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Summary of Thesis

The gas phase conversion of aqueous glycerol feedstocks to methanol has been investigated over
a series of MgO catalysts, conducted at atmospheric pressure and in the absence of external
reductants. MgO catalysts with characteristics altered by varying the preparation heat treatment
temperature were studied. Glycerol reactions were carried out over the samples. The samples
exhibited a complex product distribution. Major products observed included hydroxyacetone,
ethylene glycol, acetaldehyde, acrolein and methanol. Gaps in the carbon mass balance occurred
the catalysts. These were proposed to be due to high weight molecular products, which can form
via bi-molecular condensation reactions. Promotion of condensation reactions was linked to strong
0% basic sites on MgO. These are proposed to readily dissociate water, which can lead to
hydroxylation of the sites in-situ. It was theorised that the hydroxylation of the catalysts surface
promoted glycerol conversion and condensation reactions, due to substrate stabilisation. The
catalyst treated at 650 °C was found to not require the dissociation of water to activate glycerol
and exhibited more coke than the other samples. This was proposed to be linked to its morphology
which differed from the others, resulting in a less prominent ratio of the 0% sites. This sample
exhibited a high carbon mass balance over all conditions tested. This was concluded to be due to it
suppressing the formation of high weight molecular products. The high carbon balance resulted in
a higher yield to the identified products. The catalyst exhibited a higher methanol STY of 93 g h* kg
cat’* than the other catalysts tested. Finally, reactions investigating the mechanism were conducted
using intermediates products. It was concluded that hydroxyacetone and glycolaldehyde C-C bond
cleavage was unlikely to be the primary route to methanol. Instead, it is proposed to be the initial

homolytic C-C cleavage of glycerol.



Acknowledgements

| have thoroughly enjoyed my time at Cardiff University conducting my research in the Cardiff
Catalysis Institute, developing my knowledge, and broadening my perspective. | feel privileged to
have been given the opportunity to study at such a prestigious institution and have found my

research here incredibly rewarding.

| would like to thank my supervisors Prof. Stuart Taylor and Prof. Graham Hutchings for giving me
the opportunity to undertake this project. Their oversight and guidance have proven invaluable,

and I am hugely grateful to them for sharing their time and expertise which were vital to my studies.

A massive thank you goes to Dr Mark Douthwaite, Dr Nicholas Dummer and Dr Louise Smith. Their
input and support throughout the four years, along with their understanding of the project, have

been of huge importance to the success of this thesis.

Thank you to Dr Dave Willock for your computational work into the complex chemistry investigated.
| would like to thank the advisory board, Prof. Donald Bethell, Prof. David Knight and Prof. Mark
Howard for their input and expertise in our meetings on directing this project and furthering its

aims.

Special thanks to Dr Greg Shaw for his assistance and expertise in the laboratory. Thanks to Dr Tom
Davies for his expertise and help with SEM and TEM analysis. And Tom Williams for help with LCMS
analysis. | am also very grateful to all of the staff members of the School of Chemistry who have

helped with this project.

Finally, | would like to thank my partner Gary for all of his support and reassurance through often
stressful and all-consuming times during my PhD; and my family without whose support | would

not have reached this stage.



Abbreviations and units

% — Percent

°C — Degrees Celsius

A — Angstrom (10°1° meters)

Atm — standard atmosphere pressure
a.u — arbitrary units

BET — Brunauer—Emmett—Teller

BDE — bond dissociation energy

C —carbon

CC/g — cubic centimetres per gram
CAT — catalyst

CHN — Carbon, hydrogen, and nitrogen
CMB — carbon mass balance

CO — Carbon monoxide

CO,— Carbon dioxide

COx— Carbon oxides

DFT — Density functional theory

DNPH - 2,4-dinitrophenylhydrazine
DRIFTS — Diffuse reflectance infrared Fourier transform spectroscopy
DTA — differential thermal analysis
EXAFS — Extended X-ray absorption fine structure
FAME - Fatty acid methyl esters fame
FFA — free fatty acids

FID — flame ionisation detector

FWHM - full width half maximum



g—gram
GC — gas chromatography

GHSV — gas hourly space velocity

HRTEM — high resolution transmission electron microscopy
HWMP — high weight molecular products

hrs —hours

K —kelvin

Kg - Kilogram (103 g)

LCMS — liquid chromatography mass spectrometry
MBOH — 2-methyl-but-3-yn-2-ol

MS - mass spectrometry

M/Z- mass to charge ratio

MgO — Magnesium oxide

M — Molar (mol dm3) MeOH

mg — Milligram (102 g)

MPV — Meerwein-Ponndorf-Verley

nm — Nanometre (10° m)

PBEsol — Perdew Burke Ernzerhof adapted for solids
QM/MM — quantum mechanics/molecular mechanics
SEM — Scanning electron microscopy

SiC —Silicon carbide

STY — Space time yield

SSNMR — solid state nuclear magnetic resonance

TCD — Thermal conductivity detector

TGA — Thermogravimetric analysis



TOC — total organic carbon

TEM — Transmission electron microscopy
TMP — trimethylphosphine

TPD — Temperature programmed

XRD — Powder X-ray diffraction

XPS — X-ray photoelectron spectroscopy
XAS — X-ray absorption spectroscopy

wt.% — Weight percent
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Chapter 1

Introduction

1.1 Introduction to green chemistry

Over the last 120 years, the global population has rapidly grown from approximately 1.6 billion to
almost 7.9 billion in 2021.! This exponential growth and the accompanied demand for resources
has put significant pressures on the environment. The demand on industry and scientific research
to produce solutions to feed, dress, shelter and energise this burgeoning global population has
subsequently increased. Catalysis has often been at the forefront of important industrial
developments. An understanding of the discipline being instrumental in areas such as medicine,

fuels, fertilization and production of consumer and industrial goods.

As demand for resources increases, science and engineering have often been able to answer the
call and allow for optimisation of earth’s natural resources, which in turn, has resulted in further
increases in population. The Haber-Bosch process is an great example of this and is often credited
for facilitating exponential population growth.?® This has allowed for the yield of arable land to
increase significantly, making it possible to reliably feed significantly more people than would have
been previously possible. The Haber-Bosch process, in which ammonia is produced from
atmospheric nitrogen reacted with hydrogen under high temperature and pressure, is also known
as nitrogen fixation. The catalyst used is usually an iron based heterogenous catalyst with various
promoters, which promote the hydrogenation of N,.* This process is mainly used to produce
fertilizer, which allows for significant increases in food production. Catalysis is a crucial tool in
current and future chemical processes. Without this technology, keeping society running at the
current population would not be possible. The production of adequate amounts of important

materials such as petroleum, certain pharmaceuticals and food would not be possible.

1.1.2 Principles of green chemistry

Driven by economic, legislative, and environmental reasons, there has been a push towards
efficient and greener chemical processes. Economic reasons, however, remain at the forefront of
driving change. If a process can be made more efficient, using less energy, and producing less waste
to deal with, this could also be advantageous to producers as it would reduce operation costs.
Nowadays there is emphasis in modern scientific research to provide cheaper, efficient,

sustainable, and greener alternatives to past and alternative processes.



To limit impact on the environment and protect the health of the population, the production of
chemical commodities needs to be conducted in a safe and responsible manner. Chemical products
that find their way into the environment can have deleterious effects. Examples of this occurring
include acid rain caused by the mixing of emitted sulphur dioxide and nitrogen oxide damaging
forest cover.® In the event of liquid chemical waste reaching natural waterways, this would be
extremely detrimental as it would limit access to safe water sources for local populations and could
cause an increase in health problems.® There is evidence that large amounts of agricultural fertilizer
reaching seas and oceans can result in uncontrolled algae blooms, which consume excessive
quantities of oxygen in the waters, leading to coastal and riverine dead spots.” The earth’s ozone
layer is also depleted, due to the production and release of chlorofluorocarbons, halon and similar

compounds.®

With the aim of reducing the occurrence of the aforementioned and similar problems; there has
been development of governmental legislative bodies such as the environmental protection agency
in the USA, which was formed in 1970. The UK has also put forward a series of different
environmental acts and developed several governing bodies. One of the first was the alkali act in
1863 which was used to enact some control upon sewage, town planning and housing. However,
this did little to combat the emissions causing smog, a serious problem in the UK industrial and
urban areas during the late Victorian period. Since joining the EU in 1973, and especially over the
last 30 years, there has been an increase in the amount and specifications of UK environmental laws

and restrictions.

With the legislative, environmental, health and economical demand for a greener future, a
framework for the basis of what constitutes as ‘green’ practice within chemistry has been proposed.
This takes the legislation laid out by USA and European directives further with a series of core
principles for the chemists and chemical engineers to try and operate within.? The main goal being
to ensure that the chemicals, processes, and commercial products do not lead to toxic products

and waste, but also that more sustainable methods are used which are less energy intensive.

In 1998, the 12 core principles to green chemistry were laid proposed by Paul Anastas and John
Warner.>1° One of the key principles is that ‘it is better to prevent waste than to treat and clean up
created waste’. Waste for a process can be measured by the E-Factor, a relation between the mass
of waste to desired product.?? It is also important that when waste is produced it is benign and

degradable. In reducing waste, the atom economy is also important which can be calculated by:

(% Atom Economy = (FW of atoms utilized/FW of all reactants) X 100) *3



Traditionally, efficiency was measured by percentage yield. But with some reactions even if a 100%
of the possible yield is achieved the atomic efficiency can be significantly lower as some of the
atoms are tied up in unused co-products and waste. In catalysis this may be seen by achieving a
high mass balance in the desired product, where atoms within the feedstock are mostly accounted
for and not lost in unwanted side reactions, coking and fouling. Safety is also key to the principles,
both in laboratory safety and disposal of waste that is produced. When there are several possible
reactants or products to serve a purpose, the choice should be predominantly based on which are

the least hazardous.

1.2 Catalysis

Use of catalysis whenever possible is a key feature of the green principles. This principle is a core
focus of this thesis, with a catalytic transformation being the main subject of investigation. Catalysis
is highly important in chemical synthesis. It allows for reactions which under normal conditions are
not energetically favourable to be directed over other less desired routes. This can result in reagents
that would not normally interact react. Catalysts instigate these reactions by providing an
alternative reaction pathway. Catalytic processes have also been directly used for clean-up of
pollutants before expulsion into the environment. A famous and common example of this is the

catalytic convertors found in the exhaust systems of vehicles.**

The importance of catalysis in the chemistry industry is difficult to overstate. Up to 90% of industrial
chemical processes involve catalysis and they are necessary for several expansive industries.’>*°
The production of the important industrial chemical sulphuric acid for example is created via the
catalytic oxidation of SO,to SOs. In industrialised countries, catalysis is estimated to be responsible
for about 1/6™ of the value of all manufactured goods.?’ As detailed by the aforementioned
principles of green chemistry, catalysis has a significant role to play. The creation of future chemical
products and processes should focus on these principles to reduce waste and eliminate
unnecessarily hazardous chemicals. Catalysis has played an important role in the transformation of

chemistry to a more responsible and sustainable industry.?

