the side reaction(s), to evaluate
the opportunities to improve the Capr selectivity along the whole reaction period.

It is worth mentioning that even though dehydration of 6-HHA to Capr can be performed in a
second step to convert all products in the desired one, obtaining high Capr selectivity would
lead to improved efficiency and would minimise downstream processing, if a more direct
solution, such as the complete removal of the side reaction, is not viable during the reaction
itself.

Accordingly, the role of the catalyst in the hydrolysis reaction of Capr was investigated
separately to BVO of CyO. To do so, two preliminary experiments were performed starting

from a solution of Capr in 1,4-dioxane in the absence of CyO and H.O, (Table 3.2).

Table 3.2. Extent of Capr hydrolysis observed under various reaction conditions.

Entry Catalyst H,O /mL Conversion / %
1 - 0.15 0
2 2Sn-B 0.15 25
3 deAl-B 0.15 18
4 5Sn-B 0.15 23
5 10Sn-B 0.15 13
6 2Sn-B 0.3 36
7 deAl-B 0 11
8 2Sn-B 0 8
9 5Sn-B 0 7
10 10Sn-B 0 4
11 2Sn-f3 Recalcined 0 4
12 2Sn-B 0.3 (50 wt % H»05) 62

Reaction conditions: 10 mL of 0.2 M of Capr in 1,4-dioxane at 100°C, with 1 mol. % Sn
respect to Capr (or equivalent mass of deAl-f) and the stated H2O added, 4 h of reaction.
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In the first reaction (Entry 1), the typical amount of H>O only (added by necessity when using
the required amount of 50 wt. % aqueous H20O: as oxidant) was added to the vessel. In the
second experiment (Entry 2), 2Sn-f3 was also added to the reactor, in addition to H,O. These
control experiments were aimed to verify whether hydrolysis of Capr proceeds in an
uncatalysed manner, or whether the heterogeneous material promotes the reaction. In both
cases, consumption of Capr and formation of 6-HHA were monitored by GC-FID and *H NMR,
respectively. As detailed above, in the absence of catalyst (Entry 1), no conversion of Capr
was observed. In contrast, in the presence of the catalyst, 25 % of Capr conversion to 6-HHA
with up to 95 % of selectivity was obtained. This fact strongly indicates that some catalyst
functionality (potential Lewis acidity, Brgnsted acidity, or defect sites) is required to catalyse
the hydrolysis of Capr, forming the undesired 6-HHA by-product.

Since the catalyst was clearly involved in the hydrolysis of Capr, various samples of Sn-f3 were
tested to discern the nature of the catalyst functionality responsible to catalyse this unwanted
reaction. Notably, in the absence of Sn (Entry 3), dealuminated zeolite B (deAl-B) showed
extremely low reactivity for the hydrolysis of Capr, indicating that defect sites and residual
Brgnsted acid sites of the zeolite framework alone were not responsible for Capr hydrolysis,
i.e. the presence of Sn is essential to catalyse this reaction. In contrast, experiments using
different Sn-B (possessing between 2 and 10 wt. % Sn, Entries 2, 4 and 5) presented relatively
good activity for the hydrolysis of Capr, with up to 25 % of conversion over 4 h reaction time.
Interestingly, the relative activities of 2, 5 and 10Sn-B samples for Capr hydrolysis were
identical to the relative activities exhibited with these samples for the BVO reaction itself (Fig
3.6), with 2 and 5 wt. % being practically identical in activity, and 10 wt. % Sn loading being
significantly lower in activity. Unfortunately, this fact strongly points out that the same Sn (IV)
sites are responsible to carry out both reactions, the BVO of CyO and the hydrolysis of Capr.
Thus, catalyst modification methodologies are unlikely to be able to remove the hydrolysis
side reaction, and 6-HHA formation is likely unavoidable under these reaction conditions.
Furthermore, analysis of Capr hydrolysis reaction was also monitored by *H NMR as shown
in Fig 3.21. *H NMR analysis confirmed the presence of 6-HHA as main product and allowed
its quantification by the same methodology of the TMS capillary than for the BVO, resulting in
a 6-HHA selectivity > 90 % throughout all the reaction period. Once again, as observed for
standard BVO in Fig 3.16, unquantified trace amounts of oligomers could also be detected at

extended reaction periods.
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Figure 3.21. 'H NMR time online analysis of hydrolysis of Capr performed at 100 °C
when adding 0.15 mL of H20, corresponding to Entry 2, Table 3.2.

Surprisingly, even in the absence of additional H,O, conversion up to 8 % of Capr to 6-HHA
was still observed when using different Sn- catalysts (Entries 7 to 10). In view of this, an
additional experiment using freshly calcined Sn-B (Entry 11) was performed. Catalysts are
sometimes not used straight after their preparation and they are commonly stored at ambient
conditions for a few days prior using them. During this period, humidity from the environment,
i.e. H20, is likely to get adsorbed onto the catalyst and this may affect the hydrolysis of Capr.
Indeed, recalcined catalyst showed a decrease in conversion, although it was not completely
eliminated, suggesting that even trace amounts of H.O coming from the catalyst and/or non-
anhydrous solvent lead to hydrolysis.

Subsequently, attention was focus on the effect of H,O. As shown in Entry 12, higher
conversion of Capr was reached when H;O; (typical amount added for standard BVO of CyO)
was present alongside H,O, reaching 62 % after 4 h of reaction while only 36 % of conversion
of Capr was observed using analogous amount of H,O (0.3 mL, Entry 6), i.e. in the absence
of H,0,, after the same period. Notably, in both reactions (Entries 6 and 12) selectivity to 6-
HHA was > 90 % along all the reaction period. For instance, Fig 3.22 illustrates the time online
analysis of Entry 12 monitored by *H-NMR, where it is shown how only Capr and 6-HHA

characteristic resonances could be detected.
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Figure 3.22. 'H NMR time online analysis of hydrolysis of Capr at 100°C when adding
0.3 mL of 50 wt. % H20:2 in agueous solution, corresponding to Entry 12, Table 3.2.

Indeed, *H NMR analysis in Fig 3.22 did not show AA present in any of the aliquots of the
reaction, indicating that even in the addition of larger amount of oxidant, no over-oxidation of
the 6-HHA to AA occurred, despite the extension of level of conversion of Capr.

With the aim to fully discard AA formation during hydrolysis of Capr, reaction solutions
corresponding to a) typical hydrolysis reaction (i.e. in the absence of H,O;) and b) following
addition of H,O, (Entries 2 and 12), were analysed by *C NMR (Fig 3.23). In both cases no
clear evidences of AA were observed. Although the total absence of AA is likely due to the low
sensitivity of the analytical methodologies i.e. its concentration was too low for detection, the
high selectivity towards 6-HHA observed, even in this last case, where H,O, was also present
as oxidant, strongly indicates that ring opening (yielding to 6-HHA), and not deep oxidation
(vielding to AA), remains the dominant consecutive reaction. The increased rate of ring
opening in the presence of H,O, may be due to the lower pH/pK, of the solution (pK, of 11.7)
and/or the presence of cationic stabilizers in the aqueous solution of H20-, both of which may

increase the rate of the ring opening reaction relative to H.O alone.
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Figure 3.23. 13C-NMR analysis of the final reaction mixture of hydrolysis of Capr at
100°C a) when adding 0.15 mL of H20 (Entry 2) and b) when adding 0.3 mL of aqueous
H202 (50 wt. %) (Entry 12) after 4 h of reaction.
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Figure 3.24. Kinetic analysis of hydrolysis of Capr. (Left) Adjustment as second order
respect to lactone for 2Sn-f at different reaction temperatures and (Right) the

corresponding Arrhenius plot obtained.

As final point of this study, the temperature dependence of the hydrolysis of Capr catalysed
by Sn-B was also investigated. Kinetic data from experiments varying T from 100 to 40 °C
could be adjusted as second order reaction respect to the lactone (Equation 3.2), by use of
the Arrhenius plot (Fig 3.24), an Ea value of 37 kJ mol* was calculated. This value obtained
is comparable to the Eacof BVO, of 51 kJ mol™. Since these two reactions are consecutive,
effort should be made to control the extent of conversion of CyO during BVO, and to use the

conversion vs. selectivity relationship to maximise selectivity to Capr.

95



Chapter 3

3.3.4 Intensification and catalyst stability in continuous flow

Having understood the kinetics of the reaction and elucidated the nature of the by-products
formed during BVO, potential scalability of this process was explored.

One of the best options to study the potential scalability of a system and enhance its appeal
to industry is moving from batch to continuous operation. Continuous flow operation allows to
increase notably the productivity of a system, as well as allowing study of the catalysts stability,
which plays an important role for all industrial processes and is vital to ensure the success of
the catalytic reaction, by evaluating its performance through longer reaction period compared
with batch mode.

The first point to tackle, prior to explore the activity of the system in continuous operation, was
the investigation of the potential role of each of the (by-)products to poison and deactivate the
catalyst (product induced poisoning), since longer contact times between the catalyst and the
products in continuous mode may negatively affect to the catalytic performance of the material.
As shown in Fig 3.4, standard BVO reaction carried out in batch mode suffers from a large
decrease in catalytic rate after 1 h of reaction when high levels of CyO conversion were
reached, indicating product-induced poisoning, which may be even more magnified in
continuous regime.

Accordingly, the standard BVO reaction at 100 °C (Fig 3.4) was repeated in the presence of
various quantities of the reaction (by-)products (Capr, H.O and 6-HHA), i.e. 10, 25 and 50 mol.
% of each product. It should be mentioned that H.O, was always used as an aqueous solution
(50 wt. %), therefore, a 3.02:1 mole ratio (i.e. 302 mol. %) of H,O relative to CyO was already
inevitably present at the beginning of the standard reaction. Hence, in these poisoning studies,
the initial 302 mol. % of H,O was still present. Furthermore, up to an additional 100 mol. %
could be formed during the reaction if a totally selective oxidation process occurs transforming
all the CyO present into Capr by the formation of H.O from H.O,. This co-produced H,O was
the mol. % H>O by-product added for the poisoning studies.

In each case, the conversion of CyO was used to determine the kinetics of the reaction as a
function of the amount of (by-)product added. By plotting the inverse of each initial reaction
rate against the mol. % of each by-product added (Fig 3.25), it could be easily appreciated
which by-product has the most effect on the original initial rate, i.e. without the addition of any

extra by-product.
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Figure 3.25. Effect of by-product addition on the initial rate of BVO observed.

As reported in Fig 3.25, each of the products added influenced the initial reaction rate to some
extent. For instance, Capr, the desired product, showed the lowest effect in the initial rate,
even at relatively high amounts, i.e. at 50 mol. % relative to CyO, only approximately 20 % of
decrease in the initial rate could be observed. On the other hand, influence of H,O and 6-HHA
in the initial catalytic activity were more noticeable. In these cases, the initial rate of reaction
was found to decrease significantly, by approximately 40 % when adding 50 mol. % of H20,
and about 50 % when adding 50 mol. % of 6-HHA.

However, it was noticed that low amounts of 6-HHA (< 25 mol. %) do not overly decrease the
initial rate. Having in mind the previous results, a CyO conversion level of approximately 50 -
60 % (corresponding approximately to a 6-HHA level of 15 - 25 mol. %, and a decrease in rate
of £ 20 %) appears to be a good target. The strong decrease in reaction rate observed at 6-
HHA levels of £ 50 mol. % corresponded well to the decrease in catalytic rate observed in the
initial batch experiments at CyO conversion levels of 60 % and above, where 6-HHA begin to
become the major reaction product, originating a significant drop in Capr selectivity.

Herein, these experiments allowed to identify the main cause of deactivation in batch mode to
be mostly due to poisoning by 6-HHA. This study clearly demonstrates that the continuous
reactor should be held at a level of CyO conversion consistent with as little 6-HHA and H,O

present as possible to minimise poisoning, i.e. around 60 % of CyO conversion.
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Once the impact of the potential reaction products on the reaction rate were determined, and
the optimal range of product concentration to diminish the poisoning identified, the activity of
this system in continuous flow was subsequently explored.

The kind of reactor selected to investigate the viability of BVO of CyO in continuous operation
was a continuous Plug Flow Reactor (PFR). A PFR offers major advantages over a slurry
reactor, including: i) improved process control and safety, ii) excellent mass- and heat-transfer,
iii) shorter reaction times, iv) smaller reactor volumes, v) scalability and vi) increased STYs.*’
In addition, as already mentioned, continuous PFR allows critical evaluation of a catalysts
stability and lifetime under steady state conditions.

The reactor employed (Scheme 3.3) was adapted from a kinetically relevant PFR optimised
for the Sn-3 catalysed isomerisation of glucose to fructose and the transfer hydrogenation of
carbonyl compounds.® The liquid feed was delivered into the system by an HPLC pump to
the packed catalyst bed, which was placed in an oil bath maintained at the required reaction
temperature. The whole system was kept under pressure by means of a Back Pressure
Regulator (BPR). This allowed operation above the boiling point of the solvent to proceed, and
hence, accelerated the reaction rate. The reactor was also connected to a sampling valve,
from which the reacted solution was periodically taken and analysed by GC-FID and *H NMR,

following analogous procedures to the BVO batch reactions.

BPR

BVO

Cat bed *
Inlet ] L sampling
Feed Y

v

CyO and oxidant in dioxane QOil bath
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Scheme 3.3. Simplified scheme of the continuous flow reactor.

From the batch kinetic studies, it was determined that BVO best fitted the second order rate
equation with respect to CyO (Equation 3.2), which applied to the PFR design equation,
allowed to appropriately calculate the value for the contact time, 1, that can also be calculated

as:

B V (cm3)
~ Q (cm3min™1)

T [Equation 3.4]
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Where V is the volume of the catalyst bed and Q is the volumetric flow rate at the start of the
reaction.

To rule out potential external mass transfer limitations, the effect of linear velocity was first
investigated. The linear velocity (v) is defined in Equation 3.5 as:

Q (cm3min™1)
S (cm?)

v(cmmin™t!) = [Equation 3.5]

Where Q is the volumetric flow rate and S is the reactor section.

The study of the linear velocity is based on a set of experiments that allow to define when
external diffusion (also named film diffusion) is the limiting regime. For these experiments,
catalyst columns of various length (Scheme 3.4) were prepared and flow rate of reactant was
proportionally varied so that the overall contact time was kept constant, while the linear velocity
increases, since the section of the reactor is constant. It should be mentioned that the contact
time is directly proportional to the conversion, therefore, at same contact time, and under
kinetic regime, the conversion of the reaction should be the same at each linear velocity. Thus,
in the absence of film diffusion the conversion is independent from the flow rate (at constant
contact time). On the other hand, when film diffusion is the dominant regime, the conversion

decreases proportionally to the flow rate.
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Scheme 3.4. Simplified scheme for the linear velocity experiments.

As shown in Figure 3.26, the set of experiments reached the same levels of conversion,
indicating a lack of interphase limitations of the flow rates explored. Linear velocity
experiments, which showed similar levels of conversion of CyO achieved at the flow rates
tested, confirmed the optimal range of catalyst bed volume - flow rate needed to operate in

the kinetic regime, without any mass transfer limitations caused by the reactor itself.
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Figure 3.26. Impact of linear velocity (i.e. flow rate at fixed contact time) on the catalytic

activity of BVO of CyO using 2Sn-f in the continuous regime.

Having ensured a performance in the kinetic regime, a reaction consistent with the standard
reaction conditions typically used in batch experiments was carried out, following the
procedure described in detail in Section 2.4.4, and its catalytic evolution is represented in Fig
3.27. Apart from a very short induction period (Fig 3.27, left), catalytic activity remained
relatively constant over a period of 180 h, with a steady state CyO conversion of £ 60 % being
observed. Furthermore, no major modifications in selectivity were observed upon moving into
the continuous reactor, and the conversion vs. selectivity trend sat on the same profile as
found for the batch reactor at the same H»0,:CyO ratio of 1.5 (Fig 3.27, right).

Clearly, the Sn-3 / H,O, / BVO system possessed good levels of stability. Over the course of
180 h, the catalyst performed > 5000 substrate turnovers, equivalent to over 50 complete
batch reactions. Notably, the TON values observed were an order of magnitude higher than
those previously observed for the same catalytic system. Overall, a relative loss of
approximately 15.4 % of the maximal activity (from 65 to 55 %) was observed during this
period, even without periodic catalyst regeneration being performed. However, as reported in
Fig 3.27, left, regeneration of the catalyst bed after 180 h by re-calcination treatment (3 h at
550 °C in air) restored the initial activity, demonstrating the slight decrease in activity to be

reversible i.e. deactivation is not permanent.
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Figure 3.27. (Left) Conversion vs. time on stream during BVO of CyO in the continuous
regime at 100 °C and (Right) selectivity towards Capr as function of CyO conversion in
both regimes, batch and continuous. Reaction conditions: Reactant feed of 0.33 M CyO
and 0.5 M H20:2 in 1,4-dioxane with a contact time of 5.5 min under a pressure of 10 bar,
at 100°C.

Given that also H.O showed some ability to poison the catalyst (Fig 3.25) and it was
demonstrated in Section 3.3.3 that presence of H.O enhances the ring opening consecutive
reaction to 6-HHA, a reduction of the H,O present in the system was considered due to the
potential benefits that may entail.

To do so, the viability of the system to operate continuously in an oxidant-limited regime was
explored, since from the batch studies (Fig 3.9, right), it was shown that similar initial reaction
rates could be obtained at a H20,:CyO ratio of 0.75 as for the typical 1.5 ratio i.e. the BVO
reaction is zero order with respect H,O2 concentration in both cases. Although operating in an
oxidant-limited regime limits the system to < 75 % CyO conversion, the target level of
conversion (50 - 60 %) was still achievable, and the decrease in H.O may reduce the
hydrolysis of Capr and product induced poisoning.

Accordingly, the BVO of CyO was carried out in a PFR at the lower H,0:CyO ratio of 0.75,
keeping all other experimental parameters, including temperature, flow rate, catalyst mass,
and reactor volume, identical to the previous experiment. Its comparison with the initial

experiment carried out at the typical 1.5 ratio of oxidant is reported in Fig 3.28.
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Figure 3.28. Comparison between PFR using 1.5 and 0.75 H:202:CyO ratios. (Left)
Conversion vs. time on stream and (Right) Capr selectivity as function of CyO conversion
in both regimes, batch and continuous. Reaction conditions: Reactant feed of 0.33 M
CyO and 0.5 M or 0.25 M H20:2 in 1,4-dioxane with a contact time of 5.5 min under a
pressure of 10 bar, at 100°C.

In this comparison, it can be clearly appreciated the good agreement of both experiments in
terms of catalytic activity and stability. A high level of stability was observed in the oxidant-
limited regime, although CyO conversion was approximately 10 % lower across the entire
reaction period (x 65 vs. + 50 %, respectively). In terms of activity, the maximum conversion
obtained was 51 %, dropping to 44 % after 180 h, which represented a relative decrease in
activity of 13.7 %. As such, stability was slightly improved in the oxidant-limited regime when
compared with the typical oxidant-excess, where the relative loss of activity was approximately
15.4 %. This may be due to the lower amount of H,O present in the system, or the slightly
lower level of conversion in this system, which led to less 6-HHA formation. Worth to be
highlighted, the decrease of the oxidant concentration also led to a slight improvement in Capr
selectivity at all overlapping CyO conversion levels. Indeed, as can be seen in Fig 28, right,
Capr selectivity increased when compared with the typical batch and flow experiments using
excess of oxidant. A maximum selectivity of 85 % was achieved in the oxidant-limited regime,

while the maximum selectivity reached using 1.5 ratio of oxidant was about 70 %. However,
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given the minimum amount of H>O required for ring opening, the complete suppression of ring
opening under these conditions is quite unlikely.
Subsequently, H.O.-based selectivity of the three reactions was investigated in Fig 3.29.
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Figure 3.29. H202-based selectivity as a function of conversion for BVO of CyO.

As shown above, in addition to leading to higher lactone selectivity at overlapping levels of
conversion, operating at oxidant-limited regime in continuous flow also displayed significant
differences in terms of oxidant efficiency respect to PFR in oxidant-excess, obtaining major
improvements in H,Oz-based selectivity that matched the batch results. At a H.0,:CyO ratio
of 0.75, a H20,-based selectivity (i.e. moles CyO converted / moles H»O, consumed) of about
85 % was obtained, indicating that most of the oxidant is more effectively used. In contrast,
H.0-based selectivity obtained with H,O.:CyO ratio of 1.5 was generally lower, indicating a
poorer usage of the oxidant. This decrease in oxidant efficiency when operating in continuous
flow at 1.5 oxidant ratio may be caused by the lowering of the stability of H,O; in the PFR
itself, made of stainless steel, and by the operation in higher pressure with respect to the batch
experiments, which can lead to some H,O, decomposition.

It should be mentioned that preliminary stability tests of H.O, performed in batch mode
revealed that, at the typical BVO reaction conditions employed (100 °C, in 1,4-dioxane and
catalyst), about 5 % of H.O, decomposition can be observed after 6 h of reaction. Although

analogous experiments were not performed in the continuous PFR, it is though that the extent
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of the decomposition may likely be magnified when operating in continuous flow by the
reasons stated above, thus leading to a lower H20. efficiency than for the batch experiment.

Clearly, decreasing the concentration of H.O; leads to noticeable improvements in H.O:
utilisation, without overly compromising the BVO process itself, achieving comparable levels
of activity, stability and productivity. Such improvements are of tremendous importance to both
process economics and reaction sustainability, particularly given the cost of H.O,. This set of
experiments demonstrates the excellent viability of this system to operate in continuous flow.
In addition to the high levels of stability, performing the reaction in plug flow mode also led to
tremendous improvements in the productivity of the system respect to single batch operation.
For a better direct comparison, STY of the three experiments were calculated at their
maximum CyO conversion, as amounts of CyO converted (g) per reactor volume (cm) per

time (h) per amount of catalyst (kg) (Table 3.3).

Table 3.3. Relative performance of 2Sn-§3 for BVO chemistry in batch and flow.

STY 2/ g(CyO) cm™ ) Capr selectivity at
Reactor type Relative STY
kg(cat)* h? max STY
Batch P 245 1 39
PFR ©1.5 H,02:CyO 1123 46 66
PFR ©0.75 H20,:CyO 896 37 70

@ STYs were calculated at maximum conversion as g of reactant converted per cm?
reactor volume, per hour and per kg of catalyst. » Only the liquid volume was used as

reactor volume. ¢ Volume of catalyst bed used as reactor volume.

As can be observed, STY at 100 °C in the continuous reactor increased by two order of
magnitude relative to the batch reactor system at the same H,0.:CyO ratio and the relative
performance was also highly improved. Notably, Capr selectivity obtained at the maximum
STY of each reactor was also substantially higher in the PFR (70 vs. 39 %).

Despite no substantial improvements were observed as a function of conversion at the same
H.0,:CyO ratio, it should be highlighted that a remarkable improvement was obtained when
working at oxidant-limited regime, manifesting the benefit to operate with lower oxidant

concentration without compromising too much the overall catalytic performance.
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3.4 Conclusions

The BVO of CyO by Sn- / HO, was studied in batch and continuous mode with the aim of
understanding the mechanistic aspects of the reaction and identifying its potential scalability.
This chapter shows that the BVO of CyO by Sn-f / H20- is a challenging reaction, especially
in terms of maintaining high selectivity to Capr at late stages of reaction, since a significant
selectivity drop is observed at conversion > 60 %. The detailed study of the different
parameters involved in the BVO reaction does not lead to an improvement of selectivity.
Selectivity to Capr decreases with conversion, and this trend is maintained throughout all
experiments. Herein, the investigation of hydrolysis of Capr by its own was crucial to reveal
that this consecutive reaction to 6-HHA is also catalysed by Sn-B and, therefore, occurs
simultaneously to BVO at standard conditions used, substantially decreasing the efficiency
(selectivity) and activity (rate) of the process, deactivating the catalyst by poisoning.

It should be noted that at the time of this work, this was the first time that the by-product
identification and quantification was analysed in such detail, 6-HHA being the main by-product
of the reaction. This achievement, alongside the traces of AA and some oligomers of 2 - 3
Capr units, allows the final carbon balance of the reaction to be closed, from 54 % to almost
100 %, and it is a clear insight to better understand the reasons behind the selectivity drop, at
the studied reaction conditions.

Nevertheless, optimising the reaction conditions in order to minimise 6-HHA formation shows
the potential scalability of this system in the continuous regime. Operating the reaction at
conversion levels < 60 %, at which point 6-HHA formation is less pronounced, the system
presented good stability, operating for 180 h without major loss in activity, yielding to turnover
numbers > 5000, and a volumetric productivity of 1123 g(CyO converted) cm (reactor
volume) kg(cat)* h™. In addition to being up to two orders of magnitude more productive on a
STY basis than batch experiments, the continuous system is also more selective to Capr at
these elevated productivities (70 % vs. 39 %). Finally, a remarkable improvement in lactone
selectivity is obtained when using the minimum oxidant required to maintain the same reaction
rate, leading also to improved H,O, — based selectivity, thus demonstrating the major
advantages of the continuous system.

The successful results presented in this chapter using BVO of CyO as model reaction, set the
basis to evaluate the general applicability of the system beyond this typical substrate. In
Chapter 4, attention is focused on the exploration of more complex ketones as substrates for

BVO as part of a sustainable route for the synthesis of renewable monomers.

This chapter contributed to the following paper:
K. Yakabi, K. Milne, A. Buchard, C. Hammond, ChemCatChem, 2016, 8, 3490 — 3498
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4. Continuous production of Dbio-
renewable, polymer-grade lactone
monomers through Sn-3 catalysed
Baeyer-Villiger Oxidation with H2O>

4.1. Introduction

The use of commaoadity polymers, such as polyesters and polyolefins, is widespread in our
society. Their range of applications is highly varied, and includes the textile, agricultural,
automotive and healthcare industries, as well as applications in storage and packaging,
amongst several other fields. Such materials are highly desired as they are light, strong and
cheap. In light of this, over 300 million tonnes of plastics are globally produced every year.!

At present, almost all polymeric materials are based on fossil feedstocks. However, petroleum-
based plastics and polymers have generated increasing concerns regarding their negative
impact on the environment, and the depletion of the fossil fuel sources, exposing the need to
develop new routes to produce polymeric materials from sustainable sources.?® Whilst the
development of poly(lactic acid), a biodegradable polymer produced from renewable lactic

acid, represents a significant breakthrough, such bio-based and biodegradable polymers
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currently only account for < 1 % of the polymers produced on an annual basis.* Moreover,
their utilisation is strongly limited by their intrinsic properties, particularly their lack of
functionalisation, and their cost, since most of these processes still do not stand as solid
economic competition for the current industrial processes that use non-renewable sources.
Accordingly, the development of greener and more economically profitable processes from
biomass derivatives to obtain bio-based polymers with high degrees of functionality,
represents a significant challenge.

In view of this, one of the approaches to tackle this challenge and boost the production of
biodegradable polymeric material involves the development of new bio-based monomer
structures, whose highly oxidized original molecular structure can supply the required
functionalities to tailor the physical properties of the final polymeric material. An example of
these potential bio-based renewable monomers are substituted e-caprolactones (R-Capr). R-
Capr are valuable monomer building blocks to a variety of versatile functional polyesters, as
well as elastomers via block co-polymerisation with lactic acid,>® with potential employment in
pharmaceutical and medical applications due to their biocompatibility, and favourable
mechanical and chemical properties.”® A broad palette of biomass sources is suitable for the
formation of such renewable monomers. For instance, focusing exclusively on R-Capr
formation, naturally available terpenes and terpenoids, such as B-pinene or p-limonene, have
successfully been reported as suitable precursors for this kind of monomer.*® Furthermore,
lignin, the largest renewable feedstock for aromatic compounds, has also been revealed to be

a promising source for R-Capr.!!