One of the first uses of the term ‘catalyst’ in its current meaning was by the scientist Berzelius in
1835.22 However, the industrial application of inorganic catalysts go somewhat further back, to the
late 1700’s. It was discovered that certain reactions could be made to proceed non-
stoichiometrically in the presence of certain substances. Many initial investigations involved
oxidation over platinum, which would remain a mainstay in catalysis to the present day. The first
investigation which provided a detailed explanation as to how heterogeneous catalytic oxidation

proceeds over platinum was reported by Ambrogio Fusinieri in a paper published in 1824.22



The simplest definition of a catalyst is a substance that increases the rate of reaction but which
itself is not consumed.? On physical terms a catalyst is a component which is added to a chemical
reaction. Usually in heterogeneous catalysis, the catalyst is a solid or in homogenous catalysis a
liquid (often a metal complex) which reacts with the substrates to increase and direct the rate of a
chemical reaction. In this process the catalyst must not in principle be used up itself i.e., it is not a
stoichiometric reagent. This is important as allows for a continuous cycle to theoretically persist
where the catalyst facilitates the transformation many times to produce numerous substrate
molecules. This allows for only a small amount of catalyst to be used, relative to the substrate(s).
The role of the catalyst varies, but usually it speeds up the reaction by providing an alternative
reaction pathway. In this case a pathway with a lower overall activation energy, with no deep
troughs or peaks in the associated energy level diagram of the reaction. However, in the case of the
biological enzymes, the catalyst stabilises molecular transition states to allow for further reaction
in bio-catalytic systems. When enacting an alternative pathway, it will require a lower activation
energy and thus, often require a shorter amount of time and lower temperature to achieve than
the associated non-catalysed reaction. However, the overall thermodynamic energy of reaction will
be the same. In practice, many reactions that proceed over a catalyst could also proceed without

one, but the rate would be much slower or counteracted by the reversibility of the reaction.

One of the most important parameters when assessing a catalysts performance in a reaction, is the
product selectivity. A highly selective catalyst will yield a high proportion of the desired product
with minimal amounts of unintended side products (by-products). This can often be one of the most
challenging aspects of catalyst design, with great efforts being enacted to make even small
increases in pre-existing catalysts selectivity. As well as an intrinsic ability of the said catalyst, the
selectivity observed is often highly dependent on the conditions of reaction, such as temperature,
pressure, and reactant concentration. Balancing all these factors to achieve a high selectivity is
therefore important. From an economic perspective, there is a high incentive to increase selectivity
as higher amounts of the desired product will be made from the same amount of substrate and less
waste will be generated. There are only a few instances where selectivity is not a huge concern.
These would normally be simple reactions with only one thermodynamically viable product, such

as the formation of NH3 from H, and N,.

1.2.1 Types of catalyst
There are two distinct areas of research in non-biological catalysis. These are heterogeneous and

homogeneous catalysis.



1.2.1.1 Homogeneous catalysts

Homogeneous catalysts are usually based on organometallic compounds and coordination
complexes. They are classified as homogeneous catalysts if they exist in the same phase as their
reagents. This is in practice often a metal complex which is dissolved with its ligands and the

reagents within a solvent.

Homogeneous catalysis is known for having several advantages and disadvantages compared to
heterogeneous catalysis. These lead to the application of the different types depending on the
operation aims and scale. Homogeneous catalysis often relies on a smaller scale and more complex,
but directable reactions. The principal advantages of homogeneous catalysis are the excellent atom
efficiency and reaction selectivity which can be obtained with them. The nature of the ligand
framework means it is often very specific to a certain substrate, and steric effects of the designed
ligands help direct the reaction to a specific product. Also, as homogeneous catalysts are usually
dissolved in a solution, every single molecule of catalyst is accessible to the reagents and thus very
high activity is attainable. Their reaction mechanisms are often also easier to deduce and evaluate

as it is often easier to identify the specific active site of the catalyst.?°

One of the disadvantages is that these catalysts can often be complex to synthesise themselves.
The choice of metal and ligands influences the oxidation state of the active centre and thus, the
associated coordination number. This can have big implication on the stereoselective properties of
the catalyst. The catalyst may take many complex synthesis steps to prepare, which would need to
be optimised to obtain acceptable yields and purity. These extra steps required for the production
of the catalyst can be responsible for significant amounts of waste themselves. Another limitation
of homogeneous catalysis is that while the existence of same phase reactions can be advantageous
to rate and selectivity, it makes separation of the catalyst from product and solvent difficult. This
can lead to loss of catalyst in the product, or just not being reliably extracted from the product
mixture. In this way, while less would be needed than a stoichiometric reagent there would still

need to be a continuous process of production to reclaim the catalyst after reaction.

While the metal complex catalysts may require a multistep synthesis, it is practicable to obtain their
crystal structure quite reliably via X-ray crystallography. This knowledge of the metal and ligands
allows for them to be rationally designed to emphasise certain parameters. The organic ligands
themselves can, in many cases, be optimised. This provides a further element of control and thus,

the specificity of the active site and the selectivity can be excellent.

There are many types of reactions where homogenous catalysts have been used, such as alkene

metathesis®, hydrogenation of alkenes?* and hydroformylation.? One recent and highly applicable



example was the 2010 Nobel Prize for chemistry winning work by Heck, Negishi and Suzuki on Pd
complexes for C-C cross coupling reactions.?® The 2021 nobel prize in chemistry was again awarded
in the field of homogeneous catalysis to Benjamin List and Davi W. C Macmilian for their work on
Enamine and iminium ion-mediated organocatalysis.?’ Most industrial chemistry processes which
use catalysts however do not use homogeneous catalysts, regardless of their generally excellent
selectivity. This is due to the additional time and money required for the synthesis of these catalysts
and extraction of products. Interesting work is on-going, where homogeneous catalysts are
tethered to solids resulting in the “hetero-genising” and pairing with heterogeneous catalyst
supports, allowing for much simpler extraction and reuse.?®?° Further advancements in this field

could see more commercial applications for homogeneous catalysts moving forward.

1.2.1.2 Heterogeneous catalysis

Heterogeneous solid catalysts are used more in industry and in large scale bulk processes. The world
catalyst market size was estimated at USD 33.9 billion in 2019 with a predicted compound annual
growth rate of 4.4% to 2027 which would lead to forecasted value of 48 billion USD. Heterogenous
catalysts hold 72.1 % of the catalyst market share in 2019.3° This shows that they are the dominant
type of catalyst over homogeneous catalyst at this point in time. MgO is an example of a simple
heterogeneous catalyst. Heterogeneous catalysts exhibit several benefits that, from an economical
industrial standpoint, make them more practical. Heterogeneous catalysts can be far more robust
to high temperatures, flows and pressures. Thus, high reaction temperatures can be used to
enhance activity in systems which are not thermodynamically limited. They can be more
environmentally friendly as they are easy to separate from the products. Separation is especially
easy in fixed bed flow reactors which also allow for large scale reactions to take place and are
relatively easily scalable. In such processes, a simple tubular reaction vessel will be used where the
reagents, in liquid or gas, are passed over a bed of the catalyst and collected the other end. A
disadvantage of this, however, is that the catalyst (as a solid) is not dissolved with the reagents and
therefore only the catalyst surface is available for reaction. This can result in mass transfer
limitations, where the diffusion from the bulk substrate via adsorption and desorption to the solid
surface can limit the rate of reaction.?! This means that heterogeneous solid catalysts are often
designed to have the highest surface area possible to give the optimum reactivity. An example of
this includes zeolites such as ZSM-5, which are highly porous solids, this allows for reagents to
penetrate deep within their solid structure resulting in impressively high surface areas. A more
common approach however is multiphasic catalysts where a high surface support provides a surface
where smaller catalyst particles are deposited. Such supported metal catalysts are abundant within

heterogeneous catalysis. A vast variety of different metals have proven to be affective when



supported in such a way. The choice of metal used is often related to the intrinsic property of the
metal and the specific reaction under investigation.3? Pt group and noble metals are often used.
Examples of supported metal catalysts include Pd catalysts supported on alumina and carbon.* Pd
supported catalysts are commonly used in hydrogenation reactions for fine chemical production.®*
Pd/C catalysts are also used in bulk chemical production such as for terephthalic acid.?®
Development in the use of Au in heterogenous catalysis has led to several breakthroughs in the
area.’ Examples includes Au/C supported catalysts, which can be used as effective acetylene

hydrochlorination to vinyl chloride catalyst® and Au/FeOx for CO oxidation.3®

1.3 Base catalysed reactions on metal oxides

Compared to the abundance of research on acid catalysts, the study of basic heterogeneous
catalysts is somewhat limited.3®% It was noted by Tanabe and Holderich in their 1999 survey of
industrial processes that only 10 out of 127 major processes they identified were solely base
catalysed, there were also 14 acid-base catalysed reactions, but the rest were acid catalysed.*

However, these materials are increasingly being seen as an alternative to acid catalysts.

Acid and base sites on a catalyst surface can serve as active sites for catalytic reactions. The strong
robust nature of solid catalysts means that both Lewis acids and basic sites can co-exist on a catalyst
surface without reacting with each other to form adducts. This can allow for unique catalyst
reactivity, that would not be possible in solution. These types of sites tend to be highly active for
the dehydration of alcohols and the isomerisation of alkenes. Bifunctional sites can be seen on y-
Al,O; which, with its high surface area and acidity/basicity, allow for its wide employment as a
support for metal nanoparticles.*? These surface metal sites are then used as the active sites for the
catalytic conversion, with the reactants that have absorbed on the support surface. In catalytic

convertors, y- Al,Os is used as a support for the Pt/Rh alloys metal sites.°

An example of a base catalysed industrial process is alkyl aromatic alkylation. Here, the basic
catalysts can be used for their different specificity compared to an acid catalyst. Basic catalysts
alkylate the side chain rather than the ring of the molecule, which is typically what is observed over
acid catalysts.>®> MgO promoted with various alkaline and alkali earth oxides can catalyse the
synthesis of a,B-unsaturated ketones from the aldol condensation of acetone.”® In the selective
hydrogenation of nitriles over base/metal bifunctional catalysts, base promoters are used to help

poison acid sites on the surface responsible for the undesirable coupling reactions.*

Alkali metal oxides can also serve as basic catalysts; their basic strength increases as you descend
group |, with Li,O being the weakest. They are usually studied as supports and modifiers, the

literature on using them as a solitary catalytic material is far less explored. Caesium oxide is highly



basic and as such, it too had been utilised frequently. As a catalyst however, it typically requires a
high activation temperature and is susceptible to poisoning by water and CO,.3° Regardless, there
has been significant research into the use of Caesium based catalysts. Several important processes
involve the use of supported alkali metal oxide catalysts and are being developed in industry. 4-
Methylthiazole, which is used as a fungicide and in the pharmaceutical industry, can be produced
by zeolite supported caesium catalysts. However, the selectivity is only low (ca. 60 %) and the
activity halves within two weeks.3® A similar catalyst has been used for aldol reactions, such as the
reaction between methyl propionate and formaldehyde.* Other research has also investigated the

aldol condensation of butanal for 2-ethylhexenal.*®

The alkaline earth oxides have a large body of work focussing on them, especially based on
magnesium and calcium-based oxides.*”*® CaO has been found to be a useful catalyst in biodiesel
production.?**° Both MgO and CaO have been found to have applications in the sequestration of
CO, from the atmosphere. This process would also yield calcium carbonates which have commercial
value.’»%2 The rest of this thesis will specially focus on MgO as a basic catalyst, where the uses and

preparation of will be discussed in detail in the next section.

1.4 MgO

MgO is a basic rock salt solid, which can be prepared in a variety of ways. As will be shown, the
conditions and reagents used in its preparation can result in significant changes to its physical
properties. These include its specific surface area (SA), its basicity (strength and site distribution),

its porosity, crystallite size and morphology.

As with the alkali metals, MgO catalysts need to be activated under high temperatures to remove
hydroxides and carbonates. Therefore, attention must be given to these as such species can re-
emerge readily through exposure to air.>* MgO as a basic solid has already been used in a variety of
base catalysed reactions. There has been both experimentation with the metal oxide as the catalyst
itself, as a support and with alkali metals to promote its basic strength. It exhibits a low solubility
compared to alkaline earth metals, which can assist with its stability and reusability. The Hammett

constant for it is H- = + 26.0, making it relatively average for a basic oxide.>*

1.4.1 Calcination from Mg(OH)2
A common and simple way of preparing MgO is via the thermal degradation of a Mg(OH),. This
needs to be done at temperatures in excess of 350 °C. One of the first investigations pioneered in

this area was by Anderson and Horlock (1962).%°



The formula for the dehydration of Magnesium hydroxide is as follows:
Mg(OH), --> MgO + H,0

This is relatively straight forward example of thermal degradation, both MgO and Mg(OH), possess
only one crystal structure. Mg(OH), consists of a hexagonal hydroxide lattice, which undergoes a
crystallographic transformation to a cubic oxide lattice. Anderson and Horlock reported that the
hydroxide powder upon investigation by electron microscopy consisted of fairly well-defined
hexagonal discs, with a diameter of approximately 1000 A.>> Upon decomposition to MgO the
sample consisted of an aggregate mass of oxide, which consisted as a ‘sponge-like’ structure,

reminiscent of the original hydroxide structure.

Anderson and Horlock discussed the reaction as proceeding in three stages.”® The first stage was
the hydroxide lattice being slightly altered via the interaction of neighbouring hydroxyl ions. The
thermal energy causes dimensional changes which stress the large brucite crystals, resulting in poly-
crystallisation. This is the process of the larger crystallites transforming into more numerous small
species. Next, water is removed from the lattice and recrystallization of the dehydrated products
occurs, resulting in the formation of an MgO periclase structure. It is generally found that higher
heat treatments lead to larger crystallite sizes, lower surface area and thus, a lower total amount
of basic sites.*®>” MgO prepared from the precipitation of Mg(OH), are known to be highly
defective, which has been confirmed using high resolution transmission electron microscopy

(HRTEM) and can be advantageous from a catalytic perspective.>®

1.4.2 Calcination from various precursors

There are many more examples of producing MgO from the calcination of other substrates (in
addition to Mg(OH),. High surface area MgO was prepared by calcination of (MgCOs)s-Mg(OH),, or
rehydrated Mg(OH),at 450 °C for 2 h.>° Here, temperatures above 400 °C were employed to remove
hydroxide species, which were deemed to be far less reactive. Between calcination temperatures
of 400 and 500 °C, the highest surface area material obtained a surface area of over 300 m? g*. This,
logically, decreased upon exposure to higher temperatures, as the catalyst became more

crystalline. >8

Ruckenstein and Hu,*® also investigated the preparation of preparing MgO supports via
decomposing a variety of different Mg precursors. The MgO samples were made via calcination of
either Mg(NOs),;, Mg(OH), and [MgC0O3]4Mg(OH),. Mg(NOs),, Mg(OH),, which were treated at 400
°C for 3 hrs. The authors also conducted additional treatments at 1000 °C for an additional 3 hrs,

for comparison. [MgCO0s]sMg(OH), was prepared by a 400 °C treatment at 3 hrs or a 800 °C for 1.5



hrs or 1100 °C for 10 minutes. These conditions led to varied characteristics in the catalyst. Most
exhibited very low surface areas, except for the sample prepared through decomposition of

[MgCO03]4Mg(OH), at 400 °C for 3 hrs.

The effects of increasing calcination temperature were tested on trapezoid like MgO.5! These were
made from Mg(NO)s-6H,0 dissolved in water and treated with Na,C;04. This gave MgC,0,-2H,0
which was then calcined from 400 — 1000 °C. The crystal plane underwent significant changes as
the temperature increased. At 400 — 600 °C, meso-crystals were observed, changing to a
polycrystalline sample at 700 °C. This then proceeded to a pseudo-morphic structure between 800
— 900 °C and finally into a cubic single crystal structure when approaching 1000 °C. This was

accompanied by the smooth surface fracturing as sintering occurred.

MgO samples were prepared by the calcination of (MgCOs)s-Mg(OH), by Chunli Xu et al.®?
Temperature had a significant effect on the MgO properties. An ideal range between 450 °C to
about 700 °C allowed for high surface area and adequate pore structure. For example, the sample
made at 450 °C exhibited 292 m? g and 0.33 cm? g? pore volume. Below these temperatures
however, residual MgCOs; attributed to the observed lower surface area and pore volume. At higher
temperatures the surface became homogenised, and the pore structure collapsed. For example,
the sample calcined at 800 °C only exhibited a surface area of 17 m? g and a pore volume of 0.08

cmigt,

MgO can also be synthesised with specific morphologies. These can sometimes be complex
procedures but a simple method was developed by Cui et al; the heating of MgCl, powder at 750

°C for 1.5 hours in a flow of 9:1 argon to hydrogen yielded well defined nanorods.®?

1.4.3 Precipitation and calcination preparations

Procedures involving precipitation steps can also yield MgO with different and targeted
characteristics. Aramendia et al.®* prepared MgO in a variety of ways, including: precipitation of the
nitrate and sulphate precursors, a sol-gel preparation and a urea precipitation. Precipitations from
Mg(NO3),-6H,0 and MgS04-7H,0 were performed with 1 M KOH followed by a 600 °C calcination
for 2 hours. The sol-gel sample was made using 0.1 mol of magnesium ethoxide refluxed with 100
mL of ethanol, 20 mL of water and 3 mL of concentrated HCl. Following the dissolution of the
ethoxide, concentrated NH,OH was added until a pH of 9 was reached, after which it was left for
36 hours, centrifuged, and calcined at 600 °C for 2 hours. The precipitation in urea involved a ratio
of urea to Mg?* of 3.8. For this, 42 g of urea and 0.2028 moles of MgS047H,0 were dissolved in half
a litre of water. This was then refluxed for 3 days, yielding a gel that was washed and filtered,

followed by 600 °C calcination for 2 hours. The sol-gel procedure resulted in the formation of large
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MgO crystallite sizes of 270 A, which was comparable to that of the hydroxide sample of 277 A. The
Urea precipitation on the other hand, produced MgO with the smallest crystallite size of 97 A and
the rest of the samples were similar, exhibiting sizes of around 110 — 164 A. When investigated by
CO, TPD, it was found that each of the samples possessed a variety of different basic site densities.
These were seen to exist in three distinct forms, strong unidentate carbonate, medium bidentate
carbonate, and weak bicarbonate. The commercial MgO sample, used for comparison, was
determined to the least basic, but when this was rehydrated and calcined, it led to the most basic
catalyst observed. The materials prepared via the sol-gel and urea precipitation methods yielded

relatively low, but similar basicity.

Another precipitation technique, put forward by Sutradhar et al.%>, can be used for the synthesis of
well-defined MgO nanorods. The nanorods, which were up to 100 nm in length, were formed via
the precipitation of a 0.2 M solution of MgNOs with 0.2 M (NH4),COs. This gave a carbonate which
was then heat treated at 450 °C to 800 °C in air or N,. Lattice defects and low coordinate ions were

enhanced in the rods when treated at lower temperatures.

1.4.4 Other techniques for MgO preparation

Research carried out by Dummer et al.®® involved the use of MgO prepared via a surfactant
controlled route. This route used hydrothermal conditions and the surfactants used were sodium
dodecyl sulphate, sodium hydroxide, which were reacted with a quaternary ammonium ion. This
preparation method allowed for the controlled formation of Mg(OH), hexagonal plates. These were
subsequently thermally transformed to MgO under 420 °C for 2 hours, retaining the morphology.

This method of MgO synthesis, using surfactants, was also investigated by Khairallah.®’

A variety of different MgO morphologies were made by Sutradhar et al.®® They investigated the
synthesis of nanoflakes of a random, flower and grid like shape. Spheres, cubes, and hexagonal
plates were also formed. These were made by the calcination of magnesium carbonate hydrates,
which were made via hydrothermal and supercritical methods using MgNOs and nesquehonite rods
with (NH;),CO;. The different forms were obtained through varying the pH and carbonate
concentration. Hydrolysis of MgS0Q, in an aqueous ammonium hydroxide solution in hydrothermal

conditions leads to Mg(OH); rods which can then be calcined to MgO nanorods.

Attempts to tune the basic properties of nanocrystalline MgO was investigated by Menezes et al.>®
The distribution of basic sites was dependent on the preparation method. Surface heterogeneity
was found to promote basic site concentration. Medium strength sites were more prominent on
samples made via hydrothermal or precipitation aging treatments, while precipitation techniques

gave a more even amount of medium and strong sites.
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1.5 Reactions using MgO as a basic catalyst

MgO is commonly used in heterogeneous catalysis, both by itself and as a support in bimetallic
systems. Aldol condensation reactions,?®*%71 Henry reactions,”> alcohol coupling,
transesterification of vegetable oils to biodiesel,3*%%747> double bond isomerisation,”® Cannizzaro
reactions,”” Michael additions,*® CO, reforming of CH;%, Tischenko reactions’® and Claisen
condensation reactions®>®® are all examples of reactions where MgO has been employed as a
catalyst. MgO nano rods have also been used to increase performance in Bi/Pb 2223 super-

conductors.®® This all shows that it is a flexible and important material.

Overall, basic site strength and density is deemed to be important for catalysis over MgO and is
found to have significant effects in a variety of reactions. For example: Aramendia et al.%* found,
when testing for the Meerwein-Ponndorf-Verley (MPV) reduction, that there was a strong
correlation with the basicity of the sample and its activity. Higher concentrations of stronger basic

sites led to a quicker hydrogen transfer from cyclohexanone with isopropyl alcohol (IPA).

Wei et al., 7 investigated the basic properties of MgO and CaO for the synthesis of dimethyl
carbonate from propylene carbonate and methanol. The authors were specifically interested in
how basic strength and density affected this transformation. Predictably, higher strength basicity
led to an increase in activity, but at the expense of selectivity. The main role of the base was to
activate methanol by abstracting a proton. This gave MeO™ which would react with the propylene
carbonate yielding dimethyl carbonate. Stronger base sites result in a more negative and reactive
MeO", and thus, increased activity for dimethyl carbonate production. However, this also increased
the rate of propylene carbonate polymerization, resulting in a decreased selectivity to the desired

product.

Chunli Xu et al.>® explored a variety of reactions over MgO. It was found that MgO could efficiently
convert a, B unsaturated carbonyl compounds with a 1,4 addition to chalcone, obtaining yields of
above 80 %. MgO was interestingly found to be more active than previously explored catalysts for
this transformation and simpler to prepare. The reaction was tested using varied donor species.
The use of ethyl cyanoacetate and diethyl malonate led to fast rates. But changing these to more
acidic donors led to a full loss in activity. This was reported to be due to a cis-enol species forming,
which was very strongly bound to the MgO surface resulting in the active sites being blocked. There
is limited examples of work utilizing MgO as a catalyst in liquid reactions due to low activity

1

exhibited at lower temperatures,*! especially with use of H,0 as a solvent, which would result in

the formation and dissolution of Mg(OH),.%°
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Chunli Xu et al,*® also investigated base catalysed Knoevenagel condensation over MgO. Here, a
variety of aromatic carbonyl compounds were reacted with malononitrile and ethyl cyanoacetate.
When using aldehydes, the reaction proceeded relatively fast. In the contrary, with ethyl
cyanoacetate, the reaction rate was much lower. This was proposed to be due to the low acidity of
the molecule, thus, requiring more thermal energy for the proton abstraction. In this example, the
MgO catalyst exhibited high reaction rates and selectivity across the board, again surpassing
literature examples in several instances. Dummer et al.%® also investigated the Knoevenagel
condensation of benzaldehyde and ethyl cyanoacetate. It was found that the amount of surface
hydroxyl species was found to drive the catalysts activity, but the distribution of -O* sites was also

identified as being important for product yields.

In another publication Chunli Xu et al. also investigated the use of MgO as a transesterification
catalyst.5? In these experiments, it was found to be an effective catalyst when used with methanol
and at a temperature of 200 °C. The reaction temperatures were also needed to be relatively high;
at lower temperatures (such as 60 °C), MgO showed little activity and large quantities of methanol
was required to obtain acceptable yields. This is undesirable due to the fossil fuel derived nature of
methanol and resultant requirement for solvent disposal. The catalyst did however stand out, as
relatively high yields could be obtained compared to previous catalysts which often required doping
with Li* and led to leaching. Unfortunately, the catalyst exhibited a decrease in pore size when

undergoing reactivation procedures, which resulted in a decrease in activity upon each reuse.