Polym. Chem., 2017, 8, 833
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Scheme 4.1. Scheme of reaction for biomass derived valorisation to a renewable

polyester via BVO of substituted cyclohexanone (R-CyO).
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As represented in Scheme 4.1, despite their differing pathways, both routes share a common
final step, where a substituted cyclohexanone (R-CyO) is converted via Baeyer-Villiger
Oxidation (BVO) into the corresponding lactone monomer, prior to the ring opening
polymerisation yielding the desired polymer. In this kind of sustainable processes where
multiple steps are required, optimisation of each step is crucial to minimise costs and maximise
productivity and selectivity. Hence, the study of the final step, that is, the BVO of R-CyO and
polymerisation of the resulting lactones, represents the focal point of this chapter.
As previously described in Section 3.1, BVO of ketones to lactones and esters has proved to
be an efficient chemical transformation,'> whose sustainability can be increased when using
Sn-B as catalyst and hydrogen peroxide (H-0-) as a greener oxidant.**** Since the first report
on the Sn-B activity for this reaction, this catalytic system has received increasing attention
over the last decades, especially in the academic research. However, the study of this system,
at least at the time of this work, seem to be mainly focused to one substrate, cyclohexanone
(Cy0).1%18 An example of this is that CyO was the substrate selected to be used as model
reaction of BVO in the previous chapter, to elucidate details of the overall reaction network.*®
In Chapter 3, it was confirmed that the control of the lactone selectivity, particularly at high
levels of substrate conversion, remains a formidable challenge, due to unavoidable
consecutive ring opening hydrolysis of Capr, resulting in 6-hydroxyhexanoic acid (6-HHA)
formation, which is also Sn-3 catalysed.
Generally, very few publications can be found on other substrates studied for BVO using Sn-
B and H,O.. For instance, 2-adamantanone, which may be less prone to suffer ring opening
side reaction due to its configuration, was successfully transformed into the corresponding
lactone by Li et al.,?° showing very high selectivity to the lactone when using the appropriate
organic solvent. Additionally, BVO of various R-CyO using Sn- showed a reaction rate trend
pointing to increase with bulkier substrates.?>?> However, scarce details were given about the
justification behind the observed trend.
As an extension of Chapter 3 and in the interest of employing this system as a sustainable
step towards the catalytic generation of lactones from biomass, this chapter is aimed for the
broadening of the substrate scope for the BVO / Sn-8 / H.O, system to a range of R-CyO,
whose corresponding lactones can be used as renewable monomers.
Inspired by these challenges exposed above, the main points of the chapter comprise:

i)  The identification of the general applicability of the system for R-CyO.

ii)  The evaluation of lactone selectivity obtained for the different substrates.
iii) The investigation of the stability of the catalyst and substrate viability in the continuous

regime.

iv) Probe the suitability of the lactones produced for downstream applications.
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4.2 The catalysts: Sn-f and Sn--H

As discussed in Chapter 3, Sn-B has shown to be an excellent catalyst for the BVO / H>0-
system. Accordingly, the same primary catalyst employed in the previous chapter, hence, 2
wt. % Sn-f (SiO2/Al,O3 = 38) denoted 2Sn-, was prepared following the synthetic procedure
described in Section 2.3.1.1 and was used for the detailed studies presented below.
Unfortunately, possessing a microporous structure, Sn-f§ can sometimes result in susceptibility
to the limitations associated with this particular degree of confinement, such as: (i) internal
mass transfer limitations, hindering catalytic performance through slow molecular diffusion, (ii)
restricted diffusion of bulkier reactants, which limits their scope of reactivity, and (iii) increased
rates of deactivation through pore blocking (i.e. fouling). Having these limitations in mind,
where appropriate, hierarchical Sn-p (Sn--H) was also synthesised to evaluate possible mass
transfer limitations for BVO reaction of R-CyO. Hierarchical zeolites possess a combination of
micro- and meso-pores, resulting in improved molecular transport and greater substrate
accessibility. In principle, these materials retain the advantages of purely microporous
materials, such as intrinsic reactivity and (hydro)thermal stability, whilst also improving the
particular disadvantages associated with overly confined materials, such as mass transfer
limitations and increased rates of deactivation.?®?* An example of this was reported a few
years ago by Al-Nayili et al.,>> where Sn-B-H demonstrated its clear advantages as catalyst
for the Meerwein—Ponndorf-Verley (MPV) reduction of bulky cycloketones, enhancing the
catalytic activity when conventional Sn-f3 was limited by its pore size. In said study, a key result
with Sn-B-H was reported for MPV of cyclododecanone, precursor to laurolactam and, hence,
polyamide 12,%° obtaining a reaction rate one order of magnitude higher than the one reported
for Sn-B.

According to the synthesis protocol, described in Section 2.3.1.2, Sn-B-H catalyst was
prepared from commercially available zeolite B (SiO2/Al,O3 = 38), by partial desilication (deSi)
followed by dealumination (deAl) and Solid-State Incorporation (SSI) of Sn. The final loading
of Sn-B-H was also fixed to 2 wt. % and the sample denoted 2Sn-B-H. This protocol allowed
to prepare Sn--H with hierarchical structure without causing excessive destruction, i.e.
collapse, of the zeolite framework and successfully incorporating the Sn into the framework
after the formation of the mesopores.®

In line with previous research, the Sn-p-H material was extensively characterised by several
techniques including X-Ray Diffraction (XRD), microscopy, porosimetry and Magic Angle
Spinning Nuclear Magnetic Resonance (MAS NMR). The data for this sample was then

compared with the characterisation obtained for the conventional Sn-8 catalyst.
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As observed in Fig 4.1, XRD patterns of all samples exhibited the main diffraction peaks of 8
zeolite, indicating that the original crystalline phase structure remained unaltered after the
post-synthetic treatments and in the absence of secondary phases. Additionally, although
slightly lower, comparable intensity of the diffraction peaks was also observed for Sn-3-H,
suggesting that high crystallinity was also maintained.

(106)
(311)

—~
-
o
—
~

Zeolite p

Intensity / a.u

Zeolite B 2Sn-B 2Sn-B-H

Figure 4.2. SEM images of commercial zeolite B (left), 2Sn-B (centre) and 2Sn-B-H
(right).

Furthermore, images obtained by Scanning Electron Microscopy (SEM) (Fig 4.2) showed no
significant change in terms of crystal morphology and size. Crystals agglomerates of spherical
shape, between 20 to 90 nm of size were maintained after post-synthetic treatments.
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Additionally, Energy-Dispersive X-ray (EDX) spectroscopy analysis confirms a uniform
distribution of Sn throughout the whole material. The amount of Sn loaded on the conventional
and hierarchical zeolite 3 was indeed 1.9 £ 0.05 wt. % Sn loading. Hence overall, as occurred
for microporous 2Sn-B (after deAl), the post-synthetic treatments employed for 2Sn-3-H (deSi
followed by deAl) do not overly change the parental zeolite 8 structure. To further confirm this

observation, the extensive textural analysis was carried out by N> adsorption.
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Figure 4.3. Isotherms and pore size distribution of commercial 3, 2Sn- and 2Sn-3-H.

Pore diameter corresponding to the maximum in the pore size distribution was determined by
the Barret-Joyner-Halenda (BJH) method as represented in Fig 4.3, left corner, obtaining an
average pore diameter of approximately 6 nm for Sn-B-H. However, as mentioned in Section
2.6.2, the BJH method can only be used reliably to analyse mesoporous materials, not
microporous materials. The pore size distribution of the other two materials, purely
microporous, would require substantially lower relative pressures, the maximum obtained for
zeolite B and 2Sn-B not being representative of the real value of their micropores.

According to the Brunauer-Deming-Deming-Teller classification (BDDT),?’ parental zeolite
was classified as type |, characteristic of microporous materials, and 2Sn-p-H was classified
as type IV, characteristic of mesoporous, with 2Sn-B lying somewhere in between.
Porosimetry analysis showed that Sn-catalysts possessed high BET surface area (Sser),

characteristic of zeolites, with Sger increasing over the series, the lowest value of 498 m? g*
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observed for parental zeolite 8, then 528 m? g for 2Sn- and 614 m? g for the 2Sn-B-H. As
consequence of the demetallation, the total pore volume and the mesopore pore volume also
increased notably along the series, from 0.35 and 0.11 cm? g for parental zeolite § to 0.67
and 0.52 cm?® g* for 2Sn-B-H.

To better investigate the active sites of the catalyst, the Sn materials were also analysed by
119%Sn MAS NMR spectroscopy to investigate the coordination of the Sn sites. Analogously to
Fig 3.3, °Sn MAS NMR analysis of 2Sn-B-H is compared with 2Sn-B, 10 wt. % SnO; on deAl-
B (physical mixture) and bulk SnO- in Fig 4.4.
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Figure 4.4. MAS NMR spectra of 2Sn-B-H, 2Sn-, 10SnO2-deAl-B and bulk SnO-.

MAS NMR spectrum of 2Sn-3-H revealed a main band at - 688 ppm, attributed to hydrated Sn
(IV) sites within the zeolite framework, confirming their predominance among the whole
material and proving the successful incorporation of the Sn during the preparation.
Additionally, a minor band at - 591 ppm could be appreciated in the hierarchical material,
corresponding to the band at - 602 ppm slightly shifted due to asimetry of the resonance. This
band corresponds to fractions of extra-framework Sn clusters (SnxOy, not active).? Therefore,
despite that the contribution of SnOy is not negligible for the hierarchical material, its
proportion is significantly lower compared to that of the main band.

Herein, 2Sn-B-H was successfully synthesised, and its intrinsic catalytic activity expected to
be comparable with the purely microporous Sn-B. When indicated, 2Sn-3-H catalyst was also

employed for the investigations on BVO reaction of R-CyO discussed in this chapter.
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4.3 Results and discussion

4.3.1 Extending the substrate scope

4.3.1.1 Effect of 2- and 4- substitution on catalytic activity of BVO of R-CyO

To evaluate the general applicability of the Sn- / H.O> BVO system beyond CyO, a range of
R-CyO was explored as substrates. Understanding the effect of substituents at different
positions (2- and 4-) is of high importance in order to anticipate the viability of the system to
convert more complex substrates, such as terpene-derived ketones such as 4-
isopropylcyclohexanone, and others with greater levels of substitution, into renewable
lactones.

With this aim, the impact of increasing size of the substituent for various alkyl-cyclohexanones
(R = -Me, -Eth, -Pr and -Bu), substituted in position 2 (2-R-CyO) and 4 (4-R-CyO), was first

investigated (Scheme 4.2).
O
(s

R = Me, Eth, 'Pr, 'Bu

O
(T —
R R

Scheme 4.2. Scheme for the BVO reaction of 2-R and 4-R-CyO.

All substrates were evaluated for the BVO reaction under the standard reaction conditions
(internal solution temperature 100 °C, 10 mL of 0.33 M substrate in 1,4-dioxane, 1 mol. % of
Sn (2Sn-B), 1.5 H,Oz:ketone ratio, for 6 h) optimised in Section 3.3.1, and their intrinsic activity
profiles were compared to the one obtained for non-substituted CyO (Fig 4.5).

As well as for the model reaction (BVO of CyO to Capr), kinetic evaluation was carried out by
guantification of R-CyO and R-Capr by GC-FID, and R-6-HHA by 'H NMR, as described in
detail in Section 2.4.1.

Reactions were repeated several times in order to calculate the experimental error of the
system (Annex). Hence, a consequent error bar of 8 % was applied to all further experiments

to all kinetic parameters (conversion (X), yield (Y), selectivity (S) and carbon balance (C Bal)).
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Figure 4.5. Catalytic evolution obtained for the two series of BVO reactions (Left) 2-R-
CyO and (Right) 4-R-CyO, where R is defined in the legend. Reaction conditions: 10 mL
of 0.33 M of R-CyO in 1,4-dioxane, 1.5 H202:R-CyO, 1 mol. % Sn respect to R-CyO, at
100 °C.

Despite the similar chemical nature of the substrates tested, large differences in reactivity
within each series, and between both series, were observed during the BVO experiments. For
the 2-R-CyO series (Fig 4.5, left), catalytic activity for BVO reaction decreased with increasing
size of the R group. For instance, BVO of 2-Me-CyO and 2-Eth-CyO reached 84 and 48 % of
conversion, respectively, after 6 h, whereas the two bulkiest 2 substituted substrates tested,
2-'Pr-CyO and 2-'Bu-CyO, showed practically no conversion after the same reaction period.
On the contrary, the 4-R-CyO series displayed the opposite trend (Fig 4.5, right), with all
substrates converted > 90 % after 6 h with a gradual increase in rate with the size of the R
group, reaching 96 % of conversion for the bulkiest substrate tested 4-'Bu-CyO.

Subsequently, the initial turnover frequency (TOF) of each substrate of the two series was
calculated over the first 10 min of reaction and compared to the one obtained for unsubstituted
CyO (Fig 4.6). TOF values were calculated as described in Equation 2.5 as amount of R-CyO

converted (mol) per amount of Sn (mol) per unit of time (h).
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Figure 4.6. Initial TOF (10 min) obtained for the two series of BVO reactions (Left) 2-R-
CyO and (Right) 4-R-CyO. Reaction conditions: 10 mL of 0.33 M of R-CyO in 1,4-dioxane,
1.5 H202:R-CyO, 1 mol. % Sn respect to R-CyO, at 100 °C.

For the 2-R-CyO series, the TOFs values clearly decreased with the increasing size of the R
group, from * 200 h! for non-substituted CyO to < 10 h* for the bulkiest substrates (R = 'Pr
and 'Bu). On the contrary, excellent performances were observed for the 4-R-CyO series at
all sizes of substituent group. Even though 4-Me-CyO and 4-Eth-CyO initial TOFs were slightly
lower than TOF of non-substituted CyO, still within the experimental error applied, as a general
trend, initial TOF increased with the size of the R group. Indeed, the initial TOF increased by
approximately 50 % across the series, from + 200 h* for CyO to > 300 h! for 4-'Bu-CyO, the
bulkiest substrate tested.

For a better understanding of the increasing reactivity of 4-R-CyO for BVO reaction, some
computational studies were carried out. Density Functional Theory (DFT) is a computational
guantum mechanical modelling method used in physics, chemistry and materials science to
investigate the electronic structure of matter.? It can be used to predict a variety of molecular
properties such as molecular structures, vibrational frequencies, ionisation energies, electric
and magnetic properties, as well as reaction pathways and evaluation of the thermodynamics

of the reaction.
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Given the increasing intrinsic reactivity of 4-R-CyO against CyO observed for BVO reactions
using H20 and Sn-f3, DFT calculations were used to evaluate the thermodynamics of each 4-
substituted substrates tested. The results of these calculations are summarised in Table 4.1.

Table 4.1. DFT computed Free Gibbs energies for BVO of 4-R-CyO into 4-R-Capr.

O O
O
+ Hy0, + Hy0
R R
4-R-CyO AG / kcal mol™ 2
R=H —65.2
R = Me - 65.0
R = Et —-65.0
R=Pr ~64.0
R="'Bu —-64.7

@ Protocol: wB97XD/6-311++g(2d,p) / 398.15 K / cpcm = 1,4-dioxane.

DFT calculations show negative values for all Gibbs free energy (AG) for the BVO reaction of
all 4-R-CyO substrates, indicating that the reactions are thermodynamically favoured.
Additionally, the calculated AG did not overly change along the series and all the values were
comprised between - 64 and - 65.2 kcal mol™. Accordingly, such small difference points to that
the reactions are thermodynamically favoured to a similar extent.

Hence DFT calculations confirm that the BVO reactions of 4-R-CyO into their corresponding
lactones are strongly thermodynamically favoured throughout the whole series and the alkyl
substitution does not seem to influence the overall thermodynamics of the reaction system.

Therefore, kinetic and/or steric factors should account for the observed changes in reactivity.
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4.3.1.2 Evaluation of mass transfer limitation through Sn-f

Given the differences in catalytic behaviour obtained for BVO of 2-R-CyO and 4-R-CyO in the
series and within the two series, the first effect to consider was the overall steric factor of the
substrate when possessing different levels of bulk substituents. Different size and nature
(linear or branched) of the substituent group on the ketone may affect the diffusion of the
substrate through the catalyst pores, and hence, its intrinsic activity.

It should be reminded that the differences in catalytic activity amongst the same kind of R-
CyO in position 2 and 4 were accentuated with increasing size of the R group along the two
series. Catalytic activity for BVO of 2-R-CyO drastically decreased with the size of R, while
increased for BVO of 4-R-CyO. For instance, 2-Me-CyO and 4-Me-CyO, the two substituted
compounds with the smallest R tested, do not massively influence the dynamic diameter of
the substrate compared to unsubstituted CyO, displayed different catalytic behaviours (Fig
4.5). 2-Me-CyO reached 10 % less conversion than CyO, whereas 4-Me-CyO showed similar
conversion to CyO. Furthermore, 2-Pr-CyO, one of the bulkiest substrates tested in the 2-R-
CyO series, has its width enlarged due to the branched nature of the 'Pr substituent, while the
same substituent in position 4, in 4-Pr-CyO, does not influence the width of the molecule but
its length. Having this in mind, it can be noticed that not only the position of the R group but
also its nature, linear or branched, may modify the overall dynamic diameter of the substrate
causing some mass transfer limitation to diffuse through the Sn-B pores, which present a
characteristic microporous diameter of 7 A, and being responsible for the observed differences
in activity. Independently from the nature of the R group and its position, employing a catalyst
with bigger pores may overcome the limitations, and should mitigate mass transfer limitation
if exists.

To evaluate potential mass transfer limitation through the 2Sn-B pores, hierarchical Sn-B with
2 wt. % in Sn loading (2Sn-p-H) was synthesised as described in Section 2.3.1.2 and was
employed as catalyst for the BVO reaction at the same standard reaction conditions. For this
set of experiments, four representative substrates were selected to be tested with 2Sn-3-H:
CyO, 4-Eth-CyO, 4-Pr-CyO and 2-Pr-CyO, with the aim of testing a variety of linear and
branched substituents, located in different positions. The use of 2Sn-B-H, which possesses a
combination of micropores and mesopores (< 8 nm in diameter) and whose Sn active sites
can be successfully incorporated into the zeolite framework after the formation of the
mesopores, as it was previously reported,?® should not manifest pore size limitations if
previously existed with the original catalyst, reflecting an improvement in the catalytic activity
compared with the purely microporous material. Results obtained using the hierarchical
material are compared to the activity obtained with the conventional catalyst and reported in
Fig 4.7.
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Figure 4.7. Conversion of CyO, 4-Eth-CyO, 4-Pr-CyO and 2-'Pr-CyO with 2Sn-B and
2Sn-B-H as function of time. Reaction conditions: 10 mL of 0.33 M of 4-R-CyO in 1,4-
dioxane, 1.5 H202:R-CyO, 1 mol. % Sn respect to R-CyO, at 100 °C.
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As a general trend, similar levels of catalytic activity were obtained for the three substrates
substituted in position 4 for both the hierarchical material and the original catalyst, suggesting
no mass transfer limitations being present. It should be noticed that some minor differences
can be observed for the BVO reaction of CyO and 4-Eth-CyO (medium size and linear R)
using 2Sn-f and 2Sn-B3-H, especially at the low levels of conversion. However, identical results
were obtained for 4-'Pr-CyO (bulky and branched R), the bulkiest substrate tested in this set
of experiments, which should be the one presenting the highest diffusion limitation if existed
and the one which should display a larger difference in terms of catalytic improvement when
using 2Sn-B-H, if the pore size limitation was causing the differences observed in Fig 4.5, right.
In the same line of 4-R-CyO, 2-Pr-CyO (bulky and branched R), also manifested no change
in terms of catalytic activity observed with 2Sn-B-H as catalyst, maintaining a very low
conversion (< 5 %) after 6 h of reaction, as observed with the primary catalyst.

Hence, the use of Sn-B-H does not massively affect the general catalytic evolution of the BVO
of R-CyO, independently of the nature and position of the substituent group, obtaining similar
results for all substrates tested. This demonstrates that mass transfer limitation through the
catalyst pore is not the cause of the differences in reactivity within the two series. However,
other more localised effects, potentially accountable for the different catalytic activities

observed in Fig 4.5, are investigated in the following sections.
4.3.1.3 Evaluation of the electronic and steric effects on R-CyO

Since diffusion limitation has been proved not to be the reason behind the differences in
reactivity for BVO of R-CyO, electronic and localised steric effects were considered. Although
not truly conjugated, both effects can contribute to the decrease in activity within the 2-R-CyO
series at increasing size of the R group.

To investigate possible electronic contributions in the BVO reaction of the substrates of study,
a range of para-substituted acetophenones (4-R-AcetoPhO) were selected as model
substrates. Such substrates possess an electronically delocalised phenone ring, which can
be activated or deactivated by the para-substituent. This can enhance or decrease its general
activity for the BVO reaction depending on the potential electronic contributions present. In
addition to providing a system by which potential electronic effects can be elucidated, the R-
phenyl acetates generated by BVO are an attractive source for phenol derivative formation via

ester hydrolysis (Scheme 4.3).%°
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Scheme 4.3. BVO of 4-R-AcetoPhO, including potential downstream valorisation of the

resulting R-phenyl acetates.

Purely electronic effects can be studied by using the Hammett equation,® commonly used in
organic chemistry, which describes a linear Gibbs free energy relationship relating the
changes in equilibrium or rate constant with the presence of substituent groups. The basics of
this equation (Equation 4.1) rely on the linear change of rate of reaction observed depending

on the electron donating/withdrawing ability of the substituent involved:
log— =op [Equation 4.1]
ky

Where kr is the reaction rate involving the substituted reactant, ky is the reaction rate involving
unsubstituted reactant (R = H), o is the Hammett constant determined for each R and p
depends only on the type of reaction.

A great variety of organic substituent groups have their Hammett constant value assigned
depending on their electron donating (o < 1) or electron withdrawing (o > 1) capabilities,
differentiating also the substituent position (meta- or para-).3? Bearing this in mind, the effect
of various electron-donating substituent groups and electron-withdrawing substituent groups
in position para- (4-R-AcetoPhO) were studied under standard BVO conditions with
microporous 2Sn-f3 as catalyst.

Considering the most widely accepted reaction mechanism described in Scheme 3.2, based
on a two-step reaction first involving the nucleophilic attack of the oxidant to the carbonyl group
forming a Criegee adduct, and the subsequent migration resulting in the lactone formation, it
was hypothesised a decrease of the BVO reaction rate should be observed when electron-
donating R groups are present, due to their presence lowering the electrophilicity of the
carbonyl carbon atom, thereby discouraging the nucleophilic attack of the oxidant.
Accordingly, electron-donating groups such as NH; or alkyl groups are expected to lower the
extent of the BVO reaction compared with unsubstituted AcetoPhO at the same reaction

conditions.
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Figure 4.8. (Left) Time online analysis of 4-R-AcetoPhO conversion obtained for BVO
reaction of 4-R-AcetoPhO with 2Sn-§3, where R is defined in the figure legend and (Right)
Hammett plot obtained for this series of BVO reactions. Reaction conditions: 10 mL of
0.33 M of 4-R-AcetoPhO in 1,4-dioxane, 1.5 H202:4-R-AcetoPhO, 1 mol. %, Sn respect
to 4-R-AcetoPhO, at 100 °C, 6 h of reaction.

However, detailed kinetic analysis (Fig 4.8, left) revealed that the opposite trend was observed
for all 4-R-AcetoPhO substrates tested. Electron-donating R groups (-NHz, -OAlkyl and -AlkyI)
enhanced activity, whilst electron-withdrawing R groups (-ClI and -NO;) substantially
decreased the reaction rate. For instance, the presence of -NH;, the strongest electron-
donating group of this series, improved conversion of the AcetoPhO substrate from 8 % to 60
% after 6 h of reaction. Contrarily, the presence of -NO,, the most electron-withdrawing R
group, deactivated the substrate completely.

For a better understanding of this effect, a typical Hammett plot, where log (kr / kv) is plotted
against the Hammett constant (o) of each substituent involved, is represented in Fig 4.8, right.
Although the trend obtained was not completely linear, in general terms, higher electron-
donating ability resulted in higher initial rates of BVO with respect to acetophenone.

To ensure that only purely electronic effects are affecting the reaction rates observed and are
responsible for the obtained trend, the same 4-R-AcetoPhO series was also screened
employing 2Sn-B3-H as catalyst, as additional mesoporous may decrease potential transport

contributions for the bulkiest substrates.
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Figure 4.9. (Left) Time online analysis of 4-R-AcetoPhO conversion obtained for BVO
reaction, where R is defined in the figure legend and (Right) Hammett plot obtained from
BVO of 4-R-AcetoPhO with 2Sn-f3-H.

Represented in Fig 4.9, left, the same catalytic trend was obtained for Sn-f-H and, as
observed with 2Sn-f3 (Fig 4.8, left), electron-donating R enhanced catalytic performance of
BVO reaction with respect to unsubstituted AcetoPhO. The analogous Hammett plot obtained
using 2Sn-B-H (Fig 4.9, right) also shows a similar trend to conventional 2Sn-f3, but with slightly
improved linearity. Notably, no significant changes were observed in terms of catalytic activity
when employing 2Sn-B-H with bulkier substrates, indicating that overall, the substrates tested
diffused freely through the 2Sn-, without significant pore size limitation being involved, in line
with previous observations.

Although unexpected based on the accepted reaction mechanism (Scheme 3.2), where the
presence of an electron-donating group should decrease the electrophilicity of the carbonyl
group discouraging the addition of the peroxide group, the Hammett correlation observed with
both Sn-catalysts agrees with previous experimental and theoretical studies of classical BVO
chemistry with peroxyacid-based oxidants.*® In said systems, the presence of an electron-
donating group in the para-position resulted in two opposite effects; whilst electron-donating
groups indeed decreased the electrophilicity of the carbonyl group, they also increased the

basicity of the carbonyl oxygen, facilitating its protonation. Once protonated, the electrophilicity
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of the carbonyl group dramatically increased, thus favouring the attack by the oxidant.
According to these reports,*°* the second effect prevails, and thus electron-donating groups
speed up the overall mechanism.

In spite of the differences with the BVO / Sn-B / H.O, system, the same principle can be
adopted here; given that the Lewis acid Sn sites of the catalyst need to coordinate to, and
subsequently polarise, the C=0 bond of the substrate to promote the nucleophilic attack of
H.0,, it may be that electron-donating R groups enhance the coordination of the substrate to
the Sn, facilitating nucleophilic attack of the oxidant to the carbonyl group.

O~a..-0O
O,S:n\oig

5
s !
K H,>0,

Scheme 4.4. Representation of the effect of electron-donating R groups to enhance

polarisation of C=0 group by the Sn-catalyst and facilitate the nucleophilic attack.

These results provide a better understanding of the electronic effects of substituents in the
kinetics of BVO reaction in aromatic substrates. Regardless of the mechanistic consequences,
the AcetoPhO trends observed in Fig 4.8 and 4.9, indicate that in a conjugated system,
potential electronic effects of alkyl substituent groups slightly enhance BVO reaction.
Therefore, in a non-conjugated system such as R-CyO, it is unlikely that alkyl substituent
groups, with a medium electron-donating ability, are responsible of the decrease in activity at
increasing size of the R group in the 2-R-CyO series, since, in any case, an increase in BVO
rate would be expected across the series based purely on electronic factors.

In view of this, it is likely that the increasing size of the R groups in the second position
hindered the reaction through steric contributions. This statement can be better understood
through a fundamental organic chemistry principle which describes the nucleophilic attack of
carbonyl groups to occur always from a particular angle, known as the Birgi-Dunitz
trajectory.® This principle reveals that the nucleophile approaches the electrophile with an
angle of 107 ° to promote the interaction of the HOMO orbital of the nucleophile and the LUMO
orbital of the -C=0 group, resulting in the formation of the new o bond and the breakage of
the 7 bond. When large substituent groups are involved, the repulsive forces between the
electrons can disfavour the reaction, causing steric hindrance. Hence, the size of the
substituent group plays an important role in many organic reactions and the steric hindrance
when large substituent groups are adjacent to the carbonyl group may cause a decrease of

the reaction rate.
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To better visualise the steric hindrance effect, the substrates of study are represented adopting
a chair conformation, the most stable conformation for this kind of compounds. Accordingly, it
may be anticipated that the coordination of the C=0 group to the Sn sites within the zeolite
framework will be greatly hindered by the presence of a bulky R groups in position 2, explaining
why for the bulkier 2-CyO tested, the reactions were almost nullified. Hence, the 2-R-CyO
series will not be further investigated, as their potential use as substrates for the BVO / H20»
/ Sn-B system results of poor interest from a catalytic point of view.