Bartley and Chunli Xu focused on testing MgO in several other reactions including MPV reduction.>®
In this report, they examined how transfer hydrogenation occurred between benzaldehyde and a
variety of different alcohols such as 1-butanol, 2-butanol, 2-methyl-1-propanol, and 2-methyl-2-
propanol. It was determined that, especially with the higher surface MgO samples, they were highly
effective catalysts for this reaction. For the catalyst to be highly effective for the MPV reaction it
needed to include no left over MgCOs but also retain a high surface area. The optimum catalyst was
acquired from calcination at 450 °C. It was thought that the rate determining step of the reaction
was the adsorption of the alcohol onto the basic site. This proceeds to dissociate into an alkoxide
which then undergoes a hydride transfer to the carbonyl group. In this reaction, when using 2-
methyl-2-propanol a very low conversion is observed. The authors proposed that this was due to
hydrogen being required for an intermediate 6-member ring state. These factors combined with its
high catalytic effectiveness, allows MgO to represent a very real alternative to the more difficult to
handle and less environmentally friendly aqueous bases such as aluminium isopropoxide, which is

traditionally used as a catalyst for MPV reduction.?!
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Zhang et al.®!

investigated MPV reduction of benzaldehyde with ethanol. Catalyst characteristics
were very important. The conversion decreased from 90 % to 57 % over the calcination temperature
range (400 °C — 1000 °C) as the catalyst underwent crystal plane changes. Selectivity to benzyl
alcohol was determined to decrease until 700 °C then increasing to almost a 100 % at 1000 °C. The
opposite trend was seen with cinnamaldehyde which increased to 700 °C and then dropped to less

than 10 %, as the calcination temperature approached 1000 °C.

Overall, there is a huge variety of both preparation procedures for the synthesis of MgO and
applications for its use in heterogenous catalysis. Basicity and other characteristics such as its
surface area, porosity, crystallite structure and nanoscale morphology have been identified to be
important factors for catalyst performance. Certain reactions may prevail with better selectivity if
the catalyst exhibits specific distribution and density of different strength basic sites on its surface.
Other factors such as pore density and size could lead to more directed reactions. Understanding

these characteristics and accurately identifying are vital for improving catalyst development.

1.6 Characterization of MgO basicity

Determining the basicity of MgO is critical for understanding its performance as a catalyst. To
further understand how such materials could be more efficiently utilised, effective methods for the
characterisation of the surface basic sites are required. Lewis-basicity would commonly be analysed

using acidic probe molecules such as CO..

1.6.1 Types of sites

MgO sites have previously been described by Chizallet et a/.82 MgO (100) is the most common,
stable and characterised exposed MgO plane. It is unlikely to present a perfect flat surface, resulting
in the exposure of a high degree of different types of Mg?* - 0> depending where they are present
on the morphology of the surface. On an ideal MgO (100) surface, the terrace situated Mg and O
atoms are five coordinated, corner sites are 4 coordinated and edge sites are 3 atom coordinated.>?
Mg?*-O? pairs on a (100) surface can exhibit a variety of coordination types, lower coordinated sites
(typically donated \c) exist on a corner, edge, or terrace, this leads them being (respectively) three-
, four- and five-fold coordinated. Higher coordinated sites will however exist in the bulk of the

material.

Hydroxyl groups can form on low coordinate O basic sites and are known to promote basic
reactions.®® The hydroxylated site (Mg-OH) of MgO can even achieve higher activity than oxide
ions in certain situations.® Several theoretical and experimental studies have shown that H,0 can
undergo dissociative adsorption to the MgO surface.®9! Hydroxyl groups form on the surface of

MgO in the presence of H,0.
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1.6.2 Instrumentation and techniques for the analysis of basic sites
There is a variety of instrumentation and methods which can be used to probe the basic site

strength and distribution in MgO materials.

1) Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). This technique is based on
IR spectroscopy and allows for the semi-quantitative analysis of adsorbed molecules on the surface
of a powdered sample. DRIFTS can be used to detect how a probe molecule adsorbs, making it an
ideal technique to study acid and base sites on metal oxides using suitable probe molecules.
Through analysing the energy(ies) of vibrations observed when passing a probe molecule over a
metal oxide surface, the mode of its adsorption can be deduced. This can in turn be used to
determine the type of basic (or acidic) sites which are present. For the purpose of probing basic
sites in a sample, analysis using CO, as a probe molecule is most suitable. There are three main
types of basic site which can exist on MgO. These are all indicative of different carbonate species
which can form, from exposing the surface to CO,. Absorption bands for carbonates on MgO
surfaces are located between 1800 cm™ to 1200 cm™. These values can vary, however, due to
preparation procedures and morphological features and a review of literature values for different

types of sites is presented in Table 1.

2) Temperature programmed desorption (TPD). TPD can also be used to measure basicity and
acidity of solid materials, again using probe molecules.®® When investigating basicity, CO, is
typically employed as the probe molecule. For this, CO; is passed over a clean surface sample, and
then desorbed by increasing temperature. The amount of CO; detected as it desorbs allows for
basic site quantification, thus, basicity per gram or m? of catalyst can be acquired. The temperature
the CO, desorbs at also allows for determination of the relative strength of a given site. This can be

combined with other techniques, such as DRIFTS, which can identify the actual nature of these sites.

3) Microscopy can also be used to investigate the basicity of a sample. This would likely need to be
used in conjunction with other techniques to identify morphological patterns that may correspond
to changes in quantified basicity. It is predicted that lower coordination and step sites of MgO would
exhibit a higher basic strength.” Crystallite sizes and exposed facets can be identified by TEM.
Montero et al.’® found that there was a correlation between features such as kinetic energy and
crystallite size that predicted the surface base strength of MgO to increase with increasing
crystallite size, corresponding to a change of (100) to a stepped (110) face. The faces (110) and (111)

were found to be more basic than the (100) face and were obtained via high temperature annealing.
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Table 1. Literature values for DRIFTS adsorption bands basic sites and CO, species.

OH oz Mg?+-02
Reference Bicarbonate / hydrogen | Monodentate carbonates | Bidentate & tridentate
carbonates (cm) (cm™) carbonates (cm™)

53

1220 asymmetric
1480 asymmetric
1650 asymmetric

1360—-1400 symmetric

1510 - 1560 asymmetric

1610 — 1630 symmetric

1320-1340 symmetric

92

1370-1590 general area
attributed

1440 V3pign DFT (110)

1378 V3jow DFT (110)

1270 -1390 general area
attributed

1620 —-1710 general area
attributed

1680 v3high Drifts
1650-1730 Vspigh DFT
1125-1200 v3jow DFT

1651  vangn  Drifts
(tridentate 100)
1304 V3iow Drifts
(tridentate 100)
1600-1650  vahgn DFT

(tridentate 100)
1280-1300  vziow DFT
(tridentate 100)

1516  Vsngn  Drifts
(tridentate 100)
1347 V3iow Drifts
(tridentate 100)
1560 V3high DFT

(tridentate 100)
1330 v3iow DFT (tridentate
100)

93

1655-1658 v,
1405-1419 v3
1220-1223 v4

1510-1550 vahigh
1390-1410 v3jow
1035-1050 vy

54 1480 v 1590,1510 Vsngn 1385,1335 V30w
1250 Vg 1415 V3jow
58 1650 v,
1510,1408 v3
1220 v4
95 1550 V3high
1410 V3iow
1050 v
* 1520 atign 1670, 1630 Vsnigh
1370 Vsiow 1270 v;
1060 v
97 1550 v3high 1670,1630 vshigh
1410 V3iow 1315,1280 V3iow
1000,850 v;
1050 v 950,830 v,

4) Solid state nuclear magnetic resonance (SSNMR). SSNMR is another spectroscopic technique
which can be used for the characterisation of atomic structure of undissolved solid materials, such
as powders and single crystals.1® In-situ SSNMR is a well-established tool and can be a useful

technique in the characterisation of heterogeneous catalysts.’?? It can be combined with other
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techniques such as gas chromatography (GC).}® In-situ SSNMR and can be used for the
determination of the structure of adsorbed reactants, in this way it can provide significant insight
into the mechanism of reaction that proceeds over a catalysts surface, allowing for identification of
intermediates products that might not otherwise be isolated on collection. Using probe molecules
there adducts on the sample surface can be detected and quantified by analysing the intensity and
chemical shift. Depending on equipment availability, cost restrictions and the type of catalytic
system being investigated in-situ solid state NMR can be conducted in a bath reactor, which is

cheaper and simpler or a continuous flow reactor.

5) X-ray photoelectron spectroscopy (XPS) is a technique which can determine the elements in or
on the surface of a sample, the chemical state and electronic structure. XPS can be used to detect
the different electron states of MgO, such as the 1s, 2p and O 1s in detail.!® The changes of
observed binding energies can be used to detect different components on the surface and in the
case of hydrated carbonates on MgO the different forms.%> XPS’s ability to detect regions related
to carbonate and hydrated species could be used to help identify basic sites with the in-situ addition

of probe molecules.

6) X-ray absorption spectroscopy (XAS) is a technique for analysing the atomic energy structure of
a sample. Extended X-ray absorption fine structure (EXAFS) reveals details about interatomic
distances, the coordination number of neighbouring species and information about the samples
lattice dynamics. X-ray absorption near edge structure allows for investigation of the valence state,
energy bandwidth and bond angles.’®® XAS has various uses in the study of heterogeneous
catalysis.®” The combination of data such as coordination numbers and use of probe molecules

could be useful for evaluating different active sites on a metal oxide surface.

1.6.3 Limitations of single probe molecule studies

Techniques using probe molecules are well developed.1°%1% Techniques such as CO, TPD and CO,
DRIFTS rely on the use of probe molecules to investigate Lewis basic sites in isolation. However, this
may not account for the interaction of acid base site pairs on substrates or Brgnsted basicity on
MgO. Fu et al.1*® developed a way to simultaneously analyse the acid and basic sites of sample. This
uses probe molecules to attach to the solid surface, which are subsequently detected via NMR. *C
and 3P MAS NMR using *CO; and trimethylphosphine (TMP) were used as the investigative probe
molecules, respectively. They found that these influenced each other and gave varied and perhaps
more insightful results to the nature of the sites on the samples surface. It was found that three
main basic sites existed on metal oxides, which were termed strong, medium, and weak. These

could be identified by their chemical shift. The strong sites were represented by the CO; forming

17



unidentate species on low coordinated O". TMP on the adjacent metal cation can donate electrons,
this results in a stronger base strength on the oxygen site and a stronger acidity on the metal. With
the medium strength sites CO, formed a bidentate carbonate species on M* — O pairs. With this,
again, the TMP donates electrons resulting in a stronger base site, but due to the bidentate
carbonate species interacting with a M*, the overall acidic site density detected decreases. It was
reported that CO, adsorbing on weak basic sites would produce bidentate carbonates with slightly
lower chemical shifts. These were produced via hydroxyls forming from the adsorbed CO,, the OH
proton then interacts with the TMP phosphorous atom, resulting in a decrease in electron density

and thus basic strength for the O site.

This experiment raises the important point that acidic sites may co-exist with their conjugate basic
site on basic catalysts and the when the reactants are adsorbed on basic or acidic sites, this could
change the nature of the conjugate site. This means that co-adoptive techniques, may provide a
more accurate picture of basic sites on an oxide surface, compared to sole adsorption techniques

alone.