.. 6. @ &

Figure 4.10. Representation of the greater steric hindrance caused by the increment of
size of substituent for 2-R-CyO where R = -Me, -Eth, 'Pr and -'Bu.

In the case of the 4-R-CyO series, it is unlikely that the substituent group at position 4 may
cause any electronic effect or steric hindrance, since it is too far from the carbonyl group.
Although steric hindrance and electronic effects are not likely to occur, different reaction rates
were observed in Fig 4.5. Therefore, the potential reasons accountable to the different

reactivity are investigated in detail in the following section.

4.3.2 Effect of 4- substitution on reaction selectivity for BVO of 4-R-CyO

In addition to increased activity, substitution of the cyclohexane ring in CyO resulted in major
changes in reaction selectivity for the 4-R-CyO series. In the previous Chapter, focused on
the model reaction of BVO of CyO with Sn-f3 / H20,, it was demonstrated that a decrease in
lactone selectivity occurs as the level of CyO conversion increases beyond + 60 %. As the
reaction progresses, consecutive hydrolysis of the desired lactone leads to the formation of
the corresponding hydroxyacid. Along with this decrease in lactone selectivity, 6-HHA
formation also was shown to be the main cause of catalyst deactivation by poisoning, if
produced in relatively high amounts. Unfortunately, the study performed in Section 3.3.3, also
revealed that the consecutive ring opening reaction is unavoidable, at least for CyO, as it is
also catalysed by Sn-f and occurs even with trace amounts of H;O. Therefore, the
unavoidable formation of the ring-opened hydroxyacid is in fact the major limitation for the
formation of Capr in the BVO of CyO using Sn- and H20..
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To investigate the impact of the alkyl substitution on reaction selectivity, lactone selectivity of
the 4-R-CyO series is represented as a function of substrate conversion.
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Figure 4.11. Selectivity towards 4-R-Capr as function of 4-R-CyO conversion, where R
is defined in the figure legend. Reaction conditions: 10 mL of 0.33 M of 4-R-CyO in 1,4-
dioxane, 1.5 H202:4-R-Cy0O, 1 mol. % Sn respect to 4-R-CyO, at 100 °C, 6 h of reaction.

As can be seen in Fig 4.11, the lactone selectivity obtained for each substrate was generally
higher at all overlapping levels of conversion, following substitution at the position 4. Indeed,
comparison of selectivity trends of 4-R-Capr against conversion showed a progressive
increase of selectivity towards Capr < 4-Me-Capr < 4-Eth-Capr < 4-'Pr-Capr and < 4-Bu-Capr
at particular levels of conversion, being more noticeable at extended levels of reaction. This
fact implies a decrease of the undesired hydrolysis reaction as a function of size of R, giving
higher lactone selectivity as the size of the 4-R substituent group increased. For example,
whilst lactone selectivity decreased to < 50 % at 80 % of conversion for CyO, lactone selectivity
for both 4-Pr-CyO and 4-'Bu-CyO remained above 80 % throughout the reaction profile and
becomes independent of the extent of conversion.

Following the analytical procedure described in Section 2.5.2.1, the evolution of the substituted
6-hydroxyhexanoic acids (4-R-6-HHA) formed during BVO of 4-R-CyO was monitored by H
NMR, using the previously calibrated TMS insert. 4-R-6-HHA quantified by *H NMR (Fig 4.12)
represented 42, 20 and 19 % of yield for 4-Eth-, 4-Pr- and 4-'Bu-CyO reaction, respectively.
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Figure 4.12. 'H NMR spectra of BVO of a) 4-Eth-CyO, b) 4-'Pr-CyO and c) 4-'‘Bu-CyO
reaction solution after 6h of reaction used for the quantification of 4-R-6-HHA. Reaction
conditions: 10 mL of 0.33 M of 4-R-CyO in 1,4-dioxane, 1.5 H202:4-R-CyO, 1 mol. % Sn
respect to 4-R-CyO, at 100 °C.
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Additional analysis of BVO reaction samples performed by *C NMR (Fig 4.13), supported the
results obtained by *H NMR analysis, showing indeed higher relative intensity of the peak
corresponding to the lactone carbon peak when 4-R = Eth, than when 4-R = 'Pr or 'Bu. This is
in agreement with lower 4-R-6-HHA yielded for BVO of bulkier 4-R-CyO. Herein, quantification
of all the reaction products confirms that ring opening hydrolysis reactions of 4-R-Capr are
less pronounced than in BVO of CyO and the ring opened products account for the remaining
carbon balance of each reaction.

4-Eth-Capr : 176.8 ppm 4-Pr-Capr: 176.9 ppm 4-'Bu-Capr : 176.9 ppm
4-Eth-6-HHA: 178.1 ppm 4-Pr-6-HHA: 177.7 ppm 4-Bu-6-HHA: 177.7 ppm
N L I )
200 150 200 150 200 150 |

Figure 4.13. 13C NMR spectra of 4-Eth-CyO, 4-'Pr-CyO and 4-'Bu-CyO reaction solution
after 6h of reaction.

Analogously to Fig 3.16, where 'H NMR analysis showed traces of oligomers of 2 - 3 Capr
units at the resonances observed between 3.7 - 4.5 ppm, similar resonances can be
appreciated in the *H NMR analysis of BVO of 4-R-CyO at extended times. Although slightly
shifted to the region of 4.5 ppm due to the substitution of the Capr ring, and in considerably
minor proportion than for the unsubstituted BVO reaction, some traces of oligomers can be
detected after 6 h of reaction (Fig 4.12), which may contribute to < 1 % to the final carbon
balance.

The final catalytic evaluations after the 4-R-6-HHA quantification of different 4-R-CyO
reactions are represented in Fig 4.14, to give a direct comparison of the product distribution
obtained along the 4-R-CyO series. As can be noticed in the following figure, all four substrates
reached similar levels of conversion after 6 h of reaction, allowing direct comparison of the
lactone selectivity and product distribution at iso-conversion levels.® For all 4-R-CyO, the 4-
R-6-HHA vyielded contributed to the remaining carbon balance of each substrate to be almost
100 % and the small remaining unaccounted carbon balance can be attributed to the formation
of traces of oligomers and analogous substituted adipic acid originated through further
oxidation of 4-R-6-HHA.
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Figure 4.14. Catalytic evaluation of BVO reaction of CyO, 4-Eth-CyO, 4-'Pr-CyO and 4-
‘Bu-CyO and product distribution after 6h of reaction.

The outstanding results obtained for 4-R-CyO, especially in terms of high lactone selectivity
at high levels of conversion, point towards them as being especially promising substrates for
renewable lactone formation, since small amounts of 4-R-6-HHA are formed. Additionally, in
Section 3.3.4 it was confirmed the negative role of 6-HHA in the Sn- / H,O; system, the main
cause of catalyst deactivation by poisoning being when it is produced in significant amount.

Evaluation of selectivity towards the lactones for BVO of 4-R-CyO showed a clear
improvement with increasing size of the 4-R group. However, it should be reminded that as
described in the previous chapter (Section 3.3.3), Sn-B also catalyses the consecutive
hydrolysis reaction of the lactone formed and this one cannot be avoided with reaction and/or
catalyst optimisation, since even traces of H,O promote the ring opening reaction. In view of
this, the key behind this decrease in consecutive hydrolysis reaction should be investigated.

In Section 4.3.2.1, it has already been found that pore size limitation does not affect conversion
levels reached for BVO of 4-R-CyO, since the use of Sn-B-H does not change the catalytic
activity obtained for microporous Sn-B. Therefore, all substrates tested can freely diffuse
through the primary catalyst channels and pores to undergo BVO transformation.
Nonetheless, during those experiments, only ketone conversion was investigated and

compared, whilst changes in the lactones yielded were not deeply evaluated.
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Given the improvement in lactone selectivity observed with increasing size of the 4-R group,
it was considered the possibility of mass transfer limitation experienced by bulky 4-R-Capr to
access again the Sn sites following BVO, thus decreasing consecutive ring opening reaction
and leading to a minor formation of 4-R-6-HHA.

To investigate this hypothesis, conversion-selectivity profile obtained for the BVO of CyO, 4-
Eth-CyO and 4-Pr-CyO over the primary catalyst (2Sn-f) and the hierarchical analogue (2Sn-
B-H) are compared in Fig 4.15. If confinement and pore size limitations are the key to inhibit
the interaction of the lactone formed and the Sn sites, hydrolysis of the lactone should be more
dramatic when using the hierarchical catalyst and a change in terms of lactone selectivity
should be observed.
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Figure 4.15. 4-R-Capr selectivity as function of 4-R-CyO conversion obtained with 2Sn-
B and 2Sn-B-H, where R is defined in the figure legend. Reaction conditions: 10 mL of
0.33 M of 4-R-CyO in 1,4-dioxane, 1.5 H202:4-R-CyO, 1 mol. % Sn respect to 4-R-CyO,
at 100 °C, for 6 h.

Nevertheless, as appreciated in the figure above, no significant differences in terms of activity
or selectivity were observed for the three substrates shown when using 2Sn-p-H. The same
selectivity trends were observed for the three substrates with both Sn-catalysts. Selectivity
towards Capr gradually decreased to 50 % as conversion progressed, while selectivity towards
4'Pr-Capr was maintained > 80 % throughout all the levels of conversion reached. Selectivity

trends to substituted lactones using both materials were identical i.e. higher lactone selectivity
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is still observed for BVO of bulky 4-R-CyO even when mesopores < 8 nm are present. This
means any hypothesis regarding mass transfer limitations of bulky lactones prohibiting access
of the lactones to the Sn sites can be discarded.

Having deduced the impact of 4-R groups in the kinetics of the BVO reaction and their
electronic and steric effects, and considering the excellent results obtained for BVO of 4-R-
CyO, the nature of the promising behaviour of these substrates was explored in more detailed.
To do so, a more detailed investigation was focused on 4-'Pr-CyQ, since it presented excellent
catalytic results and its synthesis from (B-pinene, a natural terpene, has been successfully
reported (Scheme 4.1). The potential obtainment of 4-R-CyO from a renewable origin and the
successful optimisation of the catalytic routes derived from this kind of substrates, as they are
their BVO reactions to yield the corresponding lactones, are of great importance in order to
move towards more sustainable routes to produce bio-polymers.

As already commented above, 4-'Pr-CyO was almost fully converted into 4-'Pr-Capr after 6 h
of reaction with a selectivity > 80% throughout the whole reaction, whilst on the contrary, for
unsubstituted CyO, Capr selectivity decreased as conversion increased beyond 60%,
suggesting that 4- 'Pr-Capr may be less prone to be hydrolysed. Furthermore, in the previous
section, the use of Sn-B-H demonstrated that mass transfer limitation is negligible as well as
the electronic contribution of the isopropyl group.

Compilation of all these facts confirms that 4-Pr-CyO is a very interesting substrate for the
BVO reaction to be exploited. Herein, to verify the lower reactivity of 4-R-Capr to be hydrolysed
by Sn-B, hydrolysis reaction of 4-Pr-Capr was investigated by its own.

To do so, BVO of 4-Pr-CyO was performed at the usual reaction conditions and the
compounds present into the reaction mixture after 6 h of reaction were separated by column
chromatography (unconverted 4-'Pr-CyO, 4-Pr-Capr and 4-'Pr-6-HHA formed). The fractions
containing 4-'Pr-Capr were isolated and used as substrate for the lactone hydrolysis studies
under the standard reaction conditions, adding the equivalent amount of H,O that would be
added for the typical BVO when using the aqueous H>O; solution as oxidant.

The obtained results are compared in Fig 4.16 with the one obtained for the hydrolysis of

unsubstituted Capr at the same reaction conditions.
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Figure 4.16. Hydrolysis of (Left) Capr and (Right) 4-'Pr-Capr performed with 2Sn-B 2 and
H2S04 °. Reaction conditions: 10 mL of 0.2 M of lactone in 1,4-dioxane, 0.15 mL of H:0,

21 mol. % Sn and ® H2SO4 equivalent to usual 1 mol. % Sn used, at 100 °C.

The investigation of the hydrolysis reaction of 4-'Pr-Capr with Sn-B revealed a clear decrease
of initial reaction rate with respect to the analogous reaction with Capr, indicating a major
favourability of the lactone ring to be hydrolysed in the absence of any substituent group.
Additionally, to evaluate how the nature of the acid employed (homogeneous H* or
heterogeneous Sn (V) sites) affects the reaction rate, the hydrolysis reactions of Capr and 4-
'Pr-Capr were studied using a homogeneous Brgnsted acid, H.SO, (in the same mol. %
respect ketone than the Sn typically used). H,SO4 is well known to promote hydrolysis
reactions.

As observed in Fig 4.16, for both substrates, conversion to give rise to the ring opened product
was more pronounced in the homogeneous system, indicating that the Brgnsted acid
presented a superior behaviour to hydrolyse the lactone than the Lewis acidic catalyst.
Regardless of that, it should be noted that, the increment in final conversion obtained after 4
h of reaction comparing Sn-p and H.SO, reactions was more remarkable with Capr than with
4-PrCapr, from 25 to 70 % and from 15 to 45 %, respectively. Herein, 4-Pr-Capr hydrolysis is

always lower than Capr, even with a homogeneous H* with no pore issues involved.
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The decrease in the 4-'Pr-Capr hydrolysis reaction rate compared with non-substituted CyO
is intrinsic of the nature of the substrate and it is in good agreement with the results observed
previously for the BVO reaction, where less 4-iPr-6-HHA was yielded due to the less extent of
consecutive hydrolysis reaction.

As a complementary study of the experimental work, the intrinsic decreased reactivity of
hydrolysis of 4-R-Capr was also evaluated using DFT calculations. Analogously to BVO of 4-
R-CyO, the thermodynamics of the hydrolysis reaction of R-Capr were calculated for each
substrate. Calculations were performed by using various functionals in order to obtain more
accurate results and compared with Capr. These DFT calculations are summarised in Table
4.2.

Table 4.2. DFT computed Free Gibbs energies of the hydrolysis of 4-R-Capr.

O
o O
+ H,0 HOWOH
R
R
AG / kcal mol™ 2 AG / kcal mol™®
4-R-Capr
wB97XD functional B3LYP-D3 functional
R=H +49 +45
R = Me +7.3 +6.5
R =Et +79 +8.3
R=Pr +77 +8.4
R='Bu + 115 +77

a Protocol: wB97XD/6-311++g(2d,p) / 398.15K/cpcm=1,4-dioxane.
b Protocol: B3LYP-D3/6-311++g(2d,p) / 398.15K/cpcm=1,4-dioxane.

Despite minor variations depending on the level of complexity of the functional used, as a
general trend, increasing size of the substituent group in position 4 is linked to a more
thermodynamically unfavoured hydrolysis. This trend is in good agreement with the increasing
selectivity to the lactone observed for BVO of 4-R-CyO with increasing size of the substituent

group and with the study of the hydrolysis reaction of 4-Pr-Capr by its own, which
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demonstrated to be less favourable than the hydrolysis of unsubstituted Capr, for both
thermodynamic (DFT) and kinetic (experimental) reasons.

Regardless of this substitution being relatively remote from the lactone functional group, its
effect is significant enough to affect the thermodynamics, making it the key point to explain
the increment of the lactone selectivity within these substrates.

Herein, both experimental and computational results demonstrate that 4-R-Capr are less
prone to be hydrolysed, leading to higher selectivity towards the lactone during BVO reaction.

4.3.3 Intensification of 4-'Pr-CyO BVO in continuous flow

Given that 4-substituted ketones, such as 4-Pr-CyO, are more active for BVO, are more
resistant to undesirable hydrolysis, and also available from renewable resources such as B-
pinene, they appear to be especially promising substrates for BVO chemistry.

In Chapter 3, it was demonstrated that high presence of 6-HHA formed during the consecutive
hydrolysis reaction of the lactone is detrimental for the catalyst, causing deactivation by
poisoning. Consequently, the viability of the system to operate in continuous mode was carried
out at a target conversion of 50 - 60 %, in order to minimise 6-HHA formation and limit
deactivation.

Having this in mind, the fact of that 4-R-Capr has proved to be less prone to be hydrolysed
and hence, less 4-R-6-HHA is formed during BVO reaction, point to 4-R-CyO as excellent
substrates to be explored in continuous operation. Accordingly, the potential scalability of BVO
of 4-R-CyO and its adaptation into an industrial process was investigated. To do so,
intensification of the BVO of 4-Pr-CyO was explored in the continuous regime using a Plug
Flow Reactor (PFR) with Sn-f as catalyst. Reaction conditions employed were the same as
used for the PFR of BVO of CyO at standard conditions, described in Section 3.3.4: 100 °C,
0.33 M of 4-'Pr-CyO in 1,4-dioxane, 1.5 H,O.:ketone, catalyst bed containing 0.2 g of 2Sn-B
and a contact time of 5.5 min.

Performance, in terms of stability and lactone productivity, calculated as amount of lactone
produced (g) per amount of catalyst (kg) per reactor volume (cm?) per unit of time (h), are

compared in Fig 4.17 to the results obtained during BVO of CyO.
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Figure 4.17. Comparison of PFR for BVO of CyO and 4-'Pr-CyO. (Left) Productivity
obtained in continuous operation, calculated as g of lactone produced per kg of catalyst
per reactor volume per time and (Right) Lactone selectivity as function of conversion.
Reaction conditions: Reactant feed of 0.33 M 4-R-CyO and 0.5 M H20:2 in 1,4-dioxane

with a contact time of 5.5 min under a pressure of 10 bar, at 100°C.

After a short induction period (approximately the first 12 h) during which both activity and
selectivity increased, both systems, BVO of CyO and 4-Pr-CyO reached a steady state level
of performance over the reaction period explored (56 h), with little loss of activity being
observed. Although both systems exhibited comparable levels of stability, it was notable that
under identical reaction conditions, the continuous BVO of 4-'Pr-CyO resulted in higher levels
of lactone productivity and selectivity (Fig 4.17, right). Selectivity towards 4-Pr-Capr reached
a maximum of + 85 % during the 50 h of operation, higher than selectivity towards Capr
observed at all overlapping levels of conversion. As can be seen in Fig 4.17, right, it could
mistakenly be believed that BVO of 4-Pr-CyO in the continuous flow experiment give rise to
disperse values of lactone selectivity. Therefore, selectivity towards 4-'Pr-Capr as function of
time is represented in Fig 4.18. Although selectivity indeed increased slightly during the first
10 h of reaction, then once reached steady state, it was maintained around 80 %, and the
differences observed in both figures, 4.17, right and 4.18 can be considered within the applied

experimental error.
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Figure 4.18. Evolution of 4-'Pr-Capr selectivity as function of time obtained in continuous
mode for BVO of 4-'Pr-CyO.

In addition to corroborating the batch results of BVO of 4-Pr-CyO described above, by showing
the increased levels of activity and selectivity compared to BVO of CyO, this experiment
improved notably the lactone productivity over the reaction period. During this period, > 1000
turnovers (mol. substrate / mol. Sn) are achieved for 4-Pr-CyO, equivalent to > 10 batch
reactions under typical conditions. This clearly demonstrates the stability of the Sn-g / H20-
catalytic system for the BVO of more functionalized starting substrates. Indeed, the maximal
lactone productivity obtained during the BVO of 4-Pr-CyO is almost two-times higher than the
one obtained during the BVO of CyO, 1173 and 607 g(Lact produced) kg(cat)* cm® h7,
respectively. Thus, in addition to be a renewable and sustainable source of carbon for
chemical production, 4-substituted ketones such as 4'Pr-CyO are more active, selective and

productive substrates for BVO chemistry.

4.3.4 Probing lactone quality: Polymerisation studies

To demonstrate the viability of the lactone produced through this BVO process for polymer
formation, preliminary ring opening polymerisation studies were performed on 4-Pr-Capr. To
do so, the produced lactone was isolated by simple column chromatography, following the

procedure used to obtain the lactone for the study of the ring opening reaction by its own, as
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described in Section 2.5.1.4.1. Subsequently, 4-'Pr-Capr was subjected to industrially relevant
ring opening polymerisation conditions at different temperatures, using triazabicyclodecene
(TBD) as catalyst (1 mol. %) and 4-methylbenzyl alcohol (1 mol. %) as initiator (RO"), as
described in Scheme 4.6. Polymerisation studies were monitored by quenching the reactant
aliquot with MeOH and analysing the crude reaction mixture by *H NMR.

(0]
O /U
~ (0]
(0]
(0]
RO — HO -

(0]
O n
(0] TBD, T=110 C
O
RO = TBD = -
N N
H
OH

Scheme 4.6. Reaction pathway for 4-'Pr-Capr valorisation to a renewable polyester, via

ring opening polymerisation mechanism.
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Figure 4.19. Monitoring of the polymerization of 4-'Pr-Capr by *H NMR.
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As reported in Fig 4.19, initially, polymerisation of 4-'Pr-Capr was performed at room
temperature (rt). However, no *H NMR signal corresponding to the polymer could be observed
even after 16 h. Subsequently, the reaction temperature was increased to 80 °C, achieving
some traces of polymer after 4 h, which appeared at 4.0, 3.6 and 3.2 ppm, among other signals
overlapping with the monomer. Given the promising improvement observed by increasing the
temperature, polymerisation was performed at 110 °C. As can be seen in the *H NMR analysis,
resonances corresponding to the poly(4-Pr-Capr) increased with time. Conversion of the
lactone was calculated by integration of the resonances at 4.1 and 4.25 ppm of the *H NMR
spectrum, obtaining 30 % after 24 h of reaction.

Subsequently, the polymer obtained at 110 °C after 24 h of reaction was separated from the
unreacted monomer and analysed by Gel Permeation Chromatography (GPC) as described
in detail in Section 2.5.1.2.1. The resulted chromatograph is reported in Fig 4.20.
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Figure 4.20. GPC analysis of poly-4-'Pr-Capr formed at 110 °C after 24 h of reaction.

The GPC analysis showed the formation of a polyester with an average molecular weight
number (My) of 1384 g mol=, and 1.27 of polydispersity index (PDI), where M, refers to the
total weight of the sample divided by the number of molecules in the sample. The dispersity
refers to the heterogeneity of sizes of molecules in the whole polymer and the PDI presents a
value equal or greater than 1, the closer to 1 it is, the more uniform polymer chain length.
Therefore, the obtained polyester presents a good PDI, even without excessive pre-treatments
and / or further lactone purifications being performed.

This preliminary result clearly demonstrates that the lactone produced through BVO using the
greener system Sn-3 / H>O: is suitable for polymer applications obtaining good polymer quality

even after a simple column chromatography separation of the monomer.
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4.4 Conclusions

Applying the knowledge and the reaction protocol optimised in Chapter 3, BVO using Sn-3 /
H.0O, was successfully performed on a series of alkyl-substituted CyO.

This chapter shows that the study of different 2-R-CyO and 4-R-CyO, from a kinetic and a
thermodynamic point of view, reveals a crucial impact of the substituent position and size.
Whilst increasing the size of the R group limits the activity for the bulkiest substrates
substituted in position 2 due to steric hindrance, excellent catalytic performance is obtained
for 4-R-CyO for all sizes of R groups tested, achieving > 90 % of conversion after 6 h of
reaction. Additionally, 4-R-Capr selectivity, especially for the bulkiest substrates tested, is
higher than Capr selectivity obtained for plain CyO throughout the whole reaction period.

By complementary computational studies, 4-R-CyO are confirmed to be thermodynamically
favourable to undergo BVO, being the consecutive hydrolysis reaction thermodynamically and
kinetically less favoured in the presence of bulkier 4-substituent. Hence, 4-R-CyO, readily
available from renewable sources such as terpenes or lignin, is shown to be more active for
BVO and more resistant to hydrolysis than unsubstituted CyO, leading to high selectivity to
the lactone, > 80% throughout all the reaction period.

Herein, it has been demonstrated that this kind of substrates, particularly 4-Pr-CyO, are
especially favourable as platforms for BVO, which is a key step in the production of renewable
lactone monomers. Furthermore, the potential viability of BVO reaction of 4-Pr-CyO in
continuous operation has been demonstrated, obtaining very good stability, productivity and
high selectivity to the lactone (up to 85 %) and > 1000 substrate turnovers. To be highlighted,
the maximal lactone productivity from 4-Pr-CyO is almost the double of the one obtained
during BVO of CyO, being 1173 and 607 g(Lact produced) kg(cat)* cm= h1, respectively.
Finally, the lactone produced by BVO using Sn-f / H.O2 has been proved to be polymer-grade,
since preliminary experiments led to the obtainment of a good quality polyester via ring
opening polymerisation mechanism, showing the practical applicability of this catalytic route.
The outstanding results obtained in both batch and continuous mode clearly demonstrates the
successful broadening of the substrate scope of the Sn- / H.O, BVO system. Moreover, it
opens a route towards the sustainable production of renewable monomers through the BVO

of sustainably derived ketones.
This chapter contributed to the following paper:

K. Yakabi, T. Mathieux, K. Milne, E. M. Lépez-Vidal, A. Buchard, C. Hammond,
ChemSusChem, 2017, 10,1 -9
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5. Upgrading the sustainability of BVO
chemistry by coupling in situ H20:
production

5.1. Introduction

In Chapter 3, it was demonstrated that the BVO reaction of cyclohexanone (CyO) to
caprolactone (Capr), using Sn-B as catalyst and hydrogen peroxide (H»O;) as oxidant, was
accompanied by the unavoidable consecutive hydrolysis of the desired lactone to 6-
hydroxyhexanoic acid (6-HHA), since the latter reaction is also Sn-f3 catalysed in the presence
of some H;0O. Unfortunately, low extents of Capr hydrolysis were observed even without the
addition of H,O in the system (Table 3.2), suggesting that even the minimum amount of H-O
can promote the hydrolysis reaction. Complete elimination of H>O and consequently the
consecutive hydrolysis reaction, therefore seems unlikely, since traces of H.O can be found
in the solvent and the catalyst. Furthermore, the main source of H,O is the oxidant itself, as
H.0O, was used in agueous form (50 wt. %) and HO is formed as by-product from H-O- during
the BVO reaction. Notwithstanding, promising results were obtained in Chapter 3 in continuous
flow mode when operating at oxidant-limited regime (0.75 H.O.:ketone, Fig 3.28). In this

regime, higher selectivity towards the lactone was achieved (> 70 %), showing that the
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decrease of H>O in the system can indeed benefit the productivity of the system by diminishing
the extent of lactone hydrolysis.!

Herein, attention was focused on the investigation of various approaches to reduce the
presence of H2O in the BVO / Sn-B / H202 system, in an attempt to find more selective ways
of performing BVO of CyO and similar substrates which can suffer ring opening hydrolysis.
These approaches include: i) the use of oxidant in higher concentrations, ii) the use of various
HO traps, iii) the use of solid oxidants, and iv) the in situ generation of H,O, from H; and O,.

5.1.1. Preliminary studies for H>O removal from the BVO / Sn-B / H20>

system

The first approach to be considered was the use of a more concentrated oxidant solution to
reduce the initial H,O content at the start of the reaction, i.e. H-O, 70 wt. % in H,O. However,
for safety considerations, which are described in greater detail in the next section, this highly
concentrated mixture is rarely used commercially.

Accordingly, H-.O, was replaced by a different oxidising agent that can be purchased in higher
concentration, i.e. tert-butyl hydrogen peroxide (TBHP, 70 wt. % in H»O), resulting in less H>O
being present at the start of the reaction.

Unfortunately, the use of TBHP as oxidant for the BVO reaction of CyO at the standard
reaction conditions employed in batch mode (10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. %
Sn respect to the CyO, 0.5 M of oxidant, at 100 °C), led to very poor catalytic performance

compared with the performance with 50 wt. % aqueous H,0- as described in Table 5.1.

Table 5.1. Comparison of the catalytic performance obtained for BVO of CyO at the
standard reaction conditions using H202 (50 wt. % in H20) and TBHP (70 wt. % in H20).

Oxidant used Conversion / % Yield Capr/ %
H,0- 94 44
TBHP 3 2.4

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, at 100 °C, with 1 mol. % of Sn
respect to CyO, 1.5 oxidant:CyO (0.5 M), 6 h of reaction.

The large differences in catalytic activity observed between the two kinds of peroxides
employed as oxidants can be attributed to the combination of two main factors: i) the
differences in reactivity of the activated forms of these two oxidants and ii) the poor ability of
Sn-B to form these activated species. Firstly, activation of H,O, and TBHP to act as oxidising

agents typically requires the formation of M-OOH and M-OO'Bu species, respectively, where
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M represents metals such as Ti, V or Mo, which are excellent metal centres to form these
hydroperoxo species. However, the reactivity of M-OO'Bu has been proved to be intrinsically
lower than the reactivity of M-OOH for various oxidation reactions, such as oxidation of olefins
or epoxidation of alkenes.??® Secondly, Sn has a very poor ability to form hydroperoxo species.
For instance, through theoretical studies, Boronat et al.* compared the mechanism of Sn-B
catalysed BVO using H>O based on the activation of the carbonyl group proposed by Corma;®
and based on the activation of the oxidant by the formation of Sn hydroperoxo species. In said
report, formation of Sn-OOH species was found to be less energetically favoured, indicating
that the second mechanism was less probable. Indeed, they reported that the BVO of CyO
catalysed by Sn-B using H>O; follows the first mechanism, based on the activation of the
carbonyl group without the need to activate the oxidant. Therefore, due to the intrinsically
lower reactivity of TBHP, the use of this oxidant is likely to require some activation, in order to
be effectively used as nucleophile for the BVO reaction, which Sn-f is unlikely to provide.
The second approach to minimise the impact of H.O during BVO involved the use of H;O traps
such as molecular sieves, which can capture the H>O molecules present in the reaction
mixture. Molecular sieves are synthetic zeolitic materials whose three-dimensional structure
forms cavities that can trap molecules of the same and/or smaller size to these cavities and
can absorb up to approximately 20 wt. % of H,O.

Accordingly, an excess of molecular sieves 3A was added to the typical BVO reaction set up,

and the results compared to those obtained from the standard BVO reaction in Table 5.2.

Table 5.2. Catalytic performance obtained for the standard BVO of CyO and with the

addition of molecular sieves as H20 trap.

Reaction Conversion / % Selectivity Capr /% | H.O2 Selectivity / %
Standard BVO 90 47 72
With Molecular Sieves 2 23 82 11

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, at 100 °C, with 1 mol. % of Sn
respect to CyO, 1.5 H202:CyO (0.5 M), 4 h of reaction, 2 with addition of 1 g of molecular

sieves 3A. H20:2 Selectivity was calculated as CyO converted / H202 consumed x 100.

As stated in Table 5.2, a drastic decrease in catalytic activity was observed when adding the
molecular sieves to the standard BVO reaction. This experiment led to a CyO conversion of
23 % and a Capr yield of 18 %, which corresponded to a Capr selectivity of 82 % after 4 h of
reaction. However, the molecular sieves started to dissolve in the reaction mixture after a

certain time. These results contrasted with the usual high levels of catalytic activity obtained
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at these reaction conditions for the standard BVO in the absence of molecular sieves.
Remarkably, selectivity obtained in presence of the molecular sieves matched the selectivity
values normally reached at low levels of conversion in the standard BVO reaction (Fig 3.4).
Unfortunately, quantification of H,O; also revealed a high level of decomposition was observed
in the presence of the molecular sieves, since after 4 h of reaction practically no oxidant was
left in the reaction mixture. Typical H.O, selectivity is around 70 % for the standard BVO whilst
only 11 % was obtained with the addition of the H,O trap, indicating that the oxidant was not
efficiently used. Molecular sieves have previously been reported to react with strong oxidising
agents,® such as H;0,. This clearly indicates that the presence of molecular sieves was
detrimental for the overall catalytic activity of the BVO / Sn-f3 / H,O, system.

Subsequently, other H,O traps, such as desiccants, were considered for H,O removal. Among
them, anhydrous sodium sulfate can be used as inert drying agent, as it is known to remove
traces of H,O from organic solutions, and anhydrous calcium chloride is also a well know
hygroscopic salt.” However, both candidates present significant drawbacks, i.e. anhydrous
sodium sulfate loses effectiveness as desiccant at temperatures over 30 °C; and anhydrous
calcium chloride is not compatible with ketones, as they form adducts.

A reaction adding anhydrous sodium sulfate to the reaction mixture was carried out at the

standard BVO reaction conditions.

I ' I ' I ' I ' I

100 - —a— Standard BVO|{
—0—Na,SO,
80 s
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n
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Figure 5.1. Catalytic activity of standard BVO of CyO with and without the addition of

the desiccating agent.
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However, as can be seen in Fig 5.1, identical results to those observed in absence of the
desiccant were observed. The use use of the drying agent led to the same catalytic
performance and selectivity trend as observed in its absence, reaching 95 % of CyO
conversion with 48 % of Capr selectivity after 6 h of reaction. This result demonstrated the
poor ability of this desiccant to operate efficiently at such high reaction temperatures, making
its use infeasible to remove H,O from this system. The use of the drying agent led to the same
catalytic performance and selectivity trend than in its absence, reaching 95 % of CyO
conversion with 48 % of Capr selectivity after 6 h of reaction. This result manifested the poor
ability of this desiccant to operate efficiently at such high reaction temperatures, making its
use not feasible to remove H,>O from this system.

An alternative approach involves the use of H2O: in solid form, by employing a urea-H>O-
adduct. The use of H20O; in solid form supresses all the extra H,O typically added at the
beginning of the reaction into the reaction medium when using a 50 wt. % H.O, aqueous
solution. Therefore, the absence of this initial amount of H.O may be beneficial in order to
reach higher levels of Capr selectivity along all the reaction period if the urea-H>O adduct can
be efficiently used as oxidant for the BVO reaction.

Accordingly, the equivalent amount of urea-H,O, adduct, i.e. to obtain 1.5 H,0,:CyO ratio,
was added to the reaction mixture instead of the aqueous H2O; solution and its catalytic activity
was compared with the standard BVO reaction in Fig 5.2. As can be seen in Fig 5.2, the use
of urea-H,O; adduct considerably diminished the catalytic activity of this reaction, achieving
half of the conversion usually obtained for the standard BVO with aqueous H,O; solution after
4 h of reaction. Given the low catalytic activity observed using the urea-H,O, adduct, an
additional test was performed to evaluate the potential poisoning effect of the urea-H->O-
adduct, by adding extra 1.5 equivalents of H2O- in solid form to the typical 1.5 equivalents of
H20- in aqueous solution (50 wt. %) employed, representing a total amount of H.O, of 1 M (3
H20,:CyO). According to the results obtained in Chapter 3 in regards of the dependency of
reaction rate from the oxidant, above approximately 0.75 H,0,:CyO, the initial reaction rate
becomes independent of the oxidant (zero order) (Fig 3.9). As such, similar initial reaction rate
than for the standard BVO reaction, using 1.5 equivalents of H2O; in aqueous solution (50 wt.

%), would be expected, while a decrease in catalytic activity would be indicative of poison.
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Figure 5.2. Catalytic activity of 2Sn-f for the BVO of CyO using 1.5 H202:CyO in the
form of H202 (50 wt. % in H20), urea-H202 adduct and using 1.5 equivalents of H202 (50
wt. % in H20) with extra 1.5 equivalents of urea-H202 adduct. Reaction conditions: 10
mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect CyO, at 100 °C.

As can be observed in Fig 5.2, initial reaction rate of the poisoning experiment was
considerably lower, displaying a trend similar to the one showed by the use of urea-H>O,
adduct only, indicating the negative effect of the solid H2O. which inhibited the BVO from
performing as usual.

In view of the difficulties faced for the removal of H.O from the BVO / Sn- / H,O, system,
attention was focused on alternative obtainment of H.O. In this respect, the in situ production
of H20- coupled to the BVO reaction was proposed. This final approach would avoid its dilution
in the H2O required to stabilise it (usually commercialised as 30 or 50 wt. % in aqueous form),
and its further dilution in the reaction solution to be used as oxidant for the BVO reaction, since

lower targets (0.5 M) are required.
5.2. Hydrogen peroxide (H202) production

Hydrogen peroxide (H-0-) is a very important bulk chemical with a production of over three
million tonnes per annum, at an increasing level of demand. It has many practical applications,

its most relevant being its use as disinfectant, bleaching agent and oxidising agent.
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Furthermore, H2O: is considered to be one of the greenest oxidants since the only by-product
of its use as oxidant is H20, and it is also one of the most efficient due to its high active oxygen
content.®

Currently, H>O, is mainly industrially produced via the auto-oxidation (AO) of organic
compounds. Typically, its synthesis involves indirect reduction of O, to H>O, by the oxidation
of an alkyl anthraquinol to the corresponding quinone (Scheme 5.1). However, this process
presents several drawbacks which include i) the use of complex and toxic solvent system, ii)
high cost of the quinone, iii) requirement to reduce back the quinone by hydrogenation, iv)
deactivation of the hydrogenation catalyst and v) economic viability only when produced at
large scales.

Additionally, its transportation and storage requirements result in many safety regulations,
since concentrated H>O, presents low stability and can be explosive, and therefore, it is

commonly commercialised only when diluted in an agueous solution.

H,0,
O,
OH O
OH O
Hy

Scheme 5.1. Simplified representation of H202 synthesis via AO process.

In view of this, an alternative method has gathered intense attention in the last decades due
to its higher sustainability and reduction of operational costs: the direct synthesis of H.O, from
Hzand O.. Unfortunately, this alternative approach comes with some disadvantages attached,
such as the need to work with an appropriate H, - O, mixture, outside the explosion range,®
thereby necessitating dilution of the mixture in an inert gas such as N, or CO,. Moreover, the
fact that non-selective oxidation to H.O (AG° = - 237 kJ mol?), hydrogenation to H.O (AG®° =
- 354 kJ mol?) and H,O, decomposition (AG® = - 117 kJ mol?) are thermodynamically more
favoured than the selective oxidation of H2to H.O, (AG®° = - 120 kJ mol?) (Scheme 5.2), makes

imperative to find optimal working conditions and a suitable catalyst selective to H»O,.
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H}f 2 H,0

H,O + 0.5 O,

Scheme 5.2. Reactions involved in the direct synthesis of H20:.

Although apparently trivial, the direct synthesis of H,O, from H, and O: is in fact, more tangled
than it seems at first glance. Despite the significant advances in this field, productivity and
selectivity towards H2O2 need to be further improved to commercially compete with the AO
method.!® Nevertheless, it should be noted that AO method is only viable at large scale and
concentrations (usually commercialised as 30 or 50 wt. % aqueous solution) and H;0: is
diluted further down in the reactor. Hence, direct synthesis of H,O, opens a possibility to
produce H>O; on a small scale and use it in situ as oxidant for many different reactions, whose
working concentration are lower e.g. the typical 0.5 M of H>O> employed for the BVO reaction,
which represents a concentration of only 1.7 wt. %, making the target of in situ production
lower and more feasible.

In regard to catalysts suitable for the direct synthesis of H.O2, a selection of examples are

collected in Table 5.3.

Table 5.3. Productivity values for a selection of catalysts reported in literature.

Catalyst 2 Solvent Hz0: Productivity / Reference
mol kg(cat)* h?

2.5Au-1.8Pd/HZSM5 MeOH/H.0 138 11
1.5Pd/Y MeOH/H.0 84 11
2.5Au-2.5Pd/C MeOH/H.0 160 12
5Pd/CeO; MeOH/H-0 97 13
Pd/SBA-15 MeOH 24 (mg mg* cat) 14
4.5Pd-0.45Ru-0.05Au/TiO> MeOH/H-0 153 15
2.5Au-2.5Pd/TiO; MeOH/H-0 135 16
Pd/HNb3Os-NS MeOH 50 (mmol mmol* Pd h?) 17

a Where the number preceding the metal corresponds to the metal loading in wt. %.
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As can be observed in the small sample compiled in Table 5.3, most of the catalysts employed
involve noble metals supported on different materials. The most active metals used are Pd
and/or Au based, supported in zeolites, mesoporous silicas, C or TiO,.1%% However, many
other combinations including Pd-Ag, Pd-Ru or Pd-Pt have also been employed.?*?? The
selection of the examples compiled in the table are based on the fact that Pd is well known to
possess a high propensity for dissolution of H, and excellent performance in hydrogenation
reactions. Hence, it presents itself as a good contender to catalyse in situ H,O, production,?
whilst Au catalysts have been successfully reported for different hydrogenation reactions.?
Notwithstanding, the challenge that still remains is the need to find a catalyst selective towards
H.O, that does not promote the rest of the potential reactions (Scheme 5.2), in order to
increase selectivity towards H.O, over 95 %. Although significant improvements have been
made by addition of promoters and refining the catalyst design,?>?® the optimisation of this
reaction is still a hot topic.
Given that in Chapter 3, the BVO reaction was proved to operate independently of the amount
of oxidant employed when using H,0,:CyO above 0.75 (Fig 3.9), the coupling of in situ H>O>
production with BVO reaction could operate at the same initial reaction rates with
concentrations of only 0.85 wt. % of H2O., reducing considerably the targeted H-O-
concentration to be formed in situ. For instance, it was successfully reported by Santonastaso
et al.?’ that in situ generated HO> can be used for oxidation of benzyl alcohol. Furthermore,
in situ H.O- production was reported by Cavani et al.?® as a tool to upgrade the sustainability
of the epoxidation of propene.
Considering these facts, in situ generation of H,O, appears to be an attractive solution to
reduce the H,O present in the system and to upgrade the sustainability of the BVO chemistry,
as well as potentially increase the lactone selectivity by limiting the hydrolysis step upon
reduction of the amount of H,0 in the system.
Nonetheless, coupling of in situ H.O, synthesis and the BVO reaction represents a great
challenge since initial optimal conditions of both systems present important differences in
terms of temperature and reaction media. Whilst in situ H.O- synthesis typically demands very
low working temperature (2 °C) and a mixture of MeOH/H,O or similar as solvent,® BVO
chemistry requires high temperature (< 70°C) and an organic solvent, commonly 1,4-dioxane,
to proceed smoothly.?®
In the attempt to couple these two systems, the following parts of this chapter are focused on:
i)  The quest for a suitable catalyst based on previous reports.
ii)  The investigation of suitable solvents for in situ production of H,O..
iii)  The investigation of alternative solvents for BVO.
iv)  The study of the compatibility of in situ H.O» production and BVO reaction in one pot.

v)  The viability of coupling in situ H.O; production and BVO chemistry in two pots.
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It should be reminded that the catalyst design and the study of the correlation between the
catalyst activity and its characterisation is beyond the scope of this work. The main goal was
to investigate the viability of coupling in situ H20. production with BVO. Hence, various
previously reported catalysts that can be adequately used for H,O. production were
reproduced, so as to identify a useful co-catalyst for the coupling with the BVO reaction.

5.3 Results and discussion

5.3.1 Preliminary studies for coupling in situ H20> production and BVO

reaction

An example of working conditions for the direct synthesis of H.O, from H; and O; found in
literature consists of a 2:1 solvent mixture of MeOH/H,O at 2 °C, in the presence of a Pd-
Au/TiO; catalyst using 37.5 bar of 5 % H,/ CO, and 25 % O,/ CO- (1:2 molar).'* Since direct
synthesis of H.O, and BVO reaction are usually carried out at very different working
conditions, the first point to tackle was the evaluation of both systems separately to explore
the reaction phase space, to determine whether a potential compromise between the
operational conditions of both distinct reactions can be found, even though it means lowering
the productivity of the two individual reactions. For instance, the solvent required for in situ
H.O, production must possess high Hz solubility, must be able to promote enough H20-
formation to act as oxidising agent for BVO, and ideally, this solvent has to also be compatible
with the BVO system.

As the main goal of coupling in situ H20- production with the BVO reaction was reducing the
presence of H>O in the system, the employment of MeOH/H,O mixture, reported in several
publications as one of the most suitable solvent mixtures for this reaction (Table 5.3), was
intentionally avoided and pure MeOH was used instead in the preliminary tests. Additionally,
having in mind the needs of the BVO reaction, 1,4-dioxane was also tested for in situ H>O>
production, as well as acetonitrile (ACN), as this is also reported to be a suitable solvent for
the BVO reaction.*

Accordingly, preliminary experiments were carried out in a stainless-steel autoclave at 10, 20
and 50 °C, using the three solvents mentioned above, charging it with 40 bar of 2.5% H, / 5%
0O in CO; and Pd-Au/TiO; as catalyst. The choice of this catalyst was based on a report from
Freakley et al.,*®* who demonstrated it to be a promising catalyst for this reaction.

The catalyst was prepared with loadings of 1 wt. % Pd and 1 wt. % Au on TiO; (P25) by the
sol immobilisation (SI) method, using PVA as stabilising agent, following the same
methodology reported by Freakley et al., described in Section 2.3.2.1. Prior to use, the catalyst

was calcined at 400 °C in static air and was denoted 1Pd-1Au/TiO2o0).
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The preliminary results obtained are summarised in Table 5.4. H>O; production was quantified

by titration with Ce(lV) sulfate following the procedure described in Section 2.5.3.1.

Table 5.4. Preliminary results for in situ H202 production.

H.O, Productivity H.O, Productivity H.O, Productivity
Solvent at 10 °C/ at 20 °C/ at 50 °C/
mol kg(cat)* h mol kg(cat)* ht mol kg(cat)™* h*
MeOH 97 5 <1
1,4-dioxane 17 5 <1
ACN 5 4 <1

Reaction conditions: 10 mL of solvent, 10 mg of 1Pd-1Au/TiO24o00), 40 bar of 2.5 % H2 /
5 % O:2 in CO:2 at the stated temperature after 30 min of reaction. H202 production was
quantified by titration with Ce(IV) sulfate and its productivity was calculated as mol of

H20:2 produced per kg of catalyst per time.

As it could be already anticipated according to the literature summarised above, lower reaction
temperature resulted in higher H>O, productivity being obtained. In contrast, higher reaction
temperature strongly disfavoured H2O- production, being practically inexistent at 50 °C for the
three solvents tested.

In order to investigate whether the low amounts of H,O; observed at higher temperature were
indeed caused by very low reaction rates to H-O, or as consequence of rapid thermal
decomposition of the H,O, formed into other products, the thermal stability of H2O- in the
reaction system was analysed under inert atmosphere.

To do so, a known amount of commercial H.0- (50 wt. % in H,O) was placed into the reactor,
in addition to the catalyst and the solvent, and the reactor charged with 20 bar of N..
Subsequently, reactions were carried out at 10 or 20 °C for 30 min, and the thermal stability
of H,O2 under otherwise inert conditions was evaluated by analysing the final concentration of

H.O- in the reaction mixture, as summarised in Table 5.5.
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Table 5.5. Thermal stability studies of H202 at 10 and 20 °C.

Solvent % of H,O, loss at 10 °C % of H.0, loss at 20 °C
MeOH 0.8 18
1,4-dioxane 7 11

Reaction conditions: 10 mL of solvent, 0.1 mL of H202 (50 wt. % in H20) 10 mg of 1Pd-
1AuU/TiO200), 20 bar of N2 at the stated reaction temperature after 30 min of reaction.
H20. production was quantified by titration with Ce(lV) sulfate and its % loss was

calculated as H202 consumed / initial H202 x 100.

The stability studies revealed that although H>O. suffered from thermal decomposition after
30 min at all conditions, decomposition was aggravated with increasing temperature.
Considering that commercial aqueous H»O; contains a series of stabilisers in solution, it is
likely that H2O; obtained in situ, where no stabilisers are present, suffers even greater thermal
decomposition at the temperatures investigated. Thus, based on the stability studies, although
at 20 and 50 °C some H,0, was produced, at those temperatures it was not thermally stable
and it rapidly decomposed, leading to a very poor productivity after 30 min of reaction.

From these initial results, optimal working temperature was established to be 10 °C in order
to maximise H>O, production and to diminish its decomposition.

Subsequently, the study was focused on the investigation of different catalysts that could be

used for direct synthesis of H,O, and exploring alternative optimal solvents.

5.3.2 Catalysts for in situ H2O2 production

Given that Pd and/or Au catalysts showed the most promising results (Table 5.3), these two
metals were selected as active species in the quest of suitable catalyst for in situ H2O-
production.

It should be noted that most of the productivity values given in Table 5.3 were obtained at 2
°C, while all the H,O, productivities given in this study were obtained at 10 °C. However, as
described above, the aim of this study was to find an adequate catalyst to couple in situ H>O»
production with BVO to evaluate its potential viability to upgrade the process and to make it
more sustainable. Catalyst design or quest for excellence in direct production of H20, to
compete with the relevant achievements in this field is beyond the scope of this chapter.
Accordingly, in addition to bimetallic 1Pd-1Au/TiO,, monometallic Pd (1 wt. %) and
monometallic Au (1 wt. %) on TiO,, denoted 1Pd/TiO, and 1Au/TiO,, respectively, were
prepared by the SI method, and were subjected to different heat treatments to evaluate their

impact on the target reaction. This synthesis methodology, based on colloid formation prior to
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immobilisation on the support, has shown to be very efficient to obtain small metal
nanoparticle, with a narrow particle size and uniform distribution throughout the whole support,
since the surfactant prevents particle sintering and agglomeration.3* Additionally, it was
reported by Pritchard et al.®? that catalysts prepared by S| were considerably more active for
in situ H>O, production than those analogous prepared by impregnation (IMP).

The results obtained for in situ production of H.O2 with this set of catalysts are summarised in
Table 5.6.

Table 5.6. Catalyst screening for in situ H202 production.

Preparation method H.O, Productivity / | H.O2 Productivity /

Catalyst
and heat treatment mol kg(cat)* h* mol kg(metal)* h*
Sl, untreated 16 1615
1AU/TIO;
Sl, 400 °C Air 24 2350
Sl, untreated 36 1819
Sl, 400 °C Air 97 4843

1Pd-1Au/TiO:

Sl, 400 °C Air + 200 °C

89 4450
Red
SI, untreated 19 1920
1Pd/TiO;
SI, 400 °C Air 28 2750

Reaction conditions: 10 mL of MeOH, 10 mg of catalyst, 40 bar of 2.5 % H2/5 % Oz in
CO2 at 10 °C after 30 min of reaction. H202 production was quantified by titration with
Ce(lV) sulfate and its productivity was calculated as mol of H202 produced per kg of

catalyst per time and mol of H202 produced per kg of metal per time.

As it can be appreciated from Table 5.6, the results obtained agree to those reported in the
literature. Moreover, it is clear that the combination of the two metals in the bimetallic alloy
catalyst boosted H,O, formation compared with the monometallic alloys, resulting in higher
productivity.®? The synergistic effect between Pd-Au remarkably improved the productivity by
over two times more than the individual performances, from + 2500 mol kg(metal)* h! for the
monometallic catalysts, to 4800 mol kg(metal)* h for 1Pd-1Au/TiOx.

Noticeably, catalysts subjected to heat treatments displayed greater productivity than
untreated samples tested as synthesised (only dried in the oven at 110 °C). Although the

benefit was lower for monometallic catalysts, the productivity of 1Pd-1Au/TiO, was
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significantly improved, to the point that the catalyst achieved comparable levels of productivity
to those summarised in Table 5.1, despite the fact reactions were performed at higher
temperature (2 °C vs. 10 °C).

In view of the promising results obtained for 1Pd-1Au/TiOx2u00) at 10 °C and guided by some
reports where the catalyst reactivity was improved by calcination-reduction cycles,® an
additional experiment was performed with 1Pd-1Au/TiO, after calcination at 400 °C in static
air followed by reduction at 200 °C. Nevertheless, even though the productivity obtained was
still high, at 4450 mol kg(metal)* h, it did not surpass the one obtained with the calcined
catalyst.

Notably, all reactions were performed employing 10 mg of catalyst, independently of the metal
loading. As such, productivity values normalised as mol H.O- produced kg(metal)™* h'! provide
a more accurate quantification allowing direct comparison of the catalysts reactivity, as the
reaction is driven by the metal. However, since most of the publications expressed productivity
values as mol of H,O- kg(cat) * h'%, values expressed in these units were shown to prove that
productivity values in the same range of the ones already reported in literature could be
obtained, although from this point on, only productivity based on the metal is used for further
comparisons.

As can be appreciated from Table 5.3, the other important block of materials successfully
reported for this reaction were Au and/or Pd supported on different zeolites. Therefore,
considering the possibility to couple it with the BVO reaction in one pot, which was
demonstrated to be efficiently catalysed by Sn-B in previous chapters, a series of catalysts
composed of Au and/or Pd supported on 2Sn-3 38 were explored for in situ H,O, production.
In this case, 2.5 wt. % loadings of monometallic Au and Pd and 0.5 wt. % of each metal for
the bimetallic analogue, were supported on 2Sn-3 38 by wet impregnation (IMP) following the
synthetical procedure described in Section 2.3.2.2. This kind of synthetic method was chosen
based on the successful employment of Pd/Y prepared by IMP for H.O, synthesis, as reported
by Li et al.l!

Samples were tested as synthesised and after calcination at 400 °C in air, using the same

reaction conditions stated above and the results obtained are summarised in Table 5.7.
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Table 5.7. Au and/or Pd supported on 2Sn-§ for in situ H202 production.

Preparation o o
H.O, Productivity / | H2O2 Productivity /
Catalyst method and heat
mol kg(cat)* ht mol kg(metal) * h*
treatment
IMP, untreated 8.5 342
2.5Au/2Sn-B
IMP, 400 °C Air 9.5 370
IMP, untreated 25 987
2.5Pd/2Sn-B
IMP, 400 °C Air 32 1268
IMP, untreated 24 2408
0.5Au-0.5Pd/2Sn-8
IMP, 400 °C Air 28 2768

Reaction conditions: 10 mL of MeOH, 10 mg of catalyst, 40 bar of 2.5 % H2/5 % Oz in
CO:2 at 10 °C after 30 min of reaction. Productivity was calculated considering only the
noble metal loading, without accounting the 2 wt. % of Sn already incorporated into the

zeolite framework.

In this case, significant differences were observed between monometallic Pd and Au catalysts,
with the productivity being almost 4 times higher for 2.5Pd/2Sn-B than 2.5Au/2Sn-B.
Analogously to the effect observed for the TiO, supported materials, monometallic Pd and Au
on 2Sn-B displayed lower H>O; productivity than the bimetallic catalyst, with the synergistic
effect improving H2O- productivity from 370 and 1268 mol kg(metal)* hfor 2.5Au/2Sn-B and
2.5Pd/2Sn-B, respectively, to 2768 mol kg(metal)* ht for 0.5Au-0.5Pd/2Sn-B after 30 min of
reaction.

As happened for the TiO, supported materials, catalyst reactivity towards H»O; production was
improved after the calcination treatment, although the differences were not as dramatic in this
case. The set of catalysts tested presented higher H,O- productivity values when calcined at

400 °C. For a better comparison, the H,O- productivity values obtained are reported in Fig 5.3.
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Figure 5.3. Comparison of H202 productivity obtained for the catalysts calcined at 400
°C, after 30 min of reaction at 10 °C in MeOH.

By this comparison, the reactivity trend Au < Pd < Pd-Au confirmed the positive effect obtained
by employing a bimetallic catalyst through the reported synergistic effect. Additionally, the TiO-
supported series showed to be generally more active than the 2Sn-f series, with 1Pd-
1AU/TiO2u00) being the best catalyst considered in this study. Accordingly, 1Pd-1Au/TiO2x00)
was selected as catalyst to be used in the following sections for in situ H.O2 production.

Nevertheless, 0.5Au-0.5Pd/2Sn-B achieved the second greatest productivity, exhibiting a
productivity approximately half that of 1Pd-1Au/TiO2u00). Yet, as this catalyst was formed by
IMP of the catalyst typically used for BVO reaction, this combination was evidently very
promising and highly convenient for one pot coupling of in situ H,O, with BVO chemistry.