Focusing predominantly on Lewis type interactions may understate Brgnsted interactions, under
actual reaction conditions on a basic oxide such as MgO. As discussed previously, a common first
step in a catalysed reaction over MgO is the deprotonation of an organic molecule (RH). This is
attributed to Brgnsted basicity, ergo, the ability of the catalyst to protonate its surface sites.'° As
protic molecules dissociate favourably, this makes them useful for measuring the thermodynamic

Brgnsted basicity on a basic surface.®>***

[RT [H]

R-H + M"-0? =— M"*-0% —Products
Figure 1. Acid base pair on a metal oxide

Figure 1 would require a Lewis acid and base site: O to deprotonate the organic molecule (RH) and
the M™ to stabilise an anionic intermediate (R-). The degree of this stabilisation will influence the
absorption time and thus, influence which products are formed.?* This shows that the basic sites do

not act alone and the acid-base pair should be considered.

Brgnsted basicity of the MgO surface was investigated using the deprotonation of methanol and
propyne and the conversion of 2-methyl -but-3-yn-2-ol (MBOH). Hydroxyl surface groups are known

to be basic and can catalyse basic reactions.®>® There has also been cases where they have been
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observed to exhibit a higher activity than clean MgO 0% ions.® This was attributed to a vou infra-
red stretching band in the narrow high frequency region. The experimenters tried to identify these
sites using DFT calculations to model low coordination ion irregularities on MgO surfaces. (mono-
and di-atomic steps for 4C ions, corners, kinks and divacancies for 3C ions). All but the kinks and
divacancies with isolated OH groups were found to be able to dissociate water. When tested for
the conversion of MBOH the higher degree of non-hydroxylated oxide ions, the higher the
conversion became. The thermodynamic Brgnsted basicity was the key factor here. It was reported
that the conversion of the MBOH on a clean MgO surface correlated with the deprotonation ability
the same surface had with methanol and propyne.'*? Deprotonation of propyne was evidenced by
the appearance of C=C stretch on oxide ions. When the heterolytic dissociation of water occurred
over MgO, there were two main species of OH surface groups expected. OH groups can be
generated by the protonation of the surface oxide ions. This results in the hydroxyl group being

multi or single coordinated to Mg?* cations.

This type of underlying co-ordination to the surface ions should result in different spectroscopic
and acid-basic properties. The hydrogen bonding that can form between different hydroxyl surface
groups can also impose a significant effect. The clean surface was found to be more active for the
deprotonation of methanol than hydroxylated surfaces activated at 673 K. This led to the conclusion
that the thermodynamic Bronsted basicity of OH groups at 673 K were lower than the 0% low
coordinated ions. However, at higher activated temperatures of up to 973 K, this was reversed with
the hydroxylated sample exhibiting a higher activity. Where OH groups measured at 3740 cm*

correlated with MBOH conversion. However, it seemed only the ones measured at that

wavenumber were involved as overall, OH concentration did not correlate.

DFT modelling provided several interesting conclusions. The first saw that OH groups were not
always formed by low coordinate Mg*, because whenever possible, bridging between several Mg?*
cations would give a more stable configuration. Also, isolated OH group formation is limited to only
specific locations such as on kinks and divacancies only. The degree of hydrogen bonding seems to
be one of the most important factors. H donor OH groups exhibit low stretching as they are located
on corners and steps. H Bond acceptors on the other hand exhibit high frequencies which
correspond to single coordinated OH groups near a corner or di-coordinated bridging, through the
edge and underlying plane. Os.-H coordinated species form on kinks and divacancies through
multiple bridging. IR band data showed that Os.-H and Os-H groups on kinks and divacancies,
respectively, are not responsible for basic activity. On the other hand, the mono and di-coordinated

OH groups were extremely active.

19



These conclusions ultimately highlight how an integrated approach involving multiple techniques is
important to understanding the different types of basic sites present on a sample surface and how
they would actually interact with reaction substrates in-situ. As presented in previous sections,
there is a developed understanding of MgO preparation, characteristics and use in a variety of
reaction systems. MgO has many applications and can be tailored for specific purposes. With this
in mind, MgO may also have potential as a catalyst in the areas associated with the upgrading of

platform chemicals and sustainable chemistry.

1.7 Trans-esterification of triglycerides to biodiesel and sustainable chemistry

In recent decades, there has been a considerable shift towards research into sustainable chemistry.
This has resulted in a drive for research into sustainable methods for the production of liquid fuels
and products, which are currently derived from petrochemical feedstocks.’!* The use of
renewable or carbon neutral feedstocks has therefore become an attractive prospect for
researchers and much emphasis has been placed on reducing dependency on fossil fuel derived

feedstocks.

Consequentially, the biodiesel industry has seen growth in recent years. While the rising sale and
demand of electric road vehicles is expected to somewhat hinder biodiesel demand, there is an
expected compound annual growth rate of 8.4 % in the marine industry and a 4.6 % for power

generation between 2017-2025.1%4

The majority of biodiesel produced commercially occurs through the production of fatty acid methyl
esters (FAME). Shown in Figure 2 this process involves the transesterification of triglycerides, where
methanol and a base, such as potassium hydroxide, are employed as a reagent and catalyst,
respectively.’>!® Bjodiesel is non-toxic and in-theory, an environmentally benign energy source.
Biodiesel is sourced mainly from vegetable oil; however, animal fat waste is also used.''” Hydrolysis
of the triglycerides results in the formation of a glycerol molecule; ca. 1 ton of glycerol is produced
for every ten tons of biodiesel.’”18 Glycerol is therefore a major by-product of the biodiesel
industry, which has ultimately resulted in an oversupply of glycerol. Due to the current limited uses
for this extra glycerol, the majority of by-product crude glycerol is sent to water treatment for
digestion or burnt for energy.!*¥12° Therefore, effective methods for the conversion of crude

glycerol to high-value chemicals is an important and fluid area of research.
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Figure 2. Transesterification of triglycerides to fatty acid methyl esters and glycerol

1.7.1 Crude glycerol (composition and considerations)

A barrier to the utilisation of glycerol as a platform chemical is that, in its crude form, it can have a
purity as low as 10 %.'*” As feedstock and refining processes vary, the grade and impurities present
within the glycerol can differ significantly. Crude glycerol is reported to possess many impurities
and can exhibit a brown/green murky appearance. These impurities can include: the
transesterification catalyst, such as KOH, NaCl, water, oligomers, biodiesel, methanol, other
alcohols, salts, polymers of glycerol, di-glycerides, soap, ash, free fatty acids (FFA), nitrogen
containing compounds and various metals. *2%712% The purity can vary immensely, with glycerol
sourced from the soap industry often surpassing a purity of 80 %. In the contrary, glycerol from the
biodiesel industry can vary between 14 % - 87 %, and from the triglyceride industry averaging at 42
%. The source oil can also effect the composition, shown in Table 2.1%* Due to the abundance and
its impurities, it is therefore unsurprising that refined crude glycerol only possessed a value of
between ca 200 — 250 € per tonne over the past year.!?® This has however increased substantially
to almost 400 euros a tonne around (March 2020), due to a significant decrease in biodiesel

production in europe.?®

Individual studies of biodiesel sourced crude glycerol also reveal a large variation. In a study of 11
samples from 7 different biodiesel manufacturers, it was found that the glycerol content varied
from 38 % to 96 %. Significant contaminants were observed with up to 29 % ash and 14 % methanol
content.’?® Hu et al. analysed 5 samples procured from the same producer.'?” It was found that 85
% of the mass of crude glycerol was methanol FAMEs, soap and water and less than 15 % was
glycerol free fatty acids and ash. The glycerol concentration varied from 23 % to 63 %. The impure
nature of crude glycerol and the inconsistency between batches, raises a significant problem for its
effective utilisation and thus commercial usage. Purification of said crude glycerol is desired, but

this can present additional costs.
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Table 2. Composition of crude glycerol reproduced from data collated by Kumar, L. R.; Yellapu, S.
K.; Tyagi, R. D.; Zhang, X. A Review on Variation in Crude Glycerol Composition, Bio-Valorization
of Crude and Purified Glycerol as Carbon Source for Lipid Production. Bioresource Technology.

2019. https://doi.org/10.1016/j.biortech.2019.122155.

Feedstock IdaGold | PacGold Rapeseed | Canola Soybean Crambe Waste
cooking
oil

Ca (ppm) 11.7 23 24 19.7 11 163.3 -

K (ppm) - - - - - 216.7 -

Mg (ppm) 3.9 6.6 4 5.4 6.8 126.7 0.4

P (ppm) 25.3 48 65 58.7 53 136.7 12

S (ppm) 21 16 21 14 - 128 19

Carbon (% wt) | 24 24.3 25.3 26.3 26 24 37.7

Fat (% wt) 2.03 1.11 9.74 13.1 7.98 8.08 60.1

Na (% wt) 1.17 1.23 1.06 1.07 1.2 1.1 1.4

Ash (% wt) 2.8 1.9 0.7 0.65 2.73 0.25 5.5

In a review by Ardi et al.'?® methods for the purification of crude glycerol were discussed and three
main steps to the process were revealed. The degree of purification required depends on usage,
generally for industrial processes requires purities > 96 % and pharmaceuticals would require 2 99.5
%. The first step in the glycerol purification process requires neutralisation of the substrate. This is
done using an acid catalyst such as H,SO4, which can convert the soap to free fatty acids which rise
to the top for removal. The acid can react with a residual base catalyst to produce salts which will
form on the bottom. Using H,S04 to obtain pH of 1 allows for a glycerol yield of 93 %.2° Methanol
which was added during the biodiesel process now needs to be recovered for reuse due to its
toxicity. Methanol is removed with water by vacuum evaporation to give an average purity of
glycerol of around 85 %. Finally, a last purification and refining stage is required. Vacuum distillation
is commonly used to purify the remaining glycerol. This is conducted under vacuum to avoid

glycerol polymerisation and degradation, which can occur at elevated temperatures.

Purified glycerol does however have a variety of applications in the food, tobacco and
pharmaceuticals industries. 18139131 While there is applications for high value purified glycerol, the
purification process can be costly and the infrastructure is not always available; especially for
smaller biodiesel producers. The supply of crude glycerol significantly outstrips demand for its pure
form for conventional uses. The development of processes for the large scale consumption of

glycerol has been severely limited due to the price of its purification.!?%1?1132 Hence, there is a drive
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to develop processes and infrastructure that can utilise crude glycerol directly as a feedstock with

possible significant cost and energy savings.

A significant review, published in 2016, investigated the difference of crude and pure glycerol
utilisation in a variety of processes.'** Overall, the results with crude glycerol samples were inferior
to that achieved with pure glycerol. This is due to the contaminants which can lead to reactor
fouling and the poisoning of catalyst active sites, which in turn leads to a reduction in yields.'??
However due to the variation between crude glycerol sources, it’s hard to make comparisons
between processes. A selection for comparison is presented in Table 3. As can be seen in some

cases, where the crude glycerol is relatively pure it compares well to the pure glycerol experiment.