Thereby, it must be taken into account for future experiments.

5.3.3 Solvents for in situ H2O2 production

Subsequently, once the most suitable catalyst to be used for direct production of H,O, was

determined, solvent screening was carried out in the quest for an optimal solvent to be used.
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Table 5.8. Solubility of H2 and O: in various solvents at room temperature.®

Solubility of Hx / Solubility of Oz / _
Solvent Polarity
mg L* mg L*

MeOH 7.91 324
EtOH 7.50 320
IPA 6.92 323
1,4-dioxane 4,12 231
Acetone 8.15 364

Table 5.8 compiles some of the properties of the different solvents selected for the screening.
It includes MeOH and 1,4-dioxane, already employed in the preliminary studies to evaluate
the optimal reaction temperature, in addition to acetone, ethanol (EtOH) and isopropanol
(IPA). The selection of these solvents was based on their ability to solubilise H, and O and
their polarity, which was reported to be beneficial for the promotion of direct H,O, synthesis.?
Since the direct synthesis of H.O, occurs in a three-phase system (catalyst / solvent / gases),
a higher ability to solubilise H; and O is desirable to increase the diffusion of the gas reactants
to the catalyst surface.

All solvents were tested for 30 min using 1Pd-1Au/TiO2wuo00), and 40 bar of 2.5 % H> /5 % O>

in CO.. The H,0- productivity values obtained in each solvent are summarised in Table 5.9.

Table 5.9. Solvent screening for in situ H202 production.

Solvent H.O. Productivity / mol kg(metal)™* h*
MeOH 4843
EtOH 1884
IPA 1051
1,4-dioxane 848
Acetone 969

Reaction conditions: 10 mL of solvent, 10 mg of 1Pd-1Au/TiOz2(00), 40 bar of 2.5% H2 /
5% Oz in COz at 10 °C after 30 min of reaction. H202 production was quantified by titration
with Ce(lV) sulfate and its productivity was calculated as mol of H202 produced per kg

of metal per time.
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From this set of experiments, it was clearly shown that MeOH was the most efficient solvent
tested by far, producing 4843 mol H.O. kg(metal)? h?. Whereas the second highest
productivity value, obtained in EtOH, was about the half of the one obtained in MeOH.
Unfortunately, 1,4-dioxane, the solvent typically used for BVO reaction, gave one of the lowest
H.O, productivity values. This fact strongly demonstrated the importance of the reaction
solvent in the optimisation of direct H.O, formation, since the same catalyst and conditions
were employed to perform all the reaction series.

Accordingly, MeOH was selected as the most suitable solvent for in situ H.O> production,
given that the MeOH/H>O mixture was deliberately excluded from the screening due to the
negative role played by H>O plays in the BVO system, since as described in Section 3.3.3,
even traces of H,O can promote hydrolysis of the desired lactone to 6-HHA.

After the determination of the most suitable catalyst (1Pd-1Au/TiO200) and solvent (MeOH)
for in situ H2O, production, supported by the experimental studies described in this and the
previous section, attention was focused on the investigation of potential modification of BVO

reaction conditions with the aim of increasing its compatibility for the coupling.

5.3.4 Alternative solvents for BVO reaction

Unfortunately, 1,4-dioxane, the typical solvent employed for BVO reactions, showed very poor
capability to be used as solvent in the direct formation of H,O,, making the screening of
alternative solvents for the BVO reaction essential, in order to increase the compatibility of the
two systems to proceed with their coupling.

In regards of this, very few other solvents were successfully reported in literature, at least at
the time of this study, for BVO reactions and their efficiency was significantly lower than 1,4-
dioxane. Furthermore, ACN, which was one of them, performed very poorly in the preliminary
tests for in situ H.O, formation (Table 5.4) and hence, discarded from further investigations.
Thus, with the aim of exploring alternative solvents, the same solvents tested for in situ H,O;
production in the previous section were used as solvents for BVO reaction of CyO to Capr
using Sn-p and commercial H-O2 (50 wt. % in H20). It should be noted that all these solvents
presented a lower boiling point than the typical reaction temperatures employed for BVO (100
°C), hence, the following set of reactions was carried out at the standard conditions determined
in Section 3.3.3, except the temperature, set up to 50 °C. Reactions were carried out for a
period of 4 h and monitored following the procedures described in Section 2.4.1 and kinetic
parameters were calculated according to Equations 2.1 to 2.3. The same experimental error
of 8 % applied during Chapter 3 and 4 to all BVO reactions was also applied to the kinetic
parameters measured for BVO reactions along this chapter. The results obtained are

summarised in Table 5.10.
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Table 5.10. Solvent screening for BVO reactions.

_ ) Capr H>O> consumed /

Solvent Conversion / % | Yield Capr /% o
Selectivity / % %
MeOH 77 7 9 11
EtOH 67 5 7 30
IPA 29 11 39 11
1,4-dioxane 27 22 81 31
Acetone 14 8 54 10

Reaction conditions: 10 mL of 0.33 M CyO in different solvents, 1 mol. % Sn respect to
CyO (2Sn-B), 1.5 H202:CyO, at 50 °C after 4 h of reaction.

As expected from the knowledge gained on the BVO reaction from Chapter 3, the best results
in terms of catalytic activity and Capr selectivity were obtained in 1,4-dioxane. It should be
mentioned that the selectivity towards Capr obtained was + 80 %, in agreement with the
selectivity trend observed at 50 °C at similar levels of conversion (Fig 3.11, right). Additionally,
the H2O, consumed during the reaction in 1,4-dioxane, approximately 30 %, corresponded
well to the levels of conversion of CyO achieved, giving a H202-based selectivity of 87 %,
calculated as function of CyO converted per H.O, consumed. Such high H»O;-based
selectivity indicates a good correlation between the reactivity towards BVO chemistry and the
oxidant used.

Unfortunately, the rest of the solvents screened resulted in very poor catalytic activities in
terms of selectivity towards Capr, being 54 % in acetone, 39 % in IPA and < 15 % for the
others and H,O;, consumption which did not correspond to the levels of conversion observed,
suggesting that other reactions different to BVO were taking place simultaneously during the
experiments. For instance, in IPA some Meerwein Ponndorf Verley (MPV) reaction to
cyclohexanol (CyOH) was also observed (9 % CyOH vyield). This kind of transfer
hydrogenation is well known to be promoted in this kind of solvent and similar catalysts.3334
On the other hand, in MeOH and EtOH media high levels of conversion were achieved, 77
and 67 % respectively, even though only 7 and 5 % of Capr yields were obtained. In both
cases, ho CyOH was formed, in agreement with the poor performance of both solvents to
assist in MPV reaction, which was reported to work better in presence of branched and longer
alcohol chain as solvent.®

Thus, in order to elucidate the nature of the high conversion but poor Capr yield observed in

MeOH, a detailed analysis on this reaction was carried out as shown in Fig 5.4.
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Figure 5.4. Time online analysis of BVO of CyO in MeOH. (Left) Conversion and Capr

yield and (Right) selectivity towards Capr and carbon balance as function of time.

The time online analysis of BVO of CyO in MeOH showed that at t = 0 (15 min of heating up)
very high conversion was already obtained, indicating that during the heating process, and
prior to the addition of the oxidant to start the BVO reaction, CyO was already being consumed.
After the addition of the oxidant, conversion was maintained * 75 % whilst Capr yield slowly
increased with time, reaching 7 % after 4 h of reaction. Accordingly, very low selectivity and
carbon balance were observed.

In line with the low carbon balance, two unknown peaks were detected by Gas
Chromatography equipped with a Flame lonisation Detector (GC-FID), including at t = 0,
indicating the presence of other products being formed in the reaction medium prior the
addition of H.O.. These two peaks gradually decreased slightly as lactone formation
increased.

For a better identification of the products formed, samples att = 0 and 4 h were analysed by
proton Nuclear Magnetic Resonance (*H NMR), as shown in Fig 5.5. 'H NMR analysis allowed
the quantification of 6-HHA by the same methodology of the TMS insert used in Chapter 3 and
Chapter 4.
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Figure 5.5. 'H NMR analysis of BVO reaction of CyO in MeOH att =0 and t = 4 h.

Accordingly, 6-HHA vyield at 4 h was quantified as 5 % and accounted to increase the final
carbon balance only from 32 % to 37 %. This fact suggests that the unwanted parallel reaction
taking place is strongly favoured in MeOH.

It was found in literature that CyO can undergo to acetalisation by MeOH in the presence of
zeolites, mesoporous silicas or metal organic frameworks to form ketals (Scheme 5.3).%¢%"
Accordingly, it was hypothesised that these two products corresponded to the unknown peaks
observed in the GC-FID and *H NMR.

@) HO OMe MeO OMe
MeOH
—_— +
Sn-B
1-methoxy- cyclohexanone
cyclohexan-1-ol dimethyl ketal

Scheme 5.3. Acetalisation reaction of CyO in presence of MeOH and zeolite as catalyst.
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Consequently, pure standards of cyclohexanone dimethyl ketal and 1-methoxy-cyclohexan-1-
ol were injected in the GC-FID and the identity of the unknown products was confirmed.
Acetalisation of CyO to cyclohexanone dimethyl ketal and 1-methoxycyclohexan-1-ol was
found to take place during the heating up period, and only following addition of the oxidant
was the BVO reaction to Capr found to take place, although in minor proportion in MeOH at
50 °C. Selectivity towards Capr very slowly increased from 7 to 9 %, suggesting that the driving
force of BVO was not enough to push the BVO reaction against the acetalisation side reaction.
It was hypothesised that the same kind of acetalisation reaction was also taking place in EtOH
media, although in minor extension. However, given that the performance of EtOH was
significantly lower than MeOH for direct formation of H.O, EtOH was not further investigated.
Unfortunately, these experiments show the detrimental effect of MeOH, the best solvent tested
for in situ H2O production, as a primary solvent in the BVO system, as it causes a strong
decrease in Capr yield with respect to 1,4-dioxane, promoting a side reaction in significant

proportions.

5.3.5 Coupling in situ H202 production with BVO in one pot

In the previous sections, it was demonstrated that the best solvents for in situ H,O, and BVO
reactions performed very poorly in the other system. Very low H>O, productivity was obtained
for the in situ H.O, system in 1,4-dioxane, whilst very high conversion but low Capr yields
were obtained for the BVO of CyO in MeOH, due to the acetalisation of the substrate. In view
of this, the replacement of one of the solvents for the other one in the coupling of the two
reactions in one pot seemed unlikely to allow to operate in a unique solvent. Furthermore, no
other solvents tested for both individual reactions exhibited sufficient suitability for potential
coupling of the reactions.

Consequently, attention was focused on the investigation of different mixtures of MeOH/1,4-
dioxane that may solve the compatibility issues observed so far.

With this aim, mixtures of MeOH/1,4-dioxane with various ratios, i.e. 1:1, 1:3 and 1:9, were
tested for in situ H.O, production, and the BVO of CyO, and compared with the previous
results.

Firstly, solvent mixtures were tested for direct H,O, formation at the determined optimal

conditions and compiled in Fig 5.6.
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Figure 5.6. Productivity of H202 obtained in different mixtures of MeOH/1,4-dioxane.
Reaction conditions: 10 mL of solvent, 10 mg of 1Pd-1Au/TiOz200), 40 bar of 2.5% H2 /
5% Oz in CO2, at 10 °C after 30 min of reaction. H202 production was quantified by
titration with Ce(1V) sulfate and its productivity was calculated as mol of H202 produced
per kg of metal per time.

As can be seen in Fig 5.6, the addition of 1,4-dioxane (1:1) drastically diminished the H;0;
productivity by approximately 40 % compared with pure MeOH, from 4843 to 1995 mol H20-
kg(metal)* h, For the other solvent mixtures, H,O productivity values gradually decreased,
achieving 1742 and 1600 mol H20, kg(metal)*h? for 1:3 and 1:9, respectively.

It should be noted that, despite a gradual decrease in productivity caused by the presence of
increasing 1,4-dioxane content, mixtures richer in 1,4-dioxane did not overly impact the overall
productivity, being only reduced from 1995 to 1600 mol H,O, kg(metal)* h** for mixtures 1:1
and 1:9 respectively, even though the latter contained very high proportion of 1,4-dioxane.
Furthermore, productivity obtained with 1:9 mixture was significantly higher than with pure 1,4-
dioxane, at 1600 and compared to 848 mol H,O- kg(metal)* h?, respectively.

This set of experiments demonstrates again the favourable performance of this reaction in
MeOH. The addition of only 10 % of MeOH in the solvent mixtures (1:9), can considerably
improve the efficiency of the system respect to pure 1,4-dioxane in the direct synthesis of

H.O,, by boosting oxidant formation. Despite being three times less productive for direct
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formation of H>O, than pure MeOH, the 1:9 mixture may be a good compromise for the
coupling of the two systems if this mixture can also perform positively for the BVO reaction.
Subsequently, the same solvent mixtures were tested for BVO reaction of CyO with 2Sn- at
50 °C for a period of 4 h, as shown in Fig 5.7.
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MeOH : 1,4-dioxane

Figure 5.7. Catalytic activity obtained in different mixtures of MeOH/1,4-dioxane for BVO
reaction of CyO with 2Sn-f3, at 50 °C, after 4 h of reaction.

As can be seen, conversion gradually decreased with increasing content of 1,4-dioxane
present in the reaction medium. For instance, conversion decreased considerably from pure
MeOH to 1:1 mixture, from 77 to 60 %, respectively. However, both reactions yielded similar
amounts of Capr indicating a significant reduction of the acetalisation side reaction in the
presence of some 1,4-dioxane. In fact, from the results it could be noticed that the acetalisation
reaction was gradually palliated with increasing 1,4-dioxane content in the solvent mixture, as
this side reaction was only able to proceed in MeOH.

Interestingly, the reaction performed using 1:9 mixture displayed the same extent of CyO
conversion than the reaction in pure 1,4-dioxane, although the Capr yielded were different. In
1:9 solvent mixture, the BVO reaction proceeded achieving 15 % of Capr yield, whilst in pure
1,4-dioxane, 22 % Capr yield was observed. In view of this, selectivity towards Capr decreased

to 57 % in 1:9 solvent mixture, compared with the 81 % achieved in the pure solvent,
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suggesting that the 10 % of MeOH present in the reaction mixture was still promoting a certain
amount of acetalisation.

Despite this, it should be remarked that selectivity towards Capr was significantly enhanced
from < 20 % to 57 % for 1:3 and 1:9 mixture, respectively, highlighting the promising results
of the latter. Accordingly, BVO of CyO in 1:9 solvent mixture was analysed in greater detail.

100 ~ - 100 ~ -

60 .
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@)
o
L
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Figure 5.8. Comparison of the catalytic activity obtained for BVO of CyO (Left) in
MeOH/1,4-dioxane in a ratio 1:9 and (Right) in pure 1,4-dioxane at 50 °C in 4 h.

As reported in Fig 5.8, left, initial conversion was already 20 %, due to some acetalisation of
CyO to ketals occurring during the heating period (analogous to Fig 5.4). Then, following
addition of the oxidant, CyO conversion slightly decreased, and the BV O reaction started to
take place. In this case, both, Capr yield and its selectively were increased more notably with
time, indicating that in a richer 1,4-dioxane medium, acetalisation of CyO with MeOH was less
favoured and the BVO driving force was more able overcome the side reaction. Notably,
carbon balance, except att =0, was maintained close to 90 %, not far from the > 95 % obtained
in pure 1,4-dioxane.

Although lower in terms of Capr yield and its selectivity, due to the detrimental effect caused
by the presence of some MeOH in the reaction media, compared with reaction in pure 1,4-

dioxane (Fig 5.8, right), the results obtained showed potential.
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Additionally, final reactant solution in 1:9 mixture was analysed by *H NMR in order to quantify
the 6-HHA formed, shown in Fig 5.9.
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Figure 5.9. 'H NMR analysis of BVO of CyO in MeOH/1,4-dioxane in a ratio 1:9, after 4

h of reaction.

As shown in Fig 5.9, it could be distinguished the presence of unreacted CyO, Capr, 6-HHA
and ketals formed. 6-HHA yield after 4 h of reaction calculated from the analysis was 3 %,
corresponding to a selectivity towards 6-HHA of 12 % and contributing to the final carbon
balance to increase from 88 % to 92 %. The remaining carbon balance was attributed to ketal
formation, although this was not quantified further.

Given the results obtained in the above experiments, the use of a 1:9 mixture of MeOH/1,4-
dioxane showed to be the most suitable alternative to couple in situ H.O, formation and BVO
reaction. Despite lowering the H.O; formed compared with pure MeOH, the effect of the small
amount of MeOH introduced in the BVO reaction was justifiable and the results were
comparable with pure 1,4-dioxane.

All these experiments thus suggest, that coupling the two systems in one pot requires a high
degree of compromise between the most suitable conditions from each individual system, the
mixture of solvents being the only viable alternative to proceed and decreasing the typical
BVO working temperature.

Nevertheless, it should be reminded that, as was demonstrated in Chapter 3 (Fig 3.11), that
the decrease in reaction temperature reduces considerably the reaction rate. Hence, coupling
these two systems at low temperature implies a significant decrease in Capr productivity.
Accordingly, a preliminary test in one pot was performed in a stainless-steel autoclave using

a physical mixture of 1Pd-1Au/TiO2wu00) and 2Sn-f in the appropriate amounts, in a 1:9 mixture
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of MeOH/1,4-dioxane as solvent, at 40 bar of 2.5 % H, / 5% O in CO; at 10 °C. This reaction
temperature was selected to avoid thermal decomposition of H>O5, since it was observed in
Section 5.3.1 that higher temperature can significantly affect the thermal stability of H.O..
Unfortunately, after 6 h of reaction, no BVO products were detected.

In all likelihood, there were two clear limitations in the coupling of the systems in one pot at
the chosen reaction conditions.

Firstly, there was a limitation on the H>O» formed, the higher concentration obtained was 0.05
M for 1Pd-1Au/TiOx200) in pure MeOH, while in the 1:9 mixture only about 0.017 M was
obtained, which was far below the typical oxidant concentration used for BVO reaction (0.5
M). It should be reminded that, as described in Fig 3.9, the BVO initial reaction rate is
independent of the oxidant concentration, when using ratio > 0.75:1. However, at lower ratios
the initial reaction rate becomes first order dependant respect to the oxidant. Thus, at the
concentration reached at the used reaction conditions the initial reaction rate would drastically
be decreased.

Secondly, the BVO reaction was highly limited at the chosen working temperature. From the
Arrhenius equation reported in Fig 3.12, the reaction time needed to obtain 10 % of CyO
conversion (considering the usual 0.5 M of oxidant) could be calculated to be about 17 h, and
the reaction was only ran for 6 h. Additionally, batch reactions of in situ H.O, formation typically
ran for a short period (30 min), since longer reaction times are likely to promote its
decomposition as no stabilisers are added to the reaction mixture.

Therefore, when combined, these circumstances likely support the observation that no BVO
reaction took place during the attempt to couple the two systems in one pot.

Given that the two reactions required completely different needs, a successful one-pot
approach would require scaling up the volume and gas charged to produce higher amounts of
oxidant, and the reaction time would need to be extended considerably to be able to detect
the lactone product, indicating that coupling in situ H2O; formation and BVO reaction in one

pot was not possible at this stage.

5.3.5 Coupling in situ H202 production with BVO in two pots

In an alternative approach, the coupling of these two systems can be performed in two pots,
by first producing the H2O- in situ, and then using it as oxidant for the BVO reaction in a second
optimised reaction step.

With the aim of proving the viability of this second approach, the coupling of the two systems
was carried out in two individual steps. Firstly, a scaled down version of the in situ H2O-
reaction was performed (both catalyst and solvent volume were halved) at the reaction

conditions optimised along this chapter, i.e. using Pd-Au/TiOxz00) in MeOH at 10 °C for 30 min
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in a stainless-steel autoclave of 100 mL. Secondly, after H.O> synthesis, the reaction was
stopped, the gas released, and the reactor vessel was opened. Subsequently, a solution of
the appropriate volume of CyO in 1,4-dioxane, in order to obtain a 1:9 mixture of MeOH/1,4-
dioxane (45 ml), and 2Sn-B (1 mol. % respect to CyO) were added into the reactor and the
temperature was raised to 50 °C to perform BVO reaction for 6 h.

45 mL of CyO 0.33M in 1,4-dioxane
1 g of 2Sn-B (1 mol. % respect to CyO) ﬂ

Step 1: Step 2:
T=10°C T=50°C
30 min 6h
5 ml MeOH > —_
5 mg Pd-AWTiO 00 H,+ O, In situ H,0, BVO BVO Products

40 bar

Scheme 5.5. Representation of the coupling of in situ H202 formation with BVO in two

steps.

In this experiment, 15 % of CyO conversion was observed, as in the presence of MeOH some
ketal formation occurred. However, 0.1 % of Capr yield was observed after 6 h of reaction,
indicating that the H»O; produced in situ was indeed able to act as oxidant for the BVO
reaction. Herein, despite the very low amount of the desired lactone obtained, this positive
result proves the potential of coupling these two reaction systems in two stages. Further

discussion of this can be found in Chapter 7.

5.4 Conclusions

Various approaches to reduce the presence of H2O in the BVO / Sn- / H,O; reaction system
are investigated in this chapter with the aim to boost Capr selectivity by decreasing the
hydrolysis reaction of the desired lactone to the corresponding hydroxyhexanoic acid. Upon
the difficulties faced for the successful removal of H;O, in situ production of H,O, and its
coupling with the BVO / Sn-B are considered, requiring the investigation of both systems
separately and the evaluation of the viability to couple them. In situ production of H,O; has
been successfully reported for the production of low concentrations of H,O, and can avoid the
safety transportation and storage issues commonly attached to the commercial aqueous H:O..
Optimisation studies of direct in situ H>.O, formation from H2 and O2 show that high productivity
values can be obtained when employing Pd-Au/TiO; catalyst in MeOH medium at low reaction
temperatures, whilst pure 1,4-dioxane, the most convenient solvent for the BVO reaction,

exhibits significantly lower H>O> productivity value during in situ H.O production.
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However, a detailed study on MeOH as solvent for the BVO reaction of CyO reveals the
detrimental effect of this medium in the BVO reaction rate, since a strongly favoured
acetalisation reaction occurs leading to the formation of ketals.

Remarkably, the employment of a solvent mixture MeOH/1,4-dioxane in a ratio 1:9 results in
benefits to both systems, improving the H.O, formation compared with pure 1,4-dioxane, and
improving the catalytic activity for BVO reaction relative to pure MeOH (at 50 °C), decreasing
significantly the acetalisation side reaction without compromising too much the BVO reaction
rate obtained in pure 1,4-dioxane.

Accordingly, these results pointed to a solvent mixture MeOH/1,4-dioxane in a ratio 1:9 as the
only viable alternative for the coupling of in situ H.O> production and BVO reaction, despite
implying a big sacrifice on both individual reaction rates.

Unfortunately, coupling the two systems in one pot was unsuccessful, emphasising the very
different needs of each reaction system. Nevertheless, a preliminary test in two stages, by first
producing the H.0O- in situ in MeOH at 10 °C and diluting this reaction solution to be 1:9 in 1,4-
dioxane for the BVO reaction at 50 °C, successfully proved the feasibility of the overall system
to work in two pots.

Although preliminary, this positive last result opens up the possibility to explore this approach
in the future. By working in two stages, both systems can be independently optimised in order
to increase H.O- productivity and obtain high BVO reaction rates and hence, upgrading the

sustainability of the BVO chemistry.
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6. Chemo-selective lactonization of
renewable succinic acid  with
heterogeneous catalysts

6.1. Introduction

As discussed in Chapter 1, renewable feedstock utilisation has become increasingly
demanded as a green alternative in order to replace the limited repository of fossil fuel
feedstocks, the most common feedstock in use.? In this regard, biomass represents one of
the most promising renewable feedstocks to be employed to produce biofuels, commodity
chemicals and new bio-based materials such as bioplastics.>® Some of its multiple advantages
rely on its high functionality and chemical diversity, which allow a reduction in the number of
processing steps for functional group insertions, and permit higher carbon chain length
molecules (C4+), typically not present in other emerging feedstocks to be obtained.®’
Moreover, utilisation of second generation biomass, such as lignocellulose, results in a lower
lifecycle CO, emission, higher productivity in terms of sugar produced per acre and per unit
time, no competition with food crops, unlike other first generation biomass such as bio-ethanol,
and it can be grown on marginal land.®® For instance, cellulose, the most abundant component
of lignocellulose, accounts for the 60 - 90 % (by weight) of all bio-renewable material, and

therefore represents the most viable and sustainable source of carbon chemical production.*®
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Amongst possible strategies for converting cellulose into valuable chemicals, catalytic
methodologies offer several advantages, particularly in the context of process intensification.
Of these strategies, one of the most promising involves the catalytic conversion of various
‘platform’ molecules, obtained by controlled depolymerisation or fermentation of cellulose.!
Some of the most relevant examples include glucose, fructose, 5-hydroxymethylfurfural, 2,5-
furandicarboxylic acid, 3-hydroxypropionic acid and glycerol, amongst others (Scheme
6_1)_12,13

OH QH OH OH O
HO\/‘\/\/\ -
7 Y OH HO =~ " “OH
OH OH OH OH
Sorbitol Gluconic acid
N\ Ho / o 0 o
0 oH 0 HOY\)J\
’ HO oH — \ [ —
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Glucose 5-Hydroxymethylfurfural Levulinic acid

HOY\/OH ? o) ?
3 HOWOH

3-Hydroxypropionic acid 2 ,5-Furandicarboxylic acid

Scheme 6.1. Some relevant catalytic routes to convert cellulose into different platform

molecules.

In fact, the catalytic conversion of several of these platform molecules has received an
enormous amount of attention over the last decade. However, despite the surge of interest in
renewable chemical production from these platform molecules, a number of other platforms
with high potential have received relatively little attention. A key example is succinic acid
(SA).}415 Classically obtained by the hydrogenation of butane-derived maleic anhydride,
thanks to biotechnological advances SA can now be produced from renewable biomass via
enzymatic fermentation of glucose on a kiloton scale, as demonstrated by several
companies.’®!° Its advanced stage of production via sustainable processes, and its widely
accepted high potential as C4 platform molecule, since it has been included in the top list of
building block molecules for the production of high value chemicals? point to SA as being one
of the strategic platform molecules with high interest for future industrial applications.?* As a
matter of fact, an important number of commodity chemicals, including 1,4-butanediol (BDO),
tetrahydrofuran (THF) and y-butyrolactone (GBL), can be obtained from SA over a suitable

catalytic material (Scheme 6.2).
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Scheme 6.2. Potential routes for renewable SA valorisation.

Of particular interest is the reductive valorisation of SA to BDO and GBL, which are key
monomers in the polymer industry.??2® For instance, GBL was normally considered to be a
“non-polymerizable” monomer due to the low strain energy of the five-membered ring.
However, it has been recently successfully polymerised through ring opening mechanism and
used efficiently as co-monomer to modulate material properties of polyesters.24%
Furthermore, the conversion of SA to GBL has been identified as one of the most
technologically attractive processes, as it opens routes towards various commodity
compounds and additional downstream monomers, such as 2-pyrrolidone. 32627

Typically, hydrogenation of SA to BDO, GBL and THF is carried out with the assistance of
heterogeneous catalysts, especially metal supported nanopatrticles. Interestingly, the catalytic
activity of SA towards these three main products (high selectivity) can be turned by varying
both the type of catalyst and the reaction conditions applied. Predominantly, these reactions
are conducted in the gas-phase or in organic solvents, such as 1,4-dioxane.?®?° However, in
the last decades, some interesting examples of SA aqueous hydrogenation, an important
medium when using renewable derived compounds, have also been reported.**3 In terms of
reaction conditions, it has been shown that parameters such as temperature or pressure play
an important role. Generally, selectivity towards THF increases with pressure and
temperature, whilst BDO formation is usually favoured at lower temperatures.

In Table 6.1, some of the most relevant reports regarding SA reductive valorisation to GBL
are compiled. There, it can be seen that although classical hydrogenation catalysts, such as

supported Ru or Pd nanopatrticles, have been shown to be active heterogeneous catalysts for
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this reaction, generally, high reaction temperatures (up to 240 °C) and high pressures (up to
80 bar), and usually long reaction times have previously been required in order to reach high
levels of product yield.

Table 6.1. Comparison of reaction conditions and GBL productivities reported in the

literature.
Catalyst GBL | Reactor GBL Sea /
Entry T/°C P/ bar productivity / | productivity / % Reference
g g(cat)*h™ gcm3ht
1 240 40 0.319 1.59 x 103 95 29
2 240 80 0.039 4.38 x 10* 66 32
3 220 80 0.465 4.65x10°3 64 33
4 200 60 0.173 1.39 x 103 95 34
5 240 60 0.307 1.23x 103 72 35
6 240 30 0.364 2.43 x10°3 94 36
7 200 80 0.165 3.32 x10* 88 37
8 240 30 0.230 4.61x10°% 65 38
9 160 150 0.082 6.81 x 10* 95 39
10 180 80 0.398 9.96 x 10 69 40
11 240 80 0.398 3.98 x 10 61 41

For example, the processes which reported the highest GBL productivity (Table 6.1, Entries
3, 10 and 11) operate with very high pressure, and their selectivity towards GBL was < 70 %.
On the contrary, processes which reported high selectivity towards GBL usually display lower
productivity values. Therefore, it is clear that investigation of the overall reaction network, and
particularly the selective production of one particular reaction product, has not yet been
achieved.

Although achieving high levels of selectivity during the upgrading of bio-renewables is

especially challenging, given their high levels of functionality and reactivity, it is an essential
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task given the economic and energetic cost of downstream separation. In regard of this, the
nature of the metal and/or combination of metals present in the catalyst, the type of supporting
material and the nature of their interactions, will determine the selectivity towards certain
products. The metal loading and preparation method are also likely to be highly influential for
catalytic performance.

Herein, this chapter is focused on the investigation of suitable catalysts for SA hydrogenation,
with special interest paid to achievieng high selectivity towards GBL, by:

i)  The optimisation of the reaction conditions.

ii)  The optimisation of the catalyst design by selecting the proper metal, support and

preparation method.

6.2 Results and discussion

6.2.1 Preliminary studies for SA hydrogenation

As already mentioned, the catalytic hydrogenation of SA can result in a variety of important
commodity chemicals, including THF, GBL and BDO, amongst others. Given how the reaction
conditions can impact the overall activity and selectivity, the choice of reaction conditions
including time, temperature, pressure and catalyst loading required optimisation for the
highest levels of performance to be achieved.

Based on the reported ability of Ru nanoparticles to hydrogenate SA, preliminary studies for
the optimisation of the reaction conditions were performed with a commercially available
Ru/Al,Os catalyst (5 wt. % Ru, reduced, henceforth denoted 5Ru/Al>Oscowmy). Firstly, a series
of experiments varying the reaction temperature from 140 to 270 °C was carried out at different
times (from 1 to 4 h) in order to identify the optimal reaction temperature for SA catalytic
hydrogenation.

Preliminary reaction conditions involved 15 mL of 0.2 M SA in 1,4-dioxane, 15 bar of Hz, and
1 mol. % of Ru with respect to SA, at different reaction temperatures and times. Reactions
were carried out following the experimental procedure described in Section 2.4.8, and were
monitored by High Performance Liquid Chromatography (HPLC) and Gas Chromatography
(GC). The total product yields obtained as function of the working temperature employed are

summarised in Fig 6.1, left.
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Figure 6.1. (Left) Total product yield obtained from the hydrogenation of SA over
5Ru/Al20O3cowmy at various reaction temperatures for 1 h and 4 h of reaction time and
(Right) Arrhenius plot determined from the effective rate constant at 1 h of reaction at
various temperatures. Reaction conditions: 15 mL of 0.2 M SA in 1,4-dioxane, 1 mol. %
of Ru respect to SA, 15 bar Ho.

As can be seen in Fig 6.1, increasing the time (4 h vs. 1 h) and the temperature (140 - 270
°C) of the reaction resulted in an increased amount of product yielded from SA. Under the
stated reaction conditions, a maximum product yield of approximately 80 % was achieved, at
temperatures of 230 and 270 °C for 4 h and 1 h reactions, respectively.

Subsequently, the series of experiments carried out for 1 h of reaction were used to determine
the effective rate constant of each reaction (Equation 6.1) based on the total product yield

obtained:

—In(1 — Total product yield/100)
time

kepr = [Equation 6.1]

Where time is expressed in seconds and Kes units corresponds to a first order rate constant.
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Comparison of ke at different temperatures allowed a preliminary Arrhenius expression for
5Ru/Al,O3com to be generated according to Equation 3.3 (Figure 6.1, right). This revealed the
activation energy of the system to be 79.7 kJ mol™.

Although different product distributions were observed depending on the temperature
employed, it should be mentioned that all reaction yielded to the same major products: GBL
and propionic acid (PA), small amounts of butyric acid (BA) and some traces of BDO, whereas
no THF was produced, even at the highest temperature tested (270 °C). Additionally, traces
(< 1 mol. % carbon) of CO», methane (CH.), ethane (C.Hs) and propane (CsHs) were detected
in the gas phase. In total, these products and the remaining unconverted substrate accounted
for > 95 % of the carbon balance calculated in each of these reactions.

To gain a better insight of how the choice of temperature and time influence the overall reaction
performance, the product distribution obtained after 4 h of reaction between 170 - 230 °C was
investigated in greater detail. Consequently, more thorough analysis was performed by

repeating reactions at 170, 200 and 230 °C for various periods of times (Fig 6.2).
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Figure 6.2. (Left) Product distribution obtained following the hydrogenation of SA by
5Ru/Al203(com) at various reaction temperatures for 4 h and (Right) iso-conversion profile
obtained between 170 - 230 °C for GBL selectivity. Reaction conditions: 15 mL of 0.2 M
SA in 1,4-dioxane, 1 mol. % of Ru respect to SA, 15 bar H: at the stated working

temperature.
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As can be seen in Fig 6.2, left, the product distribution was highly dependent on the reaction
temperature. By plotting the GBL selectivity observed at several points of SA conversion
(Figure 6.2, right),* it can be noticed how, at overlapping levels of conversion, high
temperature (230 °C) favoured PA formation with a selectivity + 50 %, whilst selectivity towards
GBL was + 30 %. However, as the reaction temperature decreased, selectivity towards PA
was slowly lowered in benefit to GBL selectivity, resulting in selectivity to PA of 32 % and a
selectivity to GBL of 50 % at 170 °C. Interestingly, at each reaction temperature, the GBL
selectivity was almost invariant at all levels of product yield, indicating that formation of GBL
and PA were not related with 5Ru/Al>O3cowm), i.€. consecutive conversion of these products
appears to be unlikely. Therefore, it was clear that the GBL selectivity was always higher at
lower reaction temperatures. Given the potential of the SA-GBL process, in addition to the
desire of maximising the process selectivity during biomass conversion, all further
experiments were conducted at 170 °C, as this provided the best level of selectivity towards
GBL.

Further control experiments to evaluate whether the reaction occurred in a catalysed manner,
were carried out at the same reactions conditions, but in absence of catalyst or hydrogenating

agent (H2). The results are summarised in Table 6.2.

Table 6.2. Catalytic activity of SA hydrogenation obtained for different control

experiments.

Type of reaction Yield GBL / % Yield PA/ %
Catalyst, H 11.6 6.6
Hz only 0 0
Catalyst only 0 0

Reaction conditions: 15 mL of 0.2 M SA in 1,4-dioxane, at 170 °C for 4 h of reaction with

1 mol. % of Ru respect to SA and 15 bar H2 where appropriate.

This set of experiments revealed that in the absence of catalyst or Hz, no conversion of SA
was observed, confirming the heterogeneous and hydrogenative nature of the reaction,
respectively.

Once the optimal reaction temperature was established (170 °C), the reaction was repeated
several times for a period of 4 h to permit determination of the experimental errors (Annex).
Based on this, an experimental error of 9 % was applied to the relevant kinetic parameters in

all further experiments (conversion (X), yield (), selectivity (S) and carbon balance (C Bal)).
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Subsequently, the effect of other parameters involved such as pressure and mol. % of catalyst
with respect to SA were investigated, in order to ensure maximal GBL productivity.

6.2.1.1 Optimisation of the initial H> pressure

Firstly, the initial pressure was varied from 5 to 40 bar of H> in a set of experiments carried out
for 2 h, using 1 mol. % of Ru at 170 °C. These results are compiled in Fig 6.3.
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Figure 6.3. Impact of initial Hz pressure during the hydrogenation of SA by
5Ru/Al203ccomy at 170 °C. Reaction conditions: 15 mL of 0.2 M SA in 1,4-dioxane, at 170

°C for 4 h of reaction with 1 mol. % of Ru respect to SA and the stated H2 pressure.

As reported in Fig 6.3, catalytic activity could be improved by increasing the initial H. pressure
from 5 to 30 bar. However, above this level of initial H, pressure, no increase in the reaction
rate was observed, indicating the presence of sufficient Hz in the reaction medium to perform
the reaction independently from its initial pressure. Importantly, selectivity towards GBL was
not overly affected by modifying the reaction pressure under the influence of 5Ru/Al>O3com),
and comparable selectivity to both GBL and PA were always observed across the entire initial
H. pressure range tested. Additionally, the carbon balance obtained for this set of experiments
was > 98 % across the whole pressure range tested.

It should be mentioned that the reactor used was equipped with a bursting disk with a
maximum operational pressure of 65 bar, and that after the heating process, with the additional

autogenic pressure generated when using 40 bar of Hy, the pressure was close to 60 bar.
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Hence, for safety considerations and given that no further improvement in terms of catalytic
activity was observed between 30 and 40 bar of initial H2 pressure, 30 bar was selected as
the optimal initial H. pressure for all further experiments.

6.2.1.2 Optimisation of the catalyst loading

Subsequently, a second set of experiments, varying the catalyst loading (catalyst mass) used
during the reaction, from 0.5 to 5 mol. % of Ru with respect to SA, was carried out to elucidate
the suitable mass of catalyst to be employed in order to ensure catalytic performance in the
kinetic regime.
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Figure 6.4. Impact of catalyst loading (catalyst mass) during the hydrogenation of SA by
5RuU/Al203cowmy at 170 °C, 15 bar of H2 after a period of 2 h of reaction.

As revealed in Fig 6.4, left, a linear relationship between catalyst loading and initial rate of
reaction (based on total product yield) could be observed up to catalyst loadings of 2 mol. %
Ru. However, at the highest levels of catalyst loading (5 mol. % of Ru, corresponding to 0.3 g
of catalyst mass) the reaction rate deviated from linear, reaching lower total product yield than
expected. Hence, potential contributions from transport limitations may occur at the highest
levels of catalyst loading.

Interestingly, analysis of the products yielded along this set of experiments (Fig 6.4, right)

displayed similar product distributions, suggesting that selectivity towards GBL was not overly
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affected by modifying the catalyst mass in the reaction and comparable selectivity to both GBL
and PA were always observed across the entire catalyst loading range (mol.%) tested. Thus,
it is clear that optimal performance in terms of catalytic activity, GBL selectivity and process
favourability is achieved at 170 °C, initial H, pressures of 30 bar, and catalyst loadings of 2
mol. % or lower.

Accordingly, a time online analysis of SA hydrogenation using 5Ru/Al>Ozcom was carried out
by performing individual reaction runs for different periods of time, at 0.5 mol. % of Ru loading.
This set of experiments aimed to evaluate the catalytic performance at the chosen optimal
conditions, and to identify the evolution of product distribution, especially selectivity towards

GBL, across the whole reaction period.

H% s % —>— SGBL
100 - 100 + -
[ ~ < SPA

so I Y BA - 80 .

o
S 60- . 60 - g o
> ~ ? B
- n B
< =
40 - . 40 - ) .
A4
E qg
20 - i 20 - .
0- — — T 0 — T T T T T
0 500 1000 1500 2000 0 20 40 60 80 100
Time / min X1 %

Figure 6.5. (Left) Time online analysis obtained at the optimal reaction conditions and
(Right) selectivity to GBL and PA as function of SA conversion. Reaction conditions: 15
mL of 0.2 M SA in 1,4-dioxane, at 170 °C, 0.5 mol. % of Ru respect to SA and 30 bar Ho.

As shown in Fig 6.5, left, conversion gradually increased, reaching levels of 46 and 80 % after
16 and 32 h of reaction, respectively. The carbon balance obtained at the end of each
individual reaction was around 100 %, suggesting that no unaccounted products were formed,
even at high levels of conversion. It should be highlighted that product distribution remained
unchanged across the whole reaction period, and, as observed in Fig 6.5, right, selectivity

towards GBL could be maintained between 45 - 60 % along the whole extent of reaction. In
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contrast, selectivity towards PA was lower, between 25 - 35 %. This fact strongly suggests, as
it was briefly previously mentioned, that the production of GBL and PA are conducted through
two different reaction pathways and not by consecutive reactions. Hence, more detail of this
aspect is discussed in following sections.

6.2.2 Preliminary identification of the reaction network

From the preliminary studies aimed at elucidating the optimal reaction conditions, it was shown
that the main products from the liquid-phase were GBL, PA and some BA and BDO and the
gas-phase products detected were traces of CO,, CH4, C2Hs and CsHs.

Accordingly, to gain a greater understanding of the reaction system, product stability studies
were performed to investigate the possible interconversion between the products formed
during the reaction. This study was performed by substituting the SA substrate from the
reaction mixture with other feasible products of the reaction network, including PA, BA, GBL

and BDO, and testing their reactivity as substrates under the same reaction conditions.

Table 6.3. Product stability studies performed under typical reaction conditions.

System Y GBL /% Y PA /% Y BA /% Y BDO / %
GBL, Hy, catalyst - 1.8 3.0 0.9
BDO, Hy, catalyst 1.3 - 0 0

PA, Hy, catalyst 0.2 0.5 - 0
BA, H., catalyst 0 0.4 0 -
GBL, Ha, no catalyst - 0 0 0
GBL, Ny, catalyst - 1.0 0 0

Reaction conditions: 15 mL of 0.2 M of substrate in 1,4-dioxane, at 170 °C, 0.5 mol. %

of Ru respect to SA and 30 bar H2 for a period of 6 h.

As reported in Table 6.3, low levels of reactivity were observed for all these substrates under
comparable reaction conditions to SA, with only GBL demonstrating more than trace levels of
conversion to any other product. The low levels of reactivity observed in each of these cases
indicates that there are no major consecutive reactions present, and that the main products
observed during SA conversion with 5Ru/Al;O3com to GBL and PA, occurred from two
separate pathways, as well as SA to BA, at a lower extent. This fact was further supported by
the observation that selectivity obtained towards GBL during SA hydrogenation was almost

invariant at all levels of product yield (Figure 6.5, right).
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It should be noted that other potential products involved in the reaction network, such as THF
from further GBL hydrogenation, and propanol and/or butanol, which were reported in previous
studies from the extended reaction routes from PA and BA,?® were not detected at the optimal
reaction conditions chosen for the hydrogenation of SA over 5Ru/Al203cowm).

Additionally, the composition of the gas products was further investigated by analysing the gas
phase of the experiments above, as described in Section 2.5.1.1.3, and by carrying out a
series of control experiments in the absence of the substrate (Table 6.4).

Table 6.4. Gas production obtained for different control experiments.

Type of reaction Y CO2 /% YCHia/% | YCoHe/ % Y CsHs / %

Standard reaction 0.002 0.144 0.017 0.001
1,4-dioxane, cat, Hz (2h) 0 0.303 0.049 0
1,4-dioxane, cat, H 0.001 0.830 0.121 0
1,4-dioxane, cat, N2 0 0 0 0

GBL, cat, H 0.001 0.250 0.037 0.003

BDO, cat, H 0.003 0.232 0.014 0.003

PA, cat, Hz 0.002 0.967 0.252 0.012

BA, cat, H, 0.002 0.899 0.173 0.040

Reaction conditions: 15 mL of 0.2M substrate in 1,4-dioxane, at 170 °C, 0.5 mol. % of

Ru respect to SA and 30 bar Hz for a period of 6 h, otherwise stated.

As reported in Table 6.4, at the optimal reaction conditions chosen, the gas products detected
were CO;, CHs4, C:Hs and CsHs. However, from the control experiments performed in the
absence of SA, it could be determined that traces of CH4 and CzHs originated mainly from the
fragmentation of 1,4-dioxane at the hydrogenation conditions used, since their presence was
detected in increasing amounts in the 1,4-dioxane / catalyst / Hz solution (in the absence of
substrate) at increasing reaction times, whilst in the absence of hydrogenation agent, 1,4-
dioxane did not lead to any gas product formed.

Control experiments starting from the different liquid-phase products (GBL and BDO) showed
a gas products distribution similar to the standard reaction, whereas the amount of CsHs
increased slightly when starting from PA and BA. This suggests that CsHs, observed in the
standard reaction gas phase, is likely to mainly be produced from the fragmentation of these
two products (PA and BA).
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These control experiments demonstrate the high stability of the main products and their low
levels of interconversion, allowing to describe the overall reaction network in both, liquid and
gas phases, as shown in Scheme 6.3.
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Scheme 6.3. Full reaction network of SA hydrogenation at the optimal reaction
conditions.

6.2.3 Catalyst design studies

Having optimised the reaction conditions to favour GBL formation and elucidated the complete
reaction network, attention was focused on the nature of the catalyst itself, since the choice of
a suitable catalyst is crucial to optimise the overall catalytic performance.

In the quest of identifying the most appropriate catalyst for the selective hydrogenation of SA
to GBL a series of commercial catalysts available with 5 wt. % metal loading were tested at
170 °C, using 0.5 mol. % of metal with respect to SA, and 30 bar of H, over a period of 4 h.
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Figure 6.6. Catalytic activity obtained for SA hydrogenation using different commercial
catalysts at the optimal reaction conditions after 4 h of reaction. Reaction conditions: 15
mL of SA 0.2 Min 1,4-dioxane, at 170 °C, 0.5 mol. % of Ru respect to SA and 30 bar H:
for a period of 4 h.

As reported in Fig 6.6, clear differences in terms of product distribution could be observed
between Ru and Pd based catalysts. Whilst 5Ru/Ccowm performed similarly to 5SRu/Al>O3com),
leading to GBL selectivity of approximately 55 %, commercial Pd catalysts presented much
higher GBL selectivity, at 92 and 84 % for 5Pd/Ccom and 5Pd/Al>O3cowm), respectively, with
PA selectivity < 5 %. Despite displaying lower SA conversion at the same reaction conditions,
the lack of by-products indicate that Pd is a better metal to be used for the selective
hydrogenation of SA to GBL.

In view of these results, the properties of a solid, such as the choice of metal, its level of
loading on the support, and the method of preparation, manifested to dramatically impact the
overall performance of a heterogeneous catalyst. Accordingly, the design of more active and
selective heterogeneous catalysts is an essential requirement during the development of

optimal chemical processes.
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6.2.3.1 Investigating the choice of metal

Given the high activity observed over Al;Os-supported Ru nanoparticles, a variety of
analogous Al,Os-supported metal nanopatrticles were prepared to be screened for the catalytic
hydrogenation of SA. Metals selected for this study were Pd and Ru, which have already
positively demonstrated their ability to carry out this reaction when used as commercial
catalysts; and Ni, Ir and Cu, also commonly used as hydrogenating catalysts.

Catalysts were prepared by co-precipitation (COP) following the synthetic procedure
described in Section 2.3.2.3, as this is known to permit the production of well-dispersed
nanoparticles, along with the generation of high surface area (Sger) supports, both critical
factors during heterogeneous catalysis.*® Initial metal loadings of 2 wt. % were targeted,
henceforth materials were denoted 2M/Al>,O3zcor), Where M represents the metal supported.
Prior to use, all samples were reduced at 200 °C for 3 h, under a flow of 5 % Ha/Ar. Additionally,
the bare support, Al.Oscor), Was prepared following the same methodology and heat
treatment.

All materials were fully characterised by various techniques to ensure a correct preparation of
the material prior being tested as catalytic materials for SA hydrogenation. Firstly, catalysts
were analysed by X-Ray Diffraction (XRD), to investigate the crystalline structure obtained in

the synthetical procedure (Fig 6.7).
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Figure 6.7. XRD patterns obtained for Al;Ozcorysupport and 2M/Al20s prepared by COP.
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XRD analysis showed that all materials displayed the same diffraction pattern which
corresponded to the alumina support, with main diffraction peaks observed at 13.9, 28.5, 38.5,
49.2, 65.0 and 72.0 (206). This diffraction pattern can be attributed to the pseudo-boehmite
alumina phase.** All samples presented then the same structural pattern and similar
crystallinity levels, except for 2Cu/Al.O3cor), where some impurities in the XRD pattern were
observed, and lower crystallinity could be seen. These impurities are likely to be caused by
extra carbonate species from the synthesis not entirely removed during the washing.

20171030 09:52 HMUDB6 x600 100 1 50 pm

Figure 6.8. SEM images of 2M/Al203(cop).

Additionally, Scanning Electron Microscopy (SEM) was used to investigate the crystal
morphology of the catalysts (Fig 6.8). Images obtained by SEM presented a common
appearance along the whole set of materials, indicating that all of them posses the same
common support material. Subsequently, Energy-Dispersive X-ray (EDX) spectroscopy was
employed to verify the metal loading deposited onto the alumina support during the different

preparations. The results obtained are summarised in Table 6.5.
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Table 6.5. Characterisation of different M/Al.Os prepared by COP method.

Material prepared by COP method Loading ®/ % Seer P /m? gt
Al;O3 - 245
2Pd/Al;0O3 1.7 256
2Ru/Al>03 2.0 263
2Ir/AlO3 n.d. 218
2Cu/Alx03 14 107
2Ni/Al2O3 1.8 240

2 Metal loading obtained by EDX measurements and ° Sger calculated by BET method

from the N2 adsorption isotherm data.

As compiled in Table 6.5, the theoretical loading of 2 wt. % M was only achieved in the case
of 2Ru/Al-O3(cor), although fairly high loadings could be obtained for the rest of the materials
analysed,with all > 1.4 wt. %.

Porosimetry analysis by N2 adsorption allowed the textural properties of the materials to be
characterised, showing all materials to have high Sger. Sger values obtained were in the range
of 200 - 270 m? g%, except for the Cu sample, which presented significantly lower Sger, about
the half of the rest of the materials within the series, with only 107 m? g2,

In view of all the characterisation results described above, generally, all catalytic materials
prepared by COP method do not manifest significant differences in terms of structural pattern,
morphology and textural properties, except for 2Cu/Al.Os, whose characterisation indicates a
poor success in its preparation. Despite repeating the preparation several times, to exclude
an isolated human error during its first synthesis, all Cu samples presented the same
characterisation, suggesting that this synthetical method, is not appropriated to prepare
Cu/AlLO3 catalyst, at least under the working conditions chosen.

Once fully characterised, 2M/Al>O3cor) catalysts were tested for the catalytic hydrogenation of
SA at the optimal conditions identified for the catalyst screening (170 °C, 30 bar Hz, 2 mol. %
metal with respect to SA). Note that in Section 6.2.1, it was demonstrated that a linear
relationship between total product yield and catalyst loading up to 2 mol. % can be achieved,
and within this range, catalytic reaction can be performed under kinetic regime (Fig 6.4).
Accordingly, in order to maximise the productivity and allow a better comparison between the
catalysts tested in further studies, all following reaction were performed using 2 mol. % of

metal, unless otherwise stated.
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Figure 6.9. Product distribution obtained for SA hydrogenation using various
2M/Al203(cop). Reaction conditions: 15 mL of SA 0.2 M in 1,4-dioxane, at 170 °C, 2 mol.
% of metal and 30 bar Hz, for a period of 4 h.

As can be seen in Fig 6.9, some catalytic activity for SA hydrogenation was observed when
Pd or Ru were deposited onto the co-precipitated support Al.Os. In contrast, other established
hydrogenation catalysts such as Cu, Ni and Ir were substantially less active, or not active at
all. It has been confirmed by the characterisation performed that, except for the Cu samples,
which could not be prepared successfully, the rest of the materials possessed very similar
characteristics. Hence, the discrepancies in the catalytic activity observed in Fig 6.9 are likely
to be due to the nature of the metal itself and its capability to drive the SA hydrogenation
reaction. An example of that is given by the observation that although possessing great
similarities, Pd and Ru, the only two metals which showed significant activity for SA
hydrogenation at the reaction conditions used, manifested considerably different catalytic
activity, the activity observed for 2Ru/Al>O3cop) being much lower than for 2Pd/Al>Oscop).

Remarkably, although 2Ru/Al.O3cory Was lower in activity than its analogous 5Ru/Al>Ozcom
(which in 2 h of reaction already achieved = 20 % of total product yield when used at the same
catalyst loading of 2 mol. %, Fig 6.4) the product distribution was comparable for both

catalysts, with both GBL and PA displaying similar levels of selectivity.
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However, 2Pd/Al>O3cor), Which was over three times more active than the analogous
2Ru/Al,O3cor), achieved much greater GBL selectivity. The fact of obtaining dramatically
improved GBL selectivity when replacing Ru with Pd onto Al>Os3, already indicated by the study
on commercial catalysts (Fig 6.6), clearly points to Pd as a better metal to be used for the
selective hydrogenation of SA to GBL.
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Figure 6.10. Comparison of catalytic activity obtained at identical reaction conditions for
5Pd/Al203(comy and 2Pd/Al>O3zcor). Reaction conditions: 15 mL of SA 0.2 M in 1,4-
dioxane, at 170 °C, 0.5 mol. % Pd and 30 bar H: for a period of 4 h.

It is worth mentioning also that synthesised 2Pd/AlOscor) tested at identical reaction
conditions than 5Pd/Al,Ozcowm), i.e. 0.5 mol. % Pd (Fig 6.10), displayed greater levels of
catalytic activity, indicating the suitability of the synthesised catalyst. Hence, the catalyst
design is moving in the appropriate direction, since equivalent levels of GBL selectivity can be
obtained with higher overall catalytic activity observed. Thus, 2Pd/Al>O3cor) is @ more efficient
catalyst for SA valorisation to GBL than the commercial analogue in the context of process
intensification.

6.2.3.2 Detailed investigation on 2Pd/Al>O3(cop)

Synthesised 2Pd/Al,Ozcory demonstrated an excellent ability to selectively convert SA to GBL
at the optimal reaction conditions chosen. However, it was noticed that increasing the catalyst

loading from 0.5 to 2 mol. % entailed a drop of carbon balance of around 15 - 20 %, also
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observed for all the different metal supported on Al.Oscor). This loss of carbon balance may
be caused by two factors: i) the formation of other by-products not detectable by HPLC and
GC-FID, the two analytical techniques used, or ii) substrate adsorption on the catalyst surface.
Accordingly, to get a better insight on the nature of the carbon balance loss observed, whether
it was caused by SA adsorption on catalyst surface or not, a series of reactions (Table 6.6)
using 2Pd/Al,O3zcor) Were tested at varying mol. % ratios: the bare Al.Oscory (@amount
equivalent to 2 mol. % Pd), 0.5 mol. % Pd, 0.5 mol. % Pd + Al>O3cor), and 2 mol. % Pd. For
0.5 mol % Pd + Al,O3(cor), extra Al,Oscor) Was co-added to reach the equivalent total mass of
support use for 2 mol. % Pd reaction.

Table 6.6. Experimental details of various SA hydrogenation reactions performed using

Al203(cor) and 2Pd/Al203z(cor) using different Pd and support quantities.