However, most research into glycerol valorisation utilises pure glycerol. This allows for the true
nature of the reactions and effect of catalysts to be analysed and restricts variation based on
glycerol batch. While the goal of most valorisation methods is to convert crude glycerol to useful
products, the heterogeneity of the sources would make comparable research difficult. For catalyst
caused effects to be identified accurately, purified glycerol is used to avoid the complications of
crude variation. This allows for differences observed to be pinned purely to conditions and the
catalyst and not the specific batch of glycerol. This also allows for more accurate comparisons with
fellow researchers. It is hoped that the insight gained from pure glycerol experiments and any
effective catalysts for transformations would still be relatively effective when exposed to less pure
product streams. Therefore, in this thesis the catalytic transformations of glycerol discussed use

purified glycerol unless otherwise stated.
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Table 3. A series of reactions using crude and pure glycerol as feedstock are compared. C =

conversion, S = selectivity, Y = yield. Reproduced from data collated in P. S. Kong, M. K. Aroua

and W. M. A. W. Daud, Renew. Sustain. Energy Rev., 2016, 63, 533-555.1

Product Route Crude glycerol contents Crude glycerol Pure glycerol
Glycerol 70-90 %
Methanol & H,0 <15 %
Glycerol 70-90 %
H, Steam reforming Methanol & H20 <15 % C=100% C=97%
Salt < 5%
Polyglycerol 5 %
Glycerol 42.3 %
Methanol 20.8 %
18.9 % mol-Hy/mol- | 24.1 % mol-H,/mol-
- FAMEs 33.1 %
H, S”perig]fc')crillwater Glycerol 71.12 % ¢ ¢
Methanol 2.6 % MONG 25.9
% Ash 2.6% Tar 21 % Tar=0%
H,0 0.01%
Glycerol 68.5 % Methanol
Aqueous phase 15.5% P _ o c— a0
Hz reforming FAEs 0.7 % H,0 1.5 % C=46%5=1% €=100%5 =64%
Soap 16.2 %
. Glycerol 80 wt %
Hydrogenolysis
< 0,
. (dehydroxylation of Methanol < 1% C=71% C=99%
1,2 propanediol MONG <20 %
glycerol) Ash <0.1 % S=56% S=87%
CG;PG; R
0, 0,
Acrolein Dehydration Glycerol zjaf: 3M‘:E;anol 4% Y =80 mol % Y=82.3 mol %
. 0
Glycerol 95.5 % Methanol
0.131% ok oo
glyceric acid (GA), oxidation H,0 0.001 % Soap 3.23 % SC—_Z?;SZ{:/ SC-_63259A:’/
FAMEs 0.029 % FFAs 0.1 % e ReTR
CH30Na 0.056 %
Methanol 3.46 % FAEs 2.8
Glycerol tertiary — % s e
butyl ether (GTBE) etherication H,0 0.053 % C=6% C=52%
K2.33 % Na 0.012 %
Dioxol
|ozj<;)o)a:2§eand Condensation Glycerol 87 wt % Y=</1% Y=42%
Glycerol 15.4 % Soap 22.4 %
FFA 2.1 % FAME 30.9 %
Polyesters Poly condensation Methanol 15.5 % Water 5.1 Y=53% Y=84.4%

%
Ash4.2 %

1.8 Valorisation of glycerol to other platform chemicals

Due to the abundance of crude glycerol, valorisation to important value added platform chemicals

has become a common goal.'** There are many possible processes for the conversion of glycerol to

value added products including: oxidation, dehydration, acetylation, esterification, reforming,

reduction, etherication, ammoxidation and acetalization.'*® Some of the primary areas of focus in
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recent years has been the dehydration of glycerol over acid catalysts,'* glycerol hydrogenolysis to

,1%¢ glycerol halogenation to epichlorhydrin and the liquid phase aqueous

1,2 and 1,3 propanedio
oxidation of glycerol oxidation to a variety of products such as dihydroxyacetone, glyceric acid and
tartronic acid.?®” Further brief discussion on some of these processes is presented below, along with

more extensive discussion relating to research published on routes from glycerol to methanol.

1.8.1 Reforming

Reforming of glycerol (Figure 3) is an important example and allows for the small-scale production
of H, from a renewable source with a low CO content.117/119120.123 \While mostly done in the gas
phase, reactions in the aqueous phase have also been explored and would be highly applicable for
use in fuel cells. In this process, glycerol has been reacted with water to form CO, and H; over a Pt-

Re catalyst in a one step process at relatively low temperatures of 200 °C to 250 °C.138

OH

HO OH + 3H,0 — 7H, -+ 3co,

Figure 3. Glycerol reforming overall reaction.**

Detailed investigation on the steam reforming of glycerol is covered by a recent review.!?*® Steam
reforming of glycerol is a source for, theoretically, carbon neutral bio-hydrogen, which could help
meet the global increasing hydrogen demand.*® The process of hydrogen production currently is
95 % fossil fuel derived.'*! Nickel based catalysts are thought to be the most promising for the steam
reforming process, especially under optimal conditions (between 650 — 900 °C and atmospheric
pressure). Catalysts used are typically noble or transition metals co-precipitated or impregnated on
metal oxide supports. In this process, glycerol is converted to synthesis gas which has a high
hydrogen content. High temperatures are required to reduce the chances of methanisation. Under
high temperatures glycerol can degrade to CO and hydrogen but can also react with water to give
CO; and hydrogen. A water gas shift reaction can also occur, converting the CO formed to CO; and

further H, molecules.t®12°

1.8.2 Reduction

1,2- and 1,3-propanediols are important value-added chemicals which can be made from glycerol
through catalytic hydrogenolysis. 1,2 propanediol is used in a variety of products such as paint,
polyester resins, cosmetics, feed, and detergents. It is normally sourced from the fossil fuel

originating propylene oxide. Glycerol can be dehydrated to hydroxyacetone and undergo a
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sequential hydrogenation to 1,2 propanediol over variety of catalysts.}*?'43 A Cr,03; material at 200

°C, is currently used in industry.#3

1,3 propanediol is used as the monomer in polymethylene terephthalate (PTT) or polypropylene
terephthalate (PTT).1** Its production value is growing at a rate of 10.4 % a year, making it a key
area for research.'® It can be produced via a selective reduction of glycerol with H, over a metal
catalyst. These are often bifunctional, usually involving a noble metal like Ir, Rh or Pt combined with
a Brgnsted acid component, such as tungsten, heteropolyacid or rhenium.}>%¢ However these
routes from glycerol to 1,3-propanediol need more research to be economically viable. High
selectivity to 1,3 propanediol is a significant challenge and more complex to achieve than 1,2-
propanediol. The catalyst needs to remove specifically only the sterically hindered secondary
alcohol group of glycerol.**”** This means that any changes in catalyst structure can result in loss

of selectivity.

1.8.3 Formation of acrolein.

Another common target molecule for the conversion of glycerol is acrolein, which can be achieved
vig the catalytic dehydration of the molecule.’* Several reviews have been produced on the subject
and a wide variety of usually acidic catalysts are used.'®*>2 A variety of conditions can be used both
in the gas and liquid phase at varying temperature and pressure. Examples of previous work on
acrolein production includes the work carried out by Haider et al.>**>* The catalysts used here
included zirconium doped mesoporous silica catalysts, zirconia and ceria on alumina supports, and

silico-tungstic acid. WOs on Al,Os catalysts were investigated by Aihara et al.*>

under gas phase
conditions of 315 °C, at ambient pressure. Selectivity was about 80 % regardless of loading but the
20 wt.% WOs; loaded achieved the highest yields of between 75-80 %. Heteropoly acid based
catalysts, zeolites, mixed metal oxides, phosphates and pyrophosphates have been used. 10152
Basic catalysts have seen limited used in this reaction. CeO;, La;0s; and MgO have been investigated,
but they only exhibited a low selectivity to acrolein. The range of products was wide with over 60

mol % remaining unidentified. ¢

As described, there is a variety of uses for glycerol being developed, however none, as yet, have
succeeded in depleting the crude glycerol reserves. The complex chemistry and wide range of
products glycerol can undergo leaves it opens to further study as a platform chemical. There have
been several recent developments in the production of useful alcohols from glycerol. Methanol

being a primary one which is the focus of this thesis.
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1.9 Green methanol from glycerol

1.9.1 Previous work on MgO and CeO; valorisation of gas phase glycerol to methanol

In 2015 Haider et al.*>” discovered that glycerol, when passed over bulk oxide catalysts such as
MgO,**® and Ce0,, can be transformed into methanol with considerable selectivity. Theoretically,
this could have multiple economic and environmental benefits if achieved with high efficiency. For
instance, given that methanol is used as a reagent in the FAME process, it could be envisaged that
commercial biodiesel plants develop infrastructure to recycle the waste glycerol they produce, to
use in further processing. Currently, methanol is derived from fossil fuels and the process cannot
therefore be considered fully sustainable. Another application of methanol is that it can be

converted into formaldehyde, which can subsequently be used in the production of plastics.®°

The methanol used in the bio-diesel process often represents a large quantity of the industries
overheads. The molar ratio of methanol to the oil used in the transesterification reaction is a
significant parameter, affecting the efficiency of conversion, yield and cost of the resultant
biodiesel.”*®! The stoichiometric ratio is typically 3:1 for the reaction.’®?> However due to the
reversibility of the reaction and low miscibility of the reactants, significantly higher molar ratios are
required.’®163 Using a CaO catalyst at 65 °C, an optimum ratio of 9:1 methanol to oil was used.
164,165 |Jsing an approximate methanol price of € 260 metric ton,®® this would result in the methanol
costs equating to ca. € 85 of investment per 1 ton of biodiesel produced. The ‘green’” methanol
produced from such a process would therefore be useful for increasing the process sustainability
and reduce the current economic barriers which exist between the biodiesel industry and

conventional energy production.

The valorisation of glycerol to methanol in the vapour phase over MgO and CeO; has been the
feature of several previous works. The aforementioned research article by Haider et al.’>” provided
the foundational platform in this area, which demonstrated that methanol could be produced as a
major product at low glycerol feeds using this methodology. Operating this process at higher
glycerol feeds however (up to 50 wt.%), led to reduced methanol space time yields (STYs) and
reduced carbon mass balances (CMB). Since this seminal work, significant improvements in the
understanding of the reaction mechanism and individual pathways has been developed.5815%.167 A
more complete reaction scheme was devised and a variety of catalyst-free and reactions over MgO
were performed under various conditions by Smith et al.**® It was identified that the CMB of the
reactions, operating at 50 wt.% glycerol feeds, was typically around 75 %. Of this missing 25 % of
carbon, up to 10 % was attributed to coke and ca. 15 % attributed to the formation of high

molecular weight products. The formation of the latter was proposed to be attributed to various
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bimolecular condensation reactions.'>® The methanol space time yields were found to be highest
with MgO with increases in temperature. A reaction temperature of 400 °C gave 205 (g h? kgear)
with 50 wt.% glycerol and 0.5 g MgO. A higher space time yield was observed 255 (g h™? kgc.t?) with

lower catalyst mass and glycerol concentration of 0.1 g and 10 wt.% respectively.

Investigation using crude glycerol was performed in the initial paper found that the catalysts were
relatively tolerant to the impurities within the batch of crude glycerol used. This crude glycerol was
provided by Biodiesel Amsterdam BV and was treated before testing with decantation of the
aqueous phase and a simple charcoal filtration. The conversion, methanol selectivity and methanol
yield were slightly lower compared to pure glycerol and this difference increased with reaction time
and feed concentration. However, the difference was minimal which was promising for the direct

use of crude glycerol.

Significant further work was carried out focusing on the use of CeO; as a catalyst for the valorisation
of glycerol by Smith et al.*® Investigations were carried out with 50 wt.% over a range of
temperatures. It was found that higher temperatures produced a higher space time yield 15 — 145
methanol g h? kgt from 320 °C - 440 °C. Temperature also altered the product distribution,
leading to more acetaldehyde, CO,, coke, and undetectable products. Using different surface area
catalysts but with the same normalised total bed surface area, it was found that there was no
relationship between defect site quantity and catalyst performance. This led to the hypothesis that

the sample morphology drove the reaction.

Synthesis and testing of well-defined CeO, cubic, rodlike and polyhedral morphologies for glycerol
conversion was subsequently carried out.'®® There was a significant difference between the
different morphological samples. The cubic structure sample was found to be relatively poorly
active due to high acidity, low surface area and possible tendency to be hydroxylated. At 400 °C,
the polyhedral sample was far more active resulting in a space time yield more than four times that
of the cubic 47 to 201 methanol g h? kgett. When comparable conversions were achieved over the
samples at 320 °C, it was found that they exhibited different product distributions. The cubic sample
only exhibited a low selectivity to hydroxyacetone of 15 % with selectivity of ca. 45 % for the rods
and polyhedra. This is a major intermediate and this difference of selectivity here indicates the
cubes primarily promote a different reaction mechanism than the other catalysts. The cube sample
also produced acrolein, a double dehydration product as its primary product. This indicates that the

cubic sample catalysed the C2 dehydration of glycerol preferentially to the C1 dehydration.