Entry Catalyst mol. % Pd mg Pd mg support
A Al,O3(cop) 0 0 314
B 2Pd/Al,O3cop) 0.5 1.6 78
C 2Pd/Al;03(cop) + Al2O3(cop) 0.5 1.6 314
D 2Pd/Al2O3cop) 2 6.4 314

This set of experiments, shown in Fig 6.11, was highly revealing. Firstly, a conversion of 16 %
with no products observed was obtained for Entry A, which may indicate that substrate
adsorption was occurring, and causing the drop of carbon balance observed due to “fake”
conversion. Furthermore, Entries B and C, with the same amount of active species, exhibited
similar product distribution and GBL yield, but the co-addition of extra support entailed an
increase of SA conversion and higher drop of carbon balance. The same extent of carbon
balance loss than at Entry C was also observed for Entry D, suggesting that this loss was
proportional to the amount of support and the higher was the amount of support present in the
reaction media, the higher was the degree of SA adsorbed. Unfortunately, these experiments
also showed how the selectivity towards GBL was affected by the amount of Al>O3copr) present,
with a decrease from 83 to 61 % for Entries B and D, respectively, and it was even more

pronounced for Entry C, where the extra support carried an increase of observed conversion.
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Figure 6.11. Catalytic performances of bare Al203cor) support and 2Pd/Al203cor) for SA
hydrogenation using different Pd and support quantities (Table 6.6). Reaction conditions:
15 mL of SA 0.2 M in 1,4-dioxane, at 170 °C, 30 bar of H2, for 4 h of reaction.

To fully confirm the nature of this conversion observed, i.e. to ensure that this level of
conversion did not actually occur but was caused by adsorption of SA onto the support
surface, some samples of Al,Oscor) Were investigated by thermogravimetric analysis (TGA)
before and after the reaction. This technigue was already used with success in Chapter 3 to
guantify the amount of product retained onto the Sn-f3 surface after BVO reaction, which
helped to close the final carbon balance. Therefore, following an identical analytical procedure
(Section 2.5.5), samples of Al.Ozcop); fresh, treated with SA in H2O, with 1,4-dioxane, with SA
in 1,4-dioxane; and used, were analysed by TGA (Fig 6.12, left). Considering the observed
conversion for the bare support (Table 6.6, Entry A), if the amount of SA adsorbed is confirmed
to be around 15 - 20 % and discounted from the observed SA conversion for Entry D, the
carbon balance may be maintained closer to 100% and the real kinetic selectivity to GBL

should be accounted as > 85 %.
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Figure 6.12. (Left) First derivative of TGA of Al2O3(cor) after the treatments stated in the
legend and (Right) the corresponding TGA obtained for Al2O3s(cor) fresh and used.

From the TGA, reported in Fig 6.12, left, it could be clearly stated that the fresh support (heat
treated in the same way as the catalyst, at 200 °C for 3 h in 5% H/Ar) suffered some structural
change at high temperature. Apart from this structural change, the support treated with SA in
different solvents manifested a more pronounced weight loss in the same region, suggesting
that SA was chemically adsorbed onto the support, and its desorption occurred at temperature
higher than its boiling point (235 °C). Analysis on the used support manifested two significant
weight losses: the first one, less pronounced, corresponded to some H»O adsorbed from the
environment, desorbed at low temperature (around 100 °C) and the second one could be
attributed to the combination of SA adsorbed and the intrinsic structural change on the material
at high temperature.

Through study of the TGA data (Fig 6.12, right), it can be noted that the great weight loss at
high temperature accounted as 15 % for the fresh support, while it significantly increased to
35 % for the used support. According to the control studies performed, this increment is
caused by SA desorption at the same range of temperature. Hence, if the % of weight loss
attributed to the intrinsic material change is discounted from the total weight loss observed at
this same range of temperature for the used support, a loss of 20 % can be solely ascribed to

SA desorbed. Extrapolating this % to the total amount of Al.O3cory used for the reaction, the
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total amount of SA adsorbed onto the material can be calculated, and its contribution to the
total SA in the reaction accounted as approximately 15 - 20 %.

The % of SA adsorbed is in good agreement with the + 15 % of SA conversion observed at
Entry A (bare Al:Oscor) and the results obtained for Entry C (0.5 mol.% Pd + Al;Oscor)),
whose modified conversion, by discounting the % of SA adsorbed (- 15 %) from the original
conversion, resembled the level of conversion reached for Entry B (0.5 mol. % Pd).
Furthermore, considering the modified conversion of Entry D (2 mol. % Pd) (49 % (observed
conversion) - 15 % (SA adsorbed) = 34 %), which perfectly matched the total product yield
accounted, GBL selectivity purely based on SA converted could be recalculated, obtaining a
value of 88 %, very similar to the selectivity obtained at Entry B (0.5 mol. % Pd, 83 %), where
no SA adsorption was appreciated.

The detailed investigation carried out on 2Pd/Al>Ozcor) through the experiments reported in
Fig 6.11 and the TGA, confirms that some unconverted SA is retained on the catalyst surface
at the reaction conditions chosen (2 mol. % of Pd). Therefore, the observed conversion always
is a contribution of the SA converted and the SA adsorbed (+ 15 %). As stated above, real
kinetic selectivity to GBL, based on total product yield instead of observed conversion, is > 85
% for all reactions, reassuring 2Pd/Al:O3cory as a very good catalyst for SA selective
valorisation to GBL.

Subsequently, to get a deeper understanding of the reason behind the substrate adsorption
onto the catalyst surface, attention was focused on the nature of the alumina support prepared
by COP. The support obtained, Al.Oscor), presented a moderate basicity, even after the
corresponding washing to ensure the removal of carbonate species in excess coming from
the preparation itself (pH in aqueous solution of 9 - 9.5). Accordingly, the nature of the SA
adsorption is thought to be caused by an acid-base chemical interaction.

In order to prove this statement, a series of Pd nanopatrticles supported in preformed materials
with different acid-base properties was prepared by wet impregnation method (IMP). This
method appears to be simple, economic and able to give a reproducible metal loading, as it
only consists in the drying of the metal precursor onto the support surface by heat treatment
and represents a classical catalyst preparation method for many hydrogenation
heterogeneous catalysts. Following the synthetical procedure described in Section 2.3.2.2, a
series of 2 wt. % Pd catalysts supported on MgO, hydrotalcite, MCM-41 and H-B was prepared
and treated at 200 °C for 3 h in 5% Hj/Ar. Additionally, in the interest of obtaining a better
comparison, instead of using the original 2Pd/Al.O3cor) catalyst, a 2 wt. % Pd on Al.Osz(cor)
was prepared following the exact methodology used for the rest of the series, i.e. impregnation

of Pd onto Al.O3cor). This sample is denoted 2Pd/Al2O3ivp@cop)-
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Figure 6.13. Catalytic performance for SA hydrogenation of different 2 wt. % Pd
supported materials prepared by IMP method. Reaction conditions: 15 mL of SA 0.2 M
in 1,4-dioxane, at 170 °C, 30 bar of H2, 2 mol. % Pd respect to SA, for 4 h of reaction.

As reported in Fig 6.13, there was a clear correlation in terms of carbon balance drop observed
with the basicity of the support involved. The carbon balance loss gradually decrease from the
most basic support (MgO) to the most acidic one tested (H-B). For a better understanding of
this effect, the most basic and the most acidic bare supports were also tested, and their
obtained catalytic activities were compared with their analogous Pd-catalysts (Table 6.7). As
displayed in Fig 6.13 and Table 6.7, SA conversion observed for 2Pd/MgOgwe), With the most
basic support tested, was 100 % although the products yielded were practically null, giving a
carbon balance close to 0 %. The observed conversion was proved to be caused by a strong
SA adsorption onto the MgO support, since a control experiment carried out using the bare
MgO support also led to 100 % of observed conversion with 0 % of products yielded.
Hydrotalcite and AlO3scory supported materials, both with a moderate basicity, presented an
adsorption phenomenon somewhere in the middle, adsorbing also certain amount of SA onto
their surface which was reflected in their carbon balance loss. SA observed conversion for
Pd/Al:Osuvp@cor) Was in agreement with the conversion shown above for bare Al.Oscor) (Fig
6.11), which displayed £ 15 % of SA conversion entirely attributable to the substrate

adsorption. On the contrary, MCM-41 and H-B, both acidic materials, manifested a carbon
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balance close to 100 %. These results were in agreement with the catalytic performance of H-
B bare support, which gave rise to < 1 % of SA conversion with no products detected,
confirming that the use of acidic support do not lead to substrate adsorption.

Table 6.6. Comparison of Pd/support catalytic performances for SA hydrogenation with

some of the bare supports.

Material Conversion SA /% Total Prozi/:ct vield/ Carbon Balance / %
MgO 100 0 0
2Pd/MgOwr) 100 0.3 0.3
Al203(cop) 16 0 84
2Pd/Al,Osgmpacor) 47 23 77
H-B 1 0 99
2Pd/H-Bwr) 4.5 4 99

This set of experiments backs up very well the initial hypothesis of the adsorption of SA to be
an effect of the acid-base interaction between the substrate and the surface of the support
involved. Given that the adsorption of SA onto the Al.Oscor) Showed to not affect the catalytic
performance of the material in terms of product distribution, i.e. high selectivity towards GBL
is always obtained, all further experiments overlooked the observed conversion (hence the
adsorbed/unconverted SA) and all product selectivity shown from this point on were expressed
based on total product yield, which reflects more accurately the pure kinetic selectivity towards

each product.
6.2.3.3 Investigation of the preparation method

Another key point to be addressed during the development of the catalyst design was the
method of preparation employed, as this can massively influence the physico-chemical
properties of the material, such as the particle size, distribution on the support or determine
the oxidation state of the metal. Moreover, a thorough study of different preparation methods
to produce active Pd catalysts may help to further probe the role of the support.

In order to determine the effects of different preparation methods and gain a better
understanding of structure-function relationships of 2Pd/Al>O3cor), analogous samples with
different methods of preparation, were investigated. A series of catalysts was prepared with a
2 wt. % Pd loading by COP (2Pd/Al>Oscor)), deposition-precipitation (DP, 2Pd/Al>Ozpr)), IMP
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(2Pd/ALLO3uvm), the latter two using commercial y-Al,O3 (Sigma Aldrich), and combination of
IMP@COP (2Pd/Al;O3ump@cor)) and DP@COP (2Pd/Al:Ospracor)), both prepared with
Al>O3cor). Notably, all catalysts were reduced at 200 °C for 3 h in 5 % Ha/Ar.

Catalysts were fully characterised by various techniques including XRD, porosimetry, X-Ray
Photoelectron spectroscopy (XPS), Transmission Electron Microscopy (TEM), and SEM
(where needed), to gain a deeper understanding on the structure, textural properties and Pd
nanoparticle distribution of the five materials. Firstly, characterisation of both Al,O3 supports
(commercial and COP) was carried out. XRD and porosimetry analysis, shown in Fig 6.14

revealed the very different nature of Al,O3cory With respect to commercial y-Al;Os.
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Figure 6.14. (Left) XRD patterns and (Right) N2 adsorption isotherms obtained for
commercial y-Al203 and Al203(cor).

Indeed, the XRD patterns of both supports (Fig 6.14, left) revealed two completely different
structural phases. The alumina prepared by COP method was consistent with a pseudo-
boehmite phase,* whilst the diffraction peaks of a typical y-Al.Oz phase could be attributed to
the XRD pattern of the commercial alumina support. Furthermore, porosimetry analysis (Fig
6.15, right) showed that Al>O3cory possessed a much larger Sger than that of commercial y-
AlLOs, at 245 and 93 m?g?, respectively.

Another very important aspect to consider when choosing the support is the acid-base

properties of its surface, since the support may interact with the substrate in some way,
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assisting to drive the reaction. The effect of the acid-base properties of the support surface
has already been shown in the previous section, where highly basic support strongly adsorbed
SA onto its surface, inhibiting the catalytic reaction to occur, whilst highly acidic support seems
to repel the substrate, hence, inhibiting the reaction as well.

Accordingly, the acidity of y-Al.O3 and Al,O3cory Was studied by Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) using pyridine as probe molecule (Section 2.6.4.1).
Pyridine can be a very useful probe molecule to evaluate both the Lewis and Brgnsted acidity
of materials. It can bond with both kinds of acid sites, generating characteristic vibrations that
allow to determine the kind of acidity. As assigned in the DRIFT spectrum obtained (Fig 6.15),
vibrations at 1593 and 1443 cm™, could be attributed to weak Lewis acid interactions, whereas
vibrations at 1615 and 1449 cm™ were assigned to medium-strong Lewis acid interactions.
Similarly, the peak at 1540 cm™, observed only in the Al,Ozcor) Sample, was assigned to
Brgnsted acid interactions, corresponding to the protonated pyridine. Additionally, the feature
at 1490 cm™ could be attributed to protonated pyridine and Lewis acid adduct, hence, this

peak can be a contribution of the two kinds of acidities, Lewis and Brgnsted acid sites.*®
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Figure 6.15. DRIFTS experiments on a) y-Al203 and b) Al203(cop) using pyridine as probe
molecule at increasing desorbing temperatures, where L refers to Lewis Acid assigned

modes and B refers to Brgnsted Acid assigned modes.
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As shown in Fig 6.15, y-Al,O3 presented higher general acidity than Al,Ozcor), Since the
intensity of the peaks corresponding to the pyridine adsorbed onto y-Al,Oz; were considerably
higher, almost double that for Al2O3cor). Furthermore, pyridine desorption occurred faster (at
lower temperature) in the latter, suggesting a weaker interaction between the probe molecule
and the surface of the material prepared by COP. For instance, at 300 °C some remaining
pyridine was still observed in the y-Al,O3; DRIFT spectra, whilst practically all the pyridine was
already desorbed at 150 °C during the Al,Oscory DRIFT experiment.

Accordingly, although quantification of Lewis and Brgnsted acidity could not be properly
carried out, semi-quantitatively, it can be said that y-AlOs; possessed higher Lewis acid
strength than Al.Oscor), and the latter possessed also some Brgnsted acidity.

These observations clearly indicate that the choice of the alumina support may impact the
performance of the Pd active sites during SA valorisation, since structurally and texturally
alumina supports showed important differences as well as significant differences in the
strength and kind of acid sites present on their surface.

Further characterisation analysis on all the Pd/Al,Os; materials are summarised in Table 6.8 in
order to compare the major similarities and discrepancies in terms of structure and textural
surface with the corresponding alumina supports employed. Further analysis of the Pd
supported catalysts were carried out by TEM to investigate the Pd patrticle size and distribution

on the support obtained with the different synthetical methodologies.

Table 6.8. Characterisation of the alumina supports and the 2Pd/Al.Osz materials

prepared by various methods.

Material Sger?/ m%g™ Particle size ® / nm
Al203(cop) 245.2 -

Y-Al203(comy 92.6 .
2Pd/Al;03(cor) 256.4 2.85 (+ 0.76)
2Pd/Al>O3(pp) 68.0 n. d (agglomerations)
2Pd/Al>O3mp) 82.5 n. d. (agglomerations)

2Pd/Al>O3ppacor) 222.6 3.64 (£ 1.61) + agglomerations
2Pd/Al203umpacor) 223.9 4.51 (+ 2.80)

@ Sger calculated by BET method from the N2 adsorption analysis data; ° Particle size

mean calculated from a statistical analysis of TEM images.
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As reported in Table 6.8, the Sger obtained for the five catalysts were in agreement with the
values obtained for the two alumina supports. Samples which involved COP presented high
Sger, in the same range than the bare support (> 220 m? g'), while samples supported on
commercial y-Al,O3 presented significantly lower Sger (< 100 m? g2).

In regard to the Pd particle size and distribution, important differences could be observed by
TEM analysis. For instance, TEM analysis of 2Pd/Al.Ozpracor) (Fig 6.16) showed a non-
uniform particle size distribution throughout the whole material surface, with certain zones
presenting big agglomerates of Pd nanoparticles, which difficulted their measurement and
could not be included in the particle size analysis distribution. Hence, the mean particle size
of 3.64 £ 1.61 nm given in Table 6.8 was calculated only from the non-agglomerated
nanoparticles (< 100 particles) and this value cannot be considered representative of the
whole material.

2Pd/Al,03ppgcor)

Figure 6.16. TEM images of 2Pd/Al203ppracor).

TEM analysis of 2Pd/Al,Oscory and 2Pd/Al.Osumpacor) (Fig 6.17) revealed that the COP
sample, possessed both a smaller mean particle size and a narrower patrticle size distribution
than the IMP analogue, with a mean of 2.85 £ 0.76 nm and 4.51 + 2.8 nm, respectively.

Unfortunately, samples supported on commercial y-Al,O3, 2Pd/Al,O3pp) and 2Pd/Al,Ozmp),
presented very poor contrast on the y-Al>O3 support and their particle size distribution could
not be analysed by TEM. Instead, both samples were analysed by SEM (Fig 6.18), revealing
a very unsuccessful distribution of Pd nanoparticles throughout the whole material, with big

agglomerates in certain zones.
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Figure 6.17. TEM images and accompanying particle size distributions for 2Pd/Al203z(cor)
and 2Pd/Al203umpa@cor).
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Figure 6.18. TEM and SEM images obtained for 2Pd/Al203mr) and 2Pd/Al203(mp).
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Figure 6.19. XRD patterns obtained for the three 2 wt. % Pd catalysts supported on
Al203(cop) prepared by COP, IMP@COP and DP@COP.

XRD analysis represented in Fig 6.19 showed very similar crystallinity levels between the COP
and IMP@COP samples. However, significantly lower crystallinity grade was observed for the
DP@COP sample, although the IMP@COP and DP@COP samples were prepared using
analogous batches of Al,O3cor) as support. To exclude a human error during its preparation,
2Pd/AlOspracor) Was repeated, however, poor particle distribution and lower intensity in the
XRD pattern were regardless observed.

Subsequently samples were analysed by XPS revealing a predominance of metallic Pd in all
of them (Fig 6.20). Several batches of 2Pd/Al>O3cory sShowed some low amounts of Pd oxide
and Pd chloride species still present even after the usual reduction treatment (200 °C, 3hin 5
% H2/Ar). However, additional XPS analysis of used samples confirmed the full in situ

reduction of all Pd nanopatrticles after SA hydrogenation, as can be seen in Fig 6.21.
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Figure 6.20. XPS analysis of a) 2/Pd/Al203(cor) and b) 2/Pd/Al203umpr@cop).
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Figure 6.21. XPS analysis of used 2Pd/Al203(cop).
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Once fully characterised, catalysts were tested at the usual reaction conditions for 4 h and
their catalytic performances. Compilation of this experiments in Fig 6.22 shows that the
catalytic activity obtained for SA hydrogenation using the five materials clearly varied
depending on the alumina support involved. While performances of y-Al,Os-supported
materials were quite poor, with a total product yield < 5 % after 4 h of reaction, the
performances of Al,O3cor)-supported materials were significantly higher, with total product
yield comprised between 14 and 24 % after the same reaction period. Regarding the materials
supported on Al,Oscor) by different techniques, the highest total product yield was obtained
with 2Pd/Al203(cor) (32 %), followed by 2Pd/Al2O3umpacor) (24 %) and 2Pd/Al.Ospracor) (14
%). Despite the differences in terms of total amount of product yielded, it should be noted that
the three catalysts showed comparable product distribution and GBL selectivity (based on
total product yielded) > 85 %.
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Figure 6.22. Product distribution obtained for various 2Pd/Al.Os catalysts synthesised
by various preparation methods. Reaction conditions: 15 mL of 0.2 M SA in 1,4-dioxane,
2 mol. % of Pd respect to SA, 170 °C, 30 bar Hz, 4 h.

Given the manifested differences in catalytic behaviour observed between the five materials,
correlation with the characterisation analysis described above was enlightening. Firstly, clear
differences in terms of structural phase and textural properties were observed between the

materials prepared on commercial y-Al.Oz and Al,Ozcor), With the second one possessing
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more than the double of Sger (245 vs. 93 m? g?). In this regard, analysis of the textural
properties of both materials following deposition of Pd by IMP method (2Pd/Al,Osmp@cory and
2Pd/Al,.Ozgmey), collected in Table 6.8, indeed revealed that high porosity for the boehmite
phase was retained even after deposition of the metal (224 vs. 85 m? g*). However, this 2.5-
fold decrease in Sger cannot fully account for the 6-fold decrease in activity of 2Pd/Al,Osqmr),
strongly indicating that other factors, such as support acidity or metal particle size, may
influence performance. Secondly, DRIFT experiments has demonstrated that Al>Osz(cor
posseses lower acidity than y-Al,Os. Thirdly, Pd particle distribution throughout the support
was poorly successful in 2Pd/Al.O3pry and 2Pd/Al:Osavmey catalysts, obtaining regions with
large Pd agglomerates (Fig 6.18). The poorer levels of performance obtained for y-Al,Os-
supported materials compared with Al2O3cor)-supported materials is in good agreement with
the trend obtained in Fig 6.13, where it was demonstrated that acidic supports significantly
lowered the catalytic activity obtained for SA hydrogenation over Pd catalysts.

Therefore, higher catalytic activity observed for Al,Oscor)-supported materials compared to y-
Al,Os-supported materials are due to a combination of higher Sger, lower acidity and better Pd
nanoparticle dispersion onto the support. All these factor contribute to make Al>O3zcor) @ more
suitable support than y-Al.Os for the preparation of catalytic materials for the system of study,
either by hindering interaction of the catalyst with the acidic substrate, and/or by resulting in
the deposition of lower activity Pd nanoparticles.

Focusing only on the materials involving Al,Oscor), the same structural phase and similar
textural properties were obtained, corresponding to the same kind of support employed during
the preparation. However, lower crystallinity was observed for 2Pd/Al>O3pp@cory cOMpared to
the other two materials (Fig 6.19), which could explain the lower catalytic activity observed for
2Pd/AlOspracory (Fig 6.22), giving about the half of the total product yield obtained with
2Pd/Al;O3cor). Regarding 2Pd/Al>Oscory and 2Pd/AlOsuvr@cor), given their otherwise very
similar properties in Sger, crystallinity and dominance of metallic Pd, the higher levels of activity
exhibited by 2Pd/Al>O3cory could be attributed to its more uniform distribution of smaller Pd
nanoparticles, since smaller particles represent higher metallic surface area available to drive
the reaction.

Considering all the facts exposed in this section, IMP proved to be a good method to prepare
Pd catalysts, although with broader particle size distribution, when using the appropriate
choice of support. This methodology gave the second most active material for hydrogenation
of SA, only surpassed by the material prepared entirely by COP. Notably, 2Pd/Al>O3cor)
displayed the highest catalytic activity in this study for the selective hydrogenation of SA to
GBL. Therefore, these remarkable results proved COP to be a valid method for the preparation

of Pd catalysts with a narrow, uniform particle size distribution and high catalytic activity.
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6.2.3.4 Effect of the Pd loading

From an intensification perspective, the activity of a material per mass charge is one of the
most critical factors, given that it determines the choice, design and size of the eventual
catalytic reactor. Having this in mind, another key factor to consider during the catalyst design
was the metal loading, as utilisation of high Pd loadings could be beneficial to obtain high
Space Time Yield (STY) values, and enhance process profitability. Therefore, if the same
catalytic performance could be observed even at high Pd loading, the mass of catalyst used
for the same catalyst productivity may be reduced significantly.

Additionally, going back to the SA adsorption onto Al.Ozcor), confirmed in Section 6.2.3.2, the
use of catalyst with higher Pd loading implies less support present in the reaction medium
when using the same mol. %, which may lead to a beneficial decrease of adsorption and
consequently, higher overall carbon balance.

With the aim to investigate the catalyst loading effect, a catalyst with 5 wt. % Pd loading was
prepared by COP method (5Pd/Al,O3cor) following the same procedure previously employed.
A minor disadvantage was found during the preparation 5Pd/Al;O3cop) in the limitation of Pd
precipitated on the support, as a coloured solution was obtained after the filtration of the
catalyst during the washing step. Analysis by Microwave Plasma-Atomic Emission
Spectrometer (MP-AES) determined the coloration to be related to unprecipitated Pd,

consistent with the determined loading being 4.75 wt. % of Pd on the catalyst obtained.

Table 6.9. Parameters varied during preparation of 5Pd/Al203(cor).

Entry pH Time /h Real loading #/ wt. %
1 9 1 4.75
2 9 16 4.75
3 10 1 4.70
4 11 1 4.70

a2 Real loading was calculated by discounting the remaining Pd in the filtrate solution
measured by MP-AES to the initial Pd used for the preparation of 5 wt. % Pd samples.

Unfortunately, as reported in Table 6.9, variation of parameters such as preparation time or
pH did not lead to a full precipitation of Pd, considering that this limitation was intrinsic in the
preparation method at such high loading. Despite this, a reaction with this catalyst was carried
out at the typical reaction conditions, using the real loading despite denoting the catalyst

5Pd/Al>O3cor), and its catalytic activity was compared with 2Pd/Al>Oscor) in Fig 6.23.
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Figure 6.23. Catalytic activity achieved for 2Pd/Al203(cor) and 5Pd/Al203cor). Reaction
conditions: 15 mL of 0.2 M SA in 1,4-dioxane, 2 mol. % of Pd respect to SA, 170 °C, 30
bar Hz, 4 h.

As shown in Fig 6.23, the catalytic activity obtained for 5Pd/Al>O3cor) Was slightly lower in
terms of conversion and product yields. Even though equal amounts of Pd species should
lead to the same catalytic activity, 5Pd/Al>O3cory Showed a conversion 20 % lower than its
analogue with 2 wt. % Pd loading, and a GBL vyield 10 % lower. As consequence of this
decrease in activity, higher loading catalyst manifested a lower TOF of 3.6 h', 60 % of the
value obtained for the 2 % Pd loading of 6.1 h. Despite displaying less activity, carbon
balance achieved with 5Pd/Al.O3cory Was indeed higher than 2Pd/Al>O3cor), With values of 96
vs. 82 %, respectively. This confirms that at the same reaction conditions, the use of a catalyst
with higher Pd loading could palliate the adsorption of the substrate, leading also to higher
selectivity towards GBL.

Although the intrinsic activity i.e. GBL productivity, calculated as mol of GBL produced per mol
of metal per unit of time, of 5SPd/Al.Ozcory Was 27 % lower than that of 2Pd/Al.Ozcor) (2.9 Vs.
3.8 hl, respectively), the 2.5-fold increase in metal loading did substantially boost the
productivity of the catalyst, measured on an activity per gram basis (g(GBL) g(cat)* h?), by a
factor of two (0.12 g(GBL) g(cat)* h** vs. 0.06 g(GBL) g(cat)* h?).
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To investigate the cause of this decrease in activity at higher Pd loading, the catalyst was
characterised by various techniques and compared to the original 2 wt. % Pd loading.

Table 6.10. Comparison of 2 and 5 wt. % Pd/Al203(cop) by various techniques.

Material Sger /m? gt Particle size ® / nm
2Pd/Al;O3cor) 256.4 2.85 (+ 0.76)
5Pd/Al:O3cop) 242.7 4.83 (+ 1.27)

2 Sger calculated by BET method from the N2 adsorption analysis data; ® Particle size

mean calculated from a statistical analysis of TEM images.

As summarised in Table 6.9, the Sger of 5Pd/Al:O3zcory was in the same range of
2Pd/Al,O3(cor), both possessed Sger around 250 m? g*. TEM analysis showed an increment
of particle size of approximately 75 % from 2.85 to 4.83 nm from 2 to 5 wt. % Pd loading,
respectively. This fact is in accordance with the fact of having more Pd to precipitate on the
support, increasing the sintering and growth of the particles. The higher particle size of the 5
wt. % catalyst carried a smaller metallic surface area on the support, which likely leads to
reduce the catalytic performance, since implies less surface of active sites available for the
reaction. As can be seen in Fig 6.24, as well as occurred for 2Pd/Al>O3cor), 5SPd/Al2O3cor)
presented a nice uniform distribution of Pd particles throughout the whole material, manifesting

the major advantage of this preparation method.
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Figure 6.24. TEM images and corresponding particle size distribution for 5Pd/Al203(cop).

Additionally, analogous XRD pattern to 2Pd/Al,Oscory and predominance of metallic Pd
species were obtained for 5Pd/Al.Oscor) (Fig 6.25), corroborating the reproducibility of COP
methodology to prepare similar materials in terms of crystalline phase, porosity and formation

of the same active metal species.
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Figure 6.25. (Left) Comparison of XRD pattern of 2Pd/Al203(cor) and 5Pd/Al203(cor) and
(Right) XPS analysis obtained for 5Pd/Al203(cop).

Hence, the only determining factor between the two catalyst loadings was the mean of particle
size. This fact was a further indication, already observed between 2Pd/Al>O3zcory and
2Pd/AlOsuvp@cor), Of the impact of the particle size in the catalytic activity. Indeed
5Pd/Al,O3cor), exhibited a comparable particle size distribution (4.83 nm) to
2Pd/AlOsuvpacor) (4.81 nm), and almost identical catalytic activity when tested at the same
substrate-to-metal molar ratio.

In regard to the catalyst selectivity towards GBL, kinetic selectivity based on total product yield
obtained for both COP catalysts was + 95 %. However, an increment of carbon balance (from
82 to 96 %) when using 5Pd/Al>O3cor), caused by lower proportion of SA adsorbed and the
corresponding improvement of GBL selectivity based on SA conversion (from 61 to 75 %),
could be observed. Thus overall, 5Pd/Al,O3 resulted in a more convenient catalyst for SA
hydrogenation to GBL, with less interferences caused by substrate adsorption.

To further prove the excellent performance of 5Pd/Al>Oscor), the SA hydrogenation reaction

was carried out for extended times and the time online reaction was represented in Fig 6.26.
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Figure 6.26. Time online analysis of SA hydrogenation over 5Pd/Al203(cor). Reaction
conditions: 15 mL of 0.2 M SA in 1,4-dioxane, 2 mol. % of Pd respect to SA, 170 °C, 30
bar Ha.

As shown in Fig 6.27, similar product distribution was obtained after 24 h of reaction, reaching
a total product yield of 83 %. Hence, high GBL yield was achieved (75 %) maintaining the high
selectivity towards GBL (> 90 %) even after 24 h of conversion.

Accordingly, for future intensification studies, the higher loaded catalyst (5Pd/Al>O3cor)) likely
presents the optimal compromise between intrinsic activity and catalyst productivity. To further
probe this, an additional reaction with 5Pd/Al>.Ozcory Was also performed at higher temperature
(Fig 6.27). As can be observed in Fig 6.27, in only 4 h at 200 °C, the GBL yield was boosted
up to 64 %, corresponding to a GBL selectivity of 92 %. This increase in GBL yield represents
a productivity of 0.32 g GBL g(cat)? h, manifesting the great capability of this kind of Pd
catalyst prepared by COP to be used for selective hydrogenation of SA to GBL. Moreover, this
GBL productivity value is in the same range of the highest values reported in literature (Table
6.1, Entries 1, 3, 6, 10 and 11), achieving significantly higher GBL selectivity values than
Entries 3, 10 and 11 and equivalent GBL selectivity to Entries 1 and 6. However, all of them
were obtained at considerably harsher reaction conditions. The catalytic results reported
herein, are obtained at the mildest set of operational conditions with high levels of GBL

productivity and excellent GBL selectivity reported up to date.
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Figure 6.27. Performance of 5Pd/Al2O3cory at 170 and 200 °C. Reaction conditions: 15
mL of 0.2 M SA in 1,4-dioxane, 2 mol. % of Pd respect to SA, 30 bar Hz2, 4 h of reaction.

6.2.3.5 Reusability of 2Pd/Al>,Oz(cop)

Alongside high levels of catalytic activity and selectivity, heterogeneous catalysts must also
possess high levels of stability, and an ability to operate for more than one reaction period.*®
Unfortunately, several factors make the design of reusable catalysts for biomass conversion
a major challenge, including the harsh reaction conditions typically required (presence of
solvent at high temperature and pressure), and the chelating nature of the oxygenated
substrates, such as sugars and acids, which are known to cause leaching and agglomeration
of various metallic nanoparticles.*”4®

Thus, to gain a preliminary understanding of the reusability properties of 2Pd/Al>.Oszcop),
reusability experiments were performed. To do so, the catalyst was filtered out of the reactor
following one kinetic experiment, and subsequently reused in a second and subsequent
catalytic experiments. To achieve the most accurate level of insight, and to probe the intrinsic
reusability of the catalyst, no intermediate treatments were performed on the material i.e. the
catalyst was simply filtered from solution, dried at room temperature, and then placed back in
the reactor. Following this same procedure, up to 4 cycles were performed. Note that Fresh

was considered the first cycle of the reusability runs.
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Figure 6.28. Reusability studies of 2Pd/Al203s(cor) for SA hydrogenation. No intermediate
regeneration treatments were performed between cycles. Reaction conditions: 15 mL of

SA 0.2 Min 1,4-dioxane at 170 °C, 30 bar H2, 2 mol. % Pd respect to SA, 4 h of reaction.

As reported in Fig 6.28, good reusability was observed for 2Pd/Al>O3cory, With no major loss
of activity being observed over three kinetic cycles. The high levels of stability exhibited by the

catalyst is a promising discovery for future intensification studies.
6.3 Conclusions

Along with the other chapters in this work, the optimisation of a sustainable catalytic route
towards valuable lactone monomers from a bio-derived source has been investigated in depth.
This chapter shows that SA, a C4 compound increasingly being produced on a several kiloton-
scale by the microbial fermentation of sugar, can be converted into a variety of important
chemicals, including GBL. Optimisation of the working conditions using 5Ru/Al;Ozcowm)
demonstrates how selectivity can be switched in favour of GBL formation against PA by
lowering the reaction temperature to 170 °C with only 30 bar of H», obtaining 50 - 60 % of
selectivity towards GBL.

Through an extensive catalyst design investigation focus on the choice of metal, support and
preparation method used, selectivity towards GBL has been found to be maximised when

using Pd catalysts (> 85 %). Best performance in terms of activity and selectivity is observed
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for 2 wt. % Pd supported on Al,Os prepared by co-precipitation method. By this preparation
method, a pseudo-boehmite Al,Os is precipitated in situ, with high Sger, a uniform distribution
of Pd nanopatrticles throughout the whole material, and a lowly acidic surface. Combination of
these three characteristics is what makes 2Pd/Al>,Oscory @ successful catalyst for the chemo-
selective lactonization of SA to GBL.

Although this kind of support showed to be chemically adsorbing some of the unconverted SA
on its surface affecting the carbon balance, this loss of carbon balance has been confirmed to
be only caused by adsorption phenomena. Herein, selectivity can be adequately calculated
based on total product yield, displaying excellent results of GBL selectivity > 90 %.

The use of 5Pd/Al2Ozcop) instead of 2Pd/Al2O3cor), and hence, less support material added
in the reaction medium (at the same mol. % Pd employed) effectively palliates this adsorption,
as well as benefits the obtainment of higher STY. The 5Pd/Al,O3cor) catalyst achieved a GBL
yield of 23 % with a kinetic selectivity of 93 % after 4 h of reaction at 170 °C. Moreover, its
utilisation at 200 °C notably boosted the GBL productivity, obtaining 0. 32 g GBL g(cat)* h,
in the range of the most productive systems reported but representing the mildest set of
operational conditions to date, with high GBL productivity and selectivity also observed. These
promising results point to 5Pd/Al>O3cory as being a suitable catalyst for SA hydrogenation to
GBL. Furthermore, Pd/Al>O3cory Showed good reusability, demonstrating the high stability of

the material and its promising employment as catalyst for selective SA valorisation to GBL.

This chapter contributed to the following paper:
K. Yakabi, A. Jones, A. Buchard, A. Roldan, C. Hammond, ACS Sustainable Chem. Eng.,
2018, 6, 16341 — 16351
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7. Final conclusions and pertaining
challenges

7.1. Final conclusions

Considering the globally increasing concerns on fossil fuel feedstocks, and particularly their
negative environmental impact and their prompt depletion, investigation of renewable
monomers for the synthesis of polymeric materials with comparable or superior properties
than their petroleum-based analogues has become of high importance.

Within all the different kinds of renewable monomers that can be obtained from biomass, the
family of the lactones is highly versatile, as they can suitably undergo ROP and give rise to a
varied range of polymeric material. Amongst several catalytic routes available to produce
lactones, this work focused its attention on two approaches: the BVO of R-CyO and the
selective hydrogenation of SA to produce the desired corresponding lactones.

In Chapter 3, the main challenges faced for the performance of BVO of CyO using Sn-8 as
catalyst and H,O. as oxidant are investigated, as this represents a greener alternative to the
industrially employed process with peroxyacid-based oxidants. This chapter shows that this
reaction is highly active and selective only up to 60 % CyO conversion. Above this level of
conversion, a significant drop in lactone selectivity is observed, caused by the consecutive

hydrolysis of the desired lactone to 6-HHA, which is confirmed to be also Sn-f catalysed.
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Therefore, the consecutive ring opening reaction occurs simultaneously to BVO at the
standard conditions used, substantially decreasing the efficiency (selectivity) and activity (rate)
of the process, deactivating the catalyst by poisoning. It should be noted that at the time of
this work, this was the first time that the by-product identification and quantification was
analysed in such detail. Additionally, optimisation of the reaction conditions in order to
minimise 6-HHA formation shows the potential scalability of this system in the continuous
regime, obtaining good activity and stability over 180 h and yielding turnover numbers > 5000,
thus demonstrating the major advantages of the continuous system, and representing the first
time that Sn-B is employed for BVO in continuous flow operation.

The successful results presented in Chapter 3 using BVO of CyO as model reaction set the
basis to evaluate the general applicability of the system beyond this typical substrate. To do
so, Chapter 4 is focused on the exploration of more complex ketones as substrates for BVO
as part of a sustainable route for the synthesis of renewable monomers. Through the study of
different 2-R-CyO and 4-R-CyO, from a kinetic and a thermodynamic point of view, this chapter
reveals a crucial impact of the substituent position and size. Whilst increasing the size of the
R group limits the activity for the bulkiest substrates substituted in position 2 due to steric
hindrance, excellent catalytic performance is obtained for the whole 4-R-CyO series, achieving
> 90 % of conversion after 6 h of reaction. Additionally, selectivity towards 4-Capr is higher
than the one observed with CyO over the whole reaction period. By complementary
computational studies, 4-R-CyO are confirmed to be thermodynamically favourable to undergo
BVO, whilst the consecutive hydrolysis reactions arising from them are thermodynamically
less favoured in the presence of bulkier R-groups in position 4. Furthermore, 4-'Pr-CyO, readily
available from terpenes or lignin derivatives, are demonstrated to be an excellent substrate
for the potential scalability of BVO in continuous flow obtaining very good stability, productivity
and high selectivity to the lactone (up to 85 %) over 1000 substrate turnovers and 56 h of
reaction. Additionally, the lactone produced by BVO using Sn-B / H,O; gives rise to good
guality polyester via ROP mechanism, showing the practical applicability of this catalytic route.
These outstanding results demonstrate the successful broadening of the substrate scope of
the Sn-B / H20, BVO system. Moreover, it opens a route towards the sustainable production
of renewable monomers through the BVO of sustainably derived ketones.

In Chapter 5, the viability of coupling in situ H2O- production with the BVO system is explored.
In situ generation of H,O; appears to be an attractive solution to reduce the H,O present in
the system, and to upgrade the sustainability of the BVO chemistry, as well as potentially
increase the lactone selectivity by limiting the hydrolysis step upon reduction of the amount of
H,O in the system. Nonetheless, coupling of in situ H.O, synthesis and BVO reaction
represents a great challenge since optimal conditions of both systems present important

incompatibilities (reaction temperatures and reaction media). Remarkably, the employment of
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a solvent mixture MeOH/1,4-dioxane, in a ratio 1:9, results in benefits to both systems.
Unfortunately, coupling the two systems in one pot is unsuccessful, emphasising the very
different needs of each system. Nevertheless, a preliminary test in two stages, by first
producing in situ H.O, in MeOH at 10 °C, and then diluting this reaction mixture to be 1:9 in
1,4-dioxane for the BVO reaction at 50 °C, successfully proves the feasibility of the overall
system to work in two stages.

Following this, the other catalytic system investigated along this work, the selective
hydrogenation on SA, considered in of the “Top list” of bio-derived platform molecules, to GBL
is explored in Chapter 6. The optimisation of the selective hydrogenation in batch mode is first
carried out over various commercial catalysts and then GBL selectivity is subsequently
maximised by catalyst design. Through the investigation of the structure - activity relationship
observed for the metal supported nanoparticles employed, the features of a suitable material
required to obtain high productivity of GBL are exposed. Selectivity towards GBL is maximised
(> 85 %) when using Pd catalysts, especially Pd/Al,Os prepared by the COP method, at 170
°C with 30 bar of Hz,. By this preparation method, a pseudo-boehmite Al.Os is precipitated in
situ, with high Sger, a uniform distribution of Pd nanopatrticles throughout the whole material,
and possessing a low acidity surface. The combination of these three characteristics is what
makes Pd/Al>Ozcory a successful catalyst for the chemo-selective lactonization of SA to GBL,
which also shows great reusability. The levels of GBL productivity reached in this work are in
the same range of the most productive systems previously reported, and represents the
mildest set of operational conditions employed able to show such high productivity and
selectivity towards GBL reported up to date. These promising results point towards
Pd/Al>O3cory as being a suitable catalyst for SA hydrogenation to GBL and its intensification

studies.
7.2. Pertaining challenges

Even though many challenges have been tackled and solved during this work, many new

guestions and future research lines have also been generated.

7.2.1. BVO of R-CyO using Sn- and H20>

The BVO / Sn-B / H20- system has proved its viability to operate in continuous flow, the first
step towards scalability of the process and potential industrialisation. However, many key
points require deeper attention including the catalyst preparation and its lifetime, and the
targeted levels of conversion to operate in continuous mode.

Sn-B has been extensively studied for almost 20 years, during which period many different

aspects of its chemistry have been covered, from its reactivity for a variety of reactions to the

217



Chapter 7

methods of its synthesis, pointing to Sn-f as of the most promising materials for biomass
valorisation processes.!? For example, Sn-B, was conclusively reported by Corma et al.*to be
the most active, selective, and suitable catalyst for this BVO transformation, and its
outstanding performance in the academic research level has been also proved through this
work.

However, one of the weak points during the development of Sn-3 as commercial catalyst is its
difficult synthesis. The classical hydrothermal synthesis requires long times, highly hazardous
reactants (HF) and can only proceed at low metal contents (< 2 wt. % of Sn), discouraging its
production at larger scales.® For this reason, many years of research of Sn-B have been
devoted to the search of alternative synthetic methods.® One of the most promising
approaches is the post-synthetic synthesis method of SSI, employed for the preparation of the
Sn-catalysts used in this work, since it has been shown to be fast and scalable.” Nonetheless,
by this methodology the efficiency of Sn incorporation becomes poorer as the metal loading
increases (> 5 wt. % of Sn), leading to the formation of inactive SnO», and higher metal
loadings are always desirable to increase considerably the STY of the process.® Therefore,
further studies are needed in regards of the process of incorporation of the metal in the
framework, including i) mechanistic studies, to follow the metal incorporation and understand
how and when SnO; formation starts to become relevant by in situ technigues, such as DRIFT,
DRUV-Vis, Raman and XRD, ii) the use of different solid sources of Sn, such as Sn (IV)
chloride pentahydrate, since the precursor organic ligand may affect the incorporation of the
metal in the zeolite framework, allowing to obtain higher Sn loadings and iii) the use of different
post-synthetical procedures to form the silanol groups and modify the hydrophilicity of the
material prior the Sn incorporation, as this may also affect the formation of inactive SnO..
Alternatively, other types of zeolite structures can be explored to introduce higher Sn loadings
in their framework and their pertaining performance for this reaction can be investigated.
Additionally, although it has been shown that Sn-f3 possesses good stability during continuous
flow operation of BVO of CyO and 4-Pr-CyO for the periods tested, reactions performed for
longer times should be carried out to study the catalyst stability in this system in more detail.
Furthermore, in this work, only deactivation by poisoning has been covered, and by minimising
the 6-HHA formation targeting 60 % of CyO conversion, this effect has been significantly
palliated. However, Sn- 3 may suffer some deactivation by fouling due to coking and product
absorption causing blockage of the micropores at extended reaction times. In this regard, the
use of Sn-B-H, which has demonstrated to be also a highly active material for this reaction,
may mitigate the potential deactivation by fouling, by its improved diffusional properties. This
fact was demonstrated when studying the MPV reaction of CyO using the same two materials.®
In said study, Sn-B-H showed remarkably improved stability, losing only 20 % of its activity

over 700 h on stream, whilst in contrast, microporous Sn-f lost £ 70 % of activity in only 200
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h on stream. Therefore, it could be very interesting to investigate if the use of Sn-B-H can
decrease the 15.4 % of activity loss observed in Chapter 3 for the continuous operation of
BVO of CyO over Sn-$3, and as extension, also BVO of the rest of the substrates tested.

The other key point to make this process more industrially appealing is the level of activity
targeted for the continuous flow experiments. In Chapter 3, is has been shown that in order to
minimise 6-HHA formation during BVO of CyO, to limit deactivation of the catalyst by
poisoning, the reaction should be carried out targeting approximately 60 % of CyO conversion
with selectivity £ 75 %. However, from an industrial perspective, higher levels of conversion
and selectivity are always more desirable, since the separation of the unreacted ketone and
by-products and recycling of the substrate can increase considerably the total operational cost.
On this subject, it has been demonstrated that the main impediment to target higher levels of
activity whilst maintaining high levels of selectivity is the unavoidable ring opening reaction of
the lactone, also Sn-B catalysed in the presence of H,O. Considering that H,O is formed as
by-product and added intrinsically with the oxidant at the start of the reaction, this is where the
coupling with in situ H202 can play an important role.

Given the positive result obtained in batch mode for the coupling in two stages, this part of the
project can be continued by coupling the two systems in two pots under continuous operation,

allowing to perform each individual system at its optimal reaction conditions (Scheme 7.1).
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Gas feed (mL min-1) 9 P ? A > Vent line
BPR T
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MeOH feed (mL min-1) Ice bath

L sampling

BPR

BVO
Cat bed

H,0, in MeOH
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CyO0in 1,4-dioxane feed (mL min1)
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Scheme 7.1. Proposed scheme for the coupling of direct H202 formation and BVO in two

stages in continuous flow.
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In this way, in situ H>O> production can be carried out in continuous mode in pure MeOH at
10 °C (or even lower, e.g. 2 °C), maximising the amount of oxidant formed, prior to being
separated from the gas phase and pumped into the BVO system. This approach allows to
further optimisation of in situ H».O, production by implementing some of the improvements
reported in literature, such as the use of promoters to enhance productivity, and the addition
of stabilisers to increase thermal and chemical stability of the oxidant.

Since it was previously shown that a mixture 1:9 of MeOH/1,4-dioxane displayed promising
results, the H,O; produced in situ can be diluted into the BVO reactant feed in the appropriate
ratio and then used as oxidant. The BVO reaction can then also be carried out at optimised
temperatures. This part of the system should also be further optimised. For instance, how the
acetalisation of CyO proceeds in continuous mode should be studied.

The use of a trickle bed reactor to produce continuously H,O, adds multiple benefits to the
overall process. Besides the intrinsic advantages of production in situ HO, from H, and O in
a more sustainable process, with reduced costs and transportation issues, the trickle bed
allows to operate in lower pressure ranges (+ 10 bar) and the operating conditions can be
easily varied during the optimisation of the process. In fact, the use of a trickle bed reactor for
direct synthesis of H,O has been successfully reported in the last decade.?

Additional studies on appropriate gas - liquid mixtures are required to maximise H,O;
productivity, as well as stability studies of the in situ H.O, formed, to evaluate its thermal and
chemical decomposition until it reaches the catalyst bed for the BVO reaction.

Even so, the challenge may likely still remain in ensuring the production of enough oxidant,
whilst preventing its decomposition after the dilution in the BVO feed, in order to obtain good
reaction rates for BVO of CyO to Capr. However, this approach may allow a greater
optimisation of the overall reaction system and once achieved, imply an upgrade of the
sustainability of the BVO chemistry.

Finally, regarding the general sustainability of the production of lactone monomers via BVO /
Sn-B / H20;, there is still further work to do in order to optimise the reported catalytic routes
from bio-derived platform molecules to CyO and R-CyO (Chapter 1) and fulfil the needs of
these processes to become scalable and commercially suitable. Moreover, optimisation of the
ROP of the corresponding lactones produced by BVO / Sn-p / H,O- along this work and their

applicability can be further investigated.

7.2.2 Selective hydrogenation of SA to GBL

Pd/Al,O; prepared by COP method has been shown to be a promising catalyst to selectively

hydrogenate SA to GBL at mild conditions, obtaining very high levels of selectivity and
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productivity, and demonstrating excellent reusability. Herein, the future work should be
focused on the investigation of the viability of this system to operate in continuous mode.
Analogously to the direct production of H202 described above, and upon the successful results
obtained in batch, selective hydrogenation of SA to GBL at mild conditions could be carried
out in a trickle bed reactor (Scheme 7.2) by optimising the gas - liquid mixture and the general
operational conditions.

Gas feed (ml min1) P indicator

Mass flow controller g — | separator ? ‘ Ball valve
X o Tﬁ
Ball valve Proper g — | mixture

Tat bed G sampling

L sampling
Liquid feed (ml min-1) Qil bath

Scheme 7.2. Proposed scheme for the SA hydrogenation in continuous flow.

Although some recent reports can be found regarding SA hydrogenation to BDO in continuous
flow,'! hydrogenation to GBL in flow mode has not yet been reported, hence, the continuation
of this work could lead to a very interesting piece of work.

Finally, another revealing point from this work was the obtainment of completely different
product distribution using Pd and Ru catalysts, suggesting that they promote different reaction
pathways. To gain further insight as to the more selective nature of Pd/Al;O3 vs. Ru/Al;Os,
preliminary computer simulations focused on the adsorption of SA onto metal surfaces were
performed by Dr. Alberto Roldan, using the most stable surfaces for Ru and Pd, i.e. (0001)
and (111) respectively (Fig 7.1). These calculations suggest that SA binds to both surfaces
through the carboxylic groups (left). However, after deprotonation (right), the geometry of this
coordination and the type of binding on both metals appears to be different. Whilst the
coordination of SA over Ru appears to be bidentate (top), SA coordination over Pd is more
unidentate (bottom). Although detailed reaction coordinate analysis is required before
definitive mechanistic hypotheses can be made, the choice of metal impacts the coordination
and hence, the geometry of SA at the active site, and may therefore account for the improved

selectivity towards GBL observed for Pd-catalyst vs. Ru-catalyst during SA hydrogenation.
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Succinic acid Deprotonated succinic acid

Ru

Pd

Figure 7.1. Schematic representation of SA (Left) adsorbed on Ru(0001) and Pd(111)
and deprotonated molecule (Right) adsorbed onto Ru(0001) and Pd(111).

Herein, these preliminary results open an interesting line of research based on computational
studies on a detailed molecular level mechanism and experimental studies by DRIFT
spectroscopy using a carboxylic probe molecule to investigate the potential different binding
modes through Pd and Ru, to prove how the choice of metal impacts the coordination of SA

and hence, determines the reactions pathways followed.
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Table A.1. Calculation of the experimental error of BVO of CyO.

Time/ | XR1/ | XR2/ | XR3/ | XR4/ | XR5/ Error /
_ Average SD
min % % % % % %

10 38.39 33.46 41.12 32.86 31.56 35.48 4.08 11.50

30 61.95 54.15 60.07 55.97 48.24 56.08 5.38 9.59

60 71.12 68.27 73.45 69.32 61.33 68.70 4.56 6.64

120 81.83 77.75 83.88 80.78 73.72 79.59 3.96 4.97

240 88.27 89.11 90.98 90.32 84.20 88.58 2.66 3.01

360 90.59 93.13 93.76 93.27 86.38 91.43 3.08 3.37

6.51

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO
(2Sn-B), 1.5 H202:Cy0O, at 100 °C, 6 h of reaction.

Table A.2. Calculation of the experimental error of BVO of 2-Me-CyO.

Time / min XR1/% XR2/% Average SD Error / %

10 24.59 23.31 23.95 0.90 3.77
30 43.69 42.18 42.94 1.06 2.48
60 54.83 56.39 55.61 1.11 1.99
120 68.51 68.02 68.26 0.34 0.50
240 80.53 81.25 80.89 0.50 0.62
360 86.23 86.61 86.42 0.26 0.31

1.61

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO
(2Sn-B), 1.5 H202:Cy0, at 100 °C, 6 h of reaction.
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Table A.3. Calculation of experimental error of BVO of 4-Me-CyO.

Time / min XR1/% XR2/% Average SD Error /%

10 38.67 35.72 37.20 2.09 5.62
30 57.38 56.20 56.79 0.84 1.47
60 68.99 67.06 68.02 1.36 2.00
120 82.05 80.61 81.33 1.02 1.25
240 87.06 86.37 86.72 0.49 0.56
360 90.51 90.48 90.49 0.02 0.02

1.82

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO
(2Sn-B), 1.5 H202:CyO, at 100 °C, 6 h of reaction.

Table A.4. Calculation of experimental error of BVO of 4-'Pr-CyO.

T::i]rf/ XR1/% XR2/% XR3/% Average SD Error / %
10 43.80 36.55 43.80 41.38 4.19 10.11
30 65.85 56.62 65.85 62.77 5.33 8.49
60 78.01 74.80 78.01 76.94 1.85 241
120 87.75 85.41 87.75 86.97 1.35 1.55
240 94.22 92.35 94.22 93.60 1.08 1.16
360 96.59 94.51 96.59 95.90 1.20 1.25

4.16

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO
(2Sn-B), 1.5 H202:Cy0, at 100 °C, 6 h of reaction.
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Table A.5. Calculation of experimental error of BVO of 4-'‘Bu-CyO.

Time / min XR1/% XR2/% Average SD Error /%

10 45.79 49.77 47.78 2.81 5.88
30 70.89 72.21 71.55 0.94 1.31
60 84.52 83.96 84.24 0.40 0.47
120 93.37 91.76 92.56 1.14 1.23
240 96.51 96.16 96.34 0.25 0.26
360 98.88 98.06 98.47 0.58 0.59

1.63

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO

(2Sn-B), 1.5 H202:CyO, at 100 °C, 6 h of reaction.

Table A.6. Calculation of experimental error of BVO of AcetoPhO.

Time / min XR1/% XR2/% Average SD Error / %

10 0.57 0.56 0.57 0.00 0.75
30 2.31 2.01 2.16 0.21 9.91
60 3.91 3.06 3.48 0.61 17.37
120 4.75 4.89 4.82 0.09 1.96
240 5.69 6.38 6.03 0.49 8.07
360 7.42 8.26 7.84 0.59 7.55

7.60

Reaction conditions: 10 mL of 0.33 M CyO in 1,4-dioxane, 1 mol. % Sn respect to CyO

(2Sn-B), 1.5 H202:CyO, at 100 °C, 6 h of reaction.
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Table A.7. Compilation of experimental error obtained for BVO of R-CyO.

Substrate Number of repetitions Error /%
CyO 5 6.51
2-Me-CyO 2 1.61
4-Me-CyO 2 1.82
4-'Pr-CyO 3 4.16
4-'Bu-CyO 2 1.60
AcetoPhO 2 7.60

As shown in Table A.1 to A.6, experimental error of BVO reactions of various substartes was
calculated. However, given that the experimental error was not calculated for all the substrates
employed, and the biggest value obtained was 8 % (Table A.7), this is the value of the global
experimental error applied to the BVO / Sn- / H.O, system throughout all the experiments

shown in Chapter 3 to 5.

Table A.8. Calculation of experimental error of SA hydrogenation.

Reaction X1 % Average
1 19.61 18.47
2 21.15 SD
3 18.65 1.69
4 17.61 Error / %
5 17.37 9.12

Reaction conditions: 15 mL of 0.2 M SA in 1,4-dioxane, 0.5 mol. % Ru respect to SA
(5RuU/Al203(com)), 30 bar of Hz, at 170 °C, 4 h of reaction.
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