CeO; based catalysts were further explored. Studies conducted doped CeO, with Pr and Zr which

were made via co-precipitation and tested for conversion of glycerol.?®® While Zr had little effect,
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the inclusion of Prresulted in a higher degree of defects, which was found to promote the methanol
space time vyield per unit of surface area. While the CePrO; had a reduced surface area, it still
exhibited a high selectivity to methanol indicating that the degree of defects directed the reaction

through a different pathway.

1.9.2 Other research on glycerol to methanol

There are also several other instances of investigation into the production of bio-derived methanol
from glycerol. A two-step process which was proposed, involves the reforming of glycerol within
supercritical water to syngas.'’° This was done over a Ni based catalyst with high temperatures and
low pressures of glycerol. This syngas can then be converted into methanol over a commercial Cu
based methanol synthesis catalyst. This means the gas composition from the reforming process was
important for high yields. The authors managed to obtain 60 % carbon yield of methanol from the

glycerol.

Glycerol has also been converted to methanol over zeolite-based catalysts. Mohamed et al.}”*
investigated Ni and Cu loaded HZSM-5 and found that a 5 wt.%. Cu loaded gave the best methanol
yield. Ni and Cu/Ni bimetallic catalysts were unsuitable due to carbon coking causing deactivation.

However only 6.7 % methanol yield was obtained from fully converted glycerol.

Decomposing glycerol in supercritical water can also yield a significant amount of methanol in
solution.'’2 Highest yields were obtained at 450 °C and 300 bar. Ethyl-sulfide promotes the reaction
rate but had no effect on directing the products. Under the described conditions, approximately 1
mol of methanol per mol of glycerol was obtained, corresponding to 1/3 carbon yield from the

converted glycerol.

Maneewuthiworasakul,’”® investigated modified MgO catalysts for the conversion of glycerol to
methanol. These experiments saw the use of 10 wt.% glycerol feed, with 0.1 mL min! flow rates at
330 °C. The catalysts investigated included 3% Ca/MgO, 3 % Co/MgO and 3 % Cu/MgO made by wet
impregnation. The impregnated catalysts resulted in enhanced activity compared to MgO. At high
conversions of glycerol, 20 % methanol yield was obtained with the 3 % Ca/ MgO sample. The
impact of using crude and pure glycerol with Ca/MgO catalysts in vapor phase glycerol
transformation were also investigated.'”® It was observed here that the methanol yield was not
affected but the conversion was, with higher but less stable conversion of glycerol seen with the

crude sample.

Similar investigations have been conducted which focussed on other alcohols such as ethanol as a

target molecule. Kostyniuk et al.t’* achieved the one step gas phase conversion of glycerol to
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ethanol using a caesium promoted ZSM-5. They achieved high conversion and selectivity of 92
carbon mol % after 52 h time-time-online. Zhao et al. also investigated the production of ethanol
from glycerol. A novel catalyst was prepared in which nano sized Co particles were embedded in
ZnO plates. They obtained 58 % ethanol selectivity and a high productivity of 1.45 (g ethanol g cat

h1). Ethanol direct synthesis is promising, with impressive yields obtained.

In all, glycerol to methanol and other alcohols has been gaining traction, with several papers
reporting promising results. Direct one-step transformations, however, still have a lot of room for
improvement. Product selectivity and yield will need to increase and there is a large scope for
investigation with different catalysts and preparations. Significant problems that need to be

overcome is the use of low partial pressures and maintaining a high carbon balance.

1.10 Reaction mechanism for the MgO basic catalysed conversion of gas phase

glycerol

Understanding the reaction mechanism is critical for improving catalyst preparation and reaction
parameters. Extensive work has been conducted to understand the reaction scheme for the glycerol
to methanol reaction.®’"1°1¢7 The scheme in Figure 4 shows the initial one proposed by Haider et
al.**” This was subsequently updated by Smith et a/.>8, to account for the greater complexity in the
product distribution which arose from the use of higher concentrations of feedstock. However, it is
important to note that this is still somewhat of a simplification, with many unknown products
produced experimentally which are not accounted for here. It is however useful for trying to
understand the primary reaction routes and how catalyst and conditions can influence product

distribution.

The scheme shows that there are three main routes for the conversion of glycerol, two can lead to
methanol and a third route to acrolein. These branch away for a variety of side products. Previous
reactions starting from methanol, ethanol, 1 and 2 propanol, acetone and acrolein led to these

being concluded to be unreactive and terminal products.’
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Figure 4. Proposed reaction network for the catalytic transformation of glycerol into a range of
different products over MgO. Red arrows correspond to dominant reaction pathways over MgO.
The green arrow corresponds to a dominant pathway occurring in the absence of MgO. 1.
Glycerol; 2. 3-hydroxypropenal; 3. 1,3-propanediol; 4. 1-propanol; 5. hydroxyacetone; 6.
propanoic acid; 7. 1,2-propanediol; 8. 2-propanol; 9. acetone; 10. acetaldehyde; 11. ethanol; 12.
2,3-butanedione; 13. 2,3-butandiol; 14. 2-butanol; 15. glycolaldehyde; 16. ethylene glycol; 17.
ethenone; 18. acetic acid; 19. allyl alcohol; 20. 1-propanal; 21. 1-hydroxyl-2-butanone; 22.
acrolein; 23. 3-alkoxypropanal; 24. 3-alkoxy propanol; 25. Methanol. Reproduced from work
presented in L. R. Smith, P. J. Smith, K. S. Mugford, M. Douthwaite, N. F. Dummer, D. J. Willock,
M. Howard, D. W. Knight, S. H. Taylor and G. J. Hutchings, Catal. Sci. Technol., 2019, 19-22.8
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1.10.1 Acrolein double dehydration C2 pathway

It was proposed that the most likely mechanism by which glycerol would first react is via a thermal
dehydration and radical fragmentation in a reductive steam atmosphere. Double dehydration leads
directly to acrolein through the intermediate (1E)-1-propene-1,3-diol, which can then undergo a
tautomeric shift to reuterin, followed by a secondary dehydration to result in acrolein. Acrolein
itself can form 1-propanal. In the presence of He radicals and hydroxy-methyl radicals this could
react to form 1-hydroxyl-2-butanaone, dehydration and the addition of hydrogen can then lead to
2-butanol. Upon the addition of R-OH containing molecules, acrolein can proceed through to a 3-
alkoxypropanal containing compound, which under reducing conditions, results in the formation of

a 3-alkoxy propanol derivative.

1.10.2 Hydroxyacetone C1 dehydration pathway

The single dehydration route of glycerol exhibits many possible alternative products. A single
dehydration leads to 3 — hydroxy-propenal, which can subsequently be reduced in the presence of
H, to 1,3 propanediol. This is seen in small amounts. Further dehydration and reduction of 1,3
propanediol forms 1 — propanol as a terminal product. One of the major routes for glycerol involves
it undergoing a tautomeric shift as it is initially dehydrated. This results in an enol proceeding to
hydroxyacetone. This is a significant route, with this intermediate often exhibiting > 20 % selectivity
in most reactions over MgO. Hydroxyacetone is relatively stable over MgO, with high basicity and
temperature needed to convert it. When hydroxyacetone reacts, there are several further possible
reactions which can occur. The most desirable (to produce methanol), is a radical fragmentation via
C-C bond cleavage. This yields an acetyl and hydroxymethyl radical precursors to acetaldehyde and
methanol, respectively. This radical fragmentation shows similarities to a Norrish type-1 process
(Appendix section 6.1).13”17> On introduction of an hydrogen source to the hydroxymethyl radical,
methanol can be obtained. The acetyl radical will also result in acetaldehyde with capture of a
proton. Further reduction can vyield ethanol. Radical self-reactions can result in two acetyl
fragments producing 2,3-butanedione. This itself, can be reduced to 2,3-butanediol in the presence

of molecular H,. A further dehydration reduction would result in 2-butanol.

Propanoic acid is seen from a simple isomerisation of hydroxyacetone and exists in the reactions in
relative proportion of it (< 2 % carbon mole selectivity %). Reducing hydroxyacetone with H; results
in 1,2 propanediol (< 5 %) dehydration of 1,2 propanediol results in either acetone or 2-propanol

when reduced. The little acetone that is produced is highly reactive and likely to self-condense.®
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CO and CO; are detected in relatively consistent amounts of under < 3 %. These are sourced from
the disintegration of R. COOH moieties for CO,, which itself can undergo a reverse water gas shift

reaction to yield CO.

1.10.3 Ethylene glycol C-C cleavage

The third main pathway for the conversion of glycerol is initiated by C-C bond cleavage. This results
in the hydroxy methyl radical precursor (also seen in the hydroxyacetone fragmentation route) and
an ethylene glycol radical. Loss of a hydrogen atom from this radical gives enediol and its tautomeric
pair; hydroxy-ethanal (glycolaldehyde). This can then undergo a fragmentation, like with
hydroxyacetone, to form formaldehyde and methanol radical precursor. This route can give a higher
yield of methanol, as two hydroxymethyl precursor molecules are produced, rather the one from
the hydroxyacetone pathway. The formaldehyde precursor itself can theoretically be reduced to
methanol, but can also convert through ethenone to acetic acid, which is consistently seen in small
amounts. Ethylene glycol is observed to be relatively stable intermediate product, likely reduced by
H radicals present, further fragmentation of this product gives acetaldehyde, which along with the
source from the acetyl radical produced via the hydroxyacetone route, results in acetaldehyde as

one of the dominant products, existing in selectivity of at least 10 %.

1.10.4 Allyl alcohol formation

The route to allyl alcohol was proposed by Smith et al.**® Allyl alcohol is present in most reactions
over MgO in small amounts. In catalyst free empty tube reactions at 400 and 480 °C, it was found
to be a major product. A product selectivity of ca. 17 % observed gave a yield of 2.5 % alcohol at 11
% conversion at 480 °C. SiC filled tubes resulted in a slightly higher selectivity of allyl alcohol of 35
% at 360 °C and 22 % at 480 °C. This was paired with a decrease with unknowns and both effects
were thought to be due to the increased contact with SiC compared to the empty tube, allowing
for more substrate and intermediate activation on hot surfaces. It was concluded that the formation
of allyl alcohol, as a major product under the MgO free conditions, was indicative that the glycerol
reacts via a dehydration pathway at either its C1 or C3 position to produce hydroxyacetone. C2
dehydration in the presence of H, would result in acrolein.’® However H, is not present in the
reaction product stream in substantial quantities. Thus, a new radical mechanism was derived for
the formation allyl alcohol. Glycerol dehydroxylates at the C2, followed by the C3 position resulting
in allyl alcohol. Due to the lower observed occurrence of allyl alcohol and acrolein over MgO, it is
likely that MgO lowers the energy required for the activation of a primary alcohol group. This leads
to the formation of hydroxyacetone or ethylene glycol being more favourable than a radical

reaction to allyl alcohol.
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1.10.5 Condensation reactions over MgO.

It was previously postulated that the loss of carbon mass balance observed in vapor phase glycerol
to methanol reactions was likely due to formation of high weight molecular products (HWMP) that
go undetected from analysis by GC-FID.'*® Biomolecular condensation reactions are commonly
observed over Mg0.39433359.70.176 Aldo| condensation reactions are a common example, a simplified
scheme of which is shown in Figure 5. This means that it is not unlikely, that catalysts such as MgO

can catalyse these reactions between various intermediates in the product stream.

MgO is known to serve as an efficient heterogenous catalyst for the Knoevenagel reaction under
liquid phase conditions.> MgO has also been investigated for the vapour phase aldol condensation
of acetone to form a, B - unsaturated ketones.*® The self-condensation of acetone was evidenced
to be catalysed by MgQ’s basic sites. The a, B — unsaturated carbonyl compounds are formed by
consecutive aldol and / or Michael addition condensation reactions. These reactions were carried
out with a temperature of 300 °C and under 1 atm of pressure. It is anticipated that acetone is
formed during the glycerol to methanol reaction, but only trace quantities have been observed.

However it may react quickly into other products.>®

H R
—_— —+
R + )L Hz0

Figure 5. Simple aldol condensation scheme

A major concern is acetaldehyde self-condensation and its reaction with other formyl reaction
products. Acetaldehyde is produced in significant amounts over MgO and can form from both the
hydroxyacetone and ethylene glycol pathway. Acetaldehyde is known to undergo condensation
reactions in the presence of basic catalysts such as MgO. 3-hydroxybutanal is a product, which in
turn can undergo a dehydration to crotonaldehyde !¢ Crotonaldehyde can undergo further
condensation reactions with itself and acetaldehyde to result in a variety of products such as ortho

and para tolualdehyde, 2,4,6 octatrienal and 2,4 hexadienal.'”’

Propanal is another aldehyde present in the glycerol over MgO scheme that could contribute to
these products, however it is not a dominant product so its influence may be minor. The gas phase
aldol condensation of propanal has also been investigated over zeolitic and calcium-based

catalysts.'”® Subsequent addition of this monomer could lead to dimers and trimers after formation
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of the initial aldol product. It was found that in this type of reaction, a higher degree of basic sites

to a slower deactivation of the catalysts.

Another possible source of the loss of carbon in reactions of glycerol over MgO is oligomerisation.
Glycerol oligomerisation has been investigated in the presence of alkali metal oxide by Weckhuysen
and co-workers.17*18 However, in this study, the more basic alkali metal oxides exhibited much

higher activity and selectivity for glycerol oligomerisation than MgO.

If it can be determined over which catalyst characteristics these condensation products form over,
and which intermediates lead preferentially to them it may be possible to direct catalyst design. If
these routes can be suppressed through improved catalyst design, higher selectivity to desirable

reaction products could be achievable.

1.11 Computational DFT mechanistic studies of the hydrogen transfer to methanol

on MgO surface.

It is important for catalyst design purposes, that a solid understanding of the individual reaction
steps is achieved. Computational modelling can be used to develop an understanding of specific
stages of a reaction that could otherwise, be difficult to isolate experimentally. Sainna et al.*®’
investigated key mechanistic steps in the formation of methanol from glycerol over MgO.
Specifically, a series of computational experiments investigated the source and role of hydrogen
atoms in the final step of converting the hydroxymethyl radicals to methanol. In our reaction the
homolytic cleavage of the C3 feedstock glycerol leads to an ethylene glycol and hydroxymethyl
radical or with glycerol’s dehydration product hydroxyacetone, a hydroxymethyl and acetyl radical.
Glycolaldehyde cleavage also results in a hydroxy methyl radical. The produced hydroxymethyl
radical requires a hydrogen atom to form methanol. This is thought to be abstracted from another
species in the product stream, as H, is not present in significant quantities under the inert gas

conditions of the reaction.

One major conclusion from this work was that a disproportionation mechanism was considered to
be a favourable route. The hydroxymethyl radicals would disproportionate between methanol and
formaldehyde. Formaldehyde has been identified as present in the reaction mixture but not

quantified.

Using DFT calculations, the researchers investigated which of the present sources would give the
lowest energy for the required hydrogen transfer. The bond dissociation energies for the X-H
cleavage of them was calculated for each species in isolation without influence of a catalyst surface.

The disproportionation route was calculated and concluded to be the most favourable and thus,
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the dominant route to methanol over a MgO (100) surface. This was investigated due to a very low
calculated bond dissociation energy for the hydroxy methyl alcohol group, calculated via PBEO as -
254 kJ mol™. This mechanism would proceed viag the adsorption of two hydroxy methyl radical
species, the second which would donate a proton to the surface anion. This results in formaldehyde

and a surface methoxy anion, respectively.

This could result in an optimal amount of methanol but would also produce formaldehyde as an
undesirable side product and would ultimately limit the possible methanol yield which is attainable
from this process. The mechanism for this process was also considered using PBEsol +D3 theory. A
dissociated radical on a clean surface followed by a second hydroxymethyl radical both adsorb
readily with similar energy. -105 and -107 kJ mol?, respectively. The H atom is transferred to form
a methyl group which immediately takes up another proton from the surface OH group to result in
methanol. The formaldehyde left from the transfer is strongly bound to the surface with an
interaction distance of 1.553 A. Sainna et al. Showed that this reaction is likely to be highly
energetically favourable as it indicated a termination of a radical reaction sequence, rather than

further radical products with the alternative routes.

1.12 Thesis aims

A considerable amount of research has been conducted on the conversion of glycerol to value
added products, such as: 1,3 propanediol, lactic acid and acrolein. More recently however, a route
to produce methanol from glycerol, in a one-step process, has been developed, and could represent

157-159,168,169,173 This methanol could subsequently be used in

a sustainable route to green methanol.
the production of fatty acid methyl esters, eliminating the need for commercial biodiesel plants to
purchase fossil derived methanol. This could reduce the environmental impact and cost associated
with biodiesel synthesis, making it a more economically competitive liquid fuel. While moderate
yields of methanol can already be achieved, it is accompanied by a variety of other products.
Furthermore, a large proportion of these products remain unquantified and are unlikely to be of

economic benefit. Ultimately, these issues limit the overall potential of this process, and more

research is required to understand whether this process can be realised on a commercial platform.

The following chapter (Chapter 2) will focus on describing the techniques and methods used
through the result chapters (Chapters 3 and 4). Chapter 3 focusses on the preparation and
characterisation of MgO and its performance for gas phase conversions of glycerol. Chapter 4

investigates the mechanism via the conversion of the more stable detected intermediates.

The main aim and purpose of the research presented in this thesis was to further investigate

glycerol to methanol process. Several main areas were investigated. A better understanding of how
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the catalyst properties could influence reaction pathways was needed. It was considered that
changing the catalysts preparation method could help suppress the promotion of undesirable
reaction pathways which could result in HWMP. It was also important to consider the importance
of water and reaction conditions on product selectivity. In attempt to understand which of the
proposed reaction pathways are preferential for the production of methanol the reaction of
hydroxyacetone and ethylene glycol were used as substrates. It was also investigated if cofeeding
species could help promote methanol formation. It is hoped that through these investigations it will
be possible to develop better catalysts for the glycerol valorisation over MgO reaction, allowing for
higher yields of desired products. The overall conclusions of the thesis will be presented in the final
chapter 5. Further research will be suggested based on the conclusions discovered which could

strengthen the presented hypothesis and potentially improve the understanding of the reaction.
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Chapter 2

Experimental

2.1 Chemicals (Source, Purity)

Routinely used chemicals for the reaction testing included: cyclohexanol (Sigma-Aldrich, 99 %), D,O
(Sigma-Aldrich, 99 %), glycerol (Sigma-Aldrich, = 99.5 %) silicon carbide (SiC) (= 97.5 %, Sigma
Aldrich, 40-50 mesh size) and Magnesium (Il) hydroxide (Mg(OH), (Sigma-Aldrich, = 99.0 %). Argon
gas (99.998%) and CO; (> 99.99%) was supplied by BOC. All purchased materials were used as

received. Deionised water was provided in house.
Other less used chemicals used for identification of products and calibrations included:

Acetaldehyde (Sigma-Aldrich, > 99.5 %)
Acetaldehyde in helium (BOC, 1000 ppm)
Acetic acid (Sigma-Aldrich, 2 99 %)
Acetone (Sigma-Aldrich, 2 99.9 %)
Acrolein (Sigma-Aldrich > 99 %)

Allyl alcohol (Sigma-Aldrich, = 99 %)
2,3-Butanedione (Sigma-Aldrich, 97 %)
2-Butanol (Sigma-Aldrich, 99.8 %)
Butyraldehyde (Sigma-Aldrich, 99 %)
Cyclopentanone (Sigma-Aldrich, > 99 %)
Ethanol (Sigma-Aldrich, 299.5 %)
3-Ethoxy-1-propanol (Sigma-Aldrich, 97 %)
Ethylene glycol (Sigma-Aldrich, > 99 %)
Glycidol (Sigma-Aldrich, 96 %)
3-Hexanone (Sigma-Aldrich, 98 %)
2-Hexanone (Sigma-Aldrich, 98 %)
Hydroxyacetone (Sigma-Aldrich, > 90.0 %)
Methanol (Sigma-Aldrich, 2 99.9 %)
2-Methyl-1-propanol (Sigma-Aldrich, 99.5 %)
Phenol (Sigma-Aldrich, 2 99.5 %)
1-Propanol (Sigma-Aldrich, = 99.9 %)
2-Propanol (Sigma-Aldrich, > 99.5 %)
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1,2 Propanediol (Sigma-Aldrich, 2 99.5 %)
1,3-Propanediol (Sigma-Aldrich, = 99.6 %)
Propionaldehyde (Sigma-Aldrich, > 98 %)
Propionic acid (Sigma-Aldrich, 2 99.5 %).

2.2 Calculations and Definitions
Equation (1) and (2) are used for the calculations quantifying the amount of CO; desorbed in

temperature programmed desorption (TPD) experiments in terms of moles per g (1) and moles

per m? (2) of catalyst.

(1 (mV)/F (mV mol™1) )
Mcat (9)

C0, desorbed (mol g~1) = (1)

Where | = detector response (mV), F = calibrated response factor, Mt = catalyst mass (g) SAcat =
surface area (SA) of catalyst m? g,

mol CO3 goar
SAcqr m2g~1

CO, desorbed (mol m™=2) = (2)

The following equations 3-8 were used in the reaction results calculations. (Eqn (3)) was used to
calculate the glycerol conversion (Cgy) based on the molar difference between the carbon moles of

glycerol fed into the reactor gm compared to those detected in the reaction mixture gmo:

mi

Cauy (%)= (“m-2m) x 100 3)

gmi Was calculated in relation to the concentration of glycerol solution used in mol/L multiplied by
the volume injected (flow rate x time) to give the amount of glycerol moles injected. The carbon
moles were calculated by multiplying the amount of glycerol moles by number of carbon atoms in
a glycerol molecule (x 3). gmoWas determined via gas chromatography (GC) with use of an external

standard as detailed in section 2.4.4, calibration curve shown in appendix Figure 1.

The product selectivity (Sx) for any product, x, was calculated from the moles of carbon recovered

in product x, (x.m) divided by the sum of moles of carbon in all detected products, ycm (4):

S, (%) = (Z’;Tmm) x 100 (4)

The carbon balance X (5) was calculated by dividing the sum of the carbon moles of the reaction
products Xcp, coke Xcoke and unreacted glycerol gmo by the amount of carbon moles injected into the

reactor gmi. The sum of reaction product carbon moles was calculated via combining the products
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identified in the liquid fractions, (GC1: method 1) with that of the gas fraction of the reaction stream
(GC1: method 2).

X (%) = (M)Xloo (5)

mi

Carbon deposition in the form of catalyst coke (6) was estimated from the mass loss via
thermogravimetric analysis (TGA) of the post reaction catalyst. The mass of carbon lost was
converted to the number of moles of carbon retained on the catalyst (Xcke) and divided by the

number of carbon moles in the glycerol feed (gmi).
Coke (%) = (22) x 100 (6)
Imi

Space time yield of product x was calculated (7) from the mass of product my produced per hour

(reaction time Rt), per mass of catalyst (mcq, Kg).

—1 —1) _ my (g)
STYx (9 h™" ko) = (Rt(h)xmmf(kg)) (7)

Catalyst activity (8) expressed as grams of glycerol converted per hour per gram of catalyst (ggy, h™
gl.t) was calculated by subtracting the number of grams of glycerol fed out (gwo) from the injected
(gmi) to obtain the amount in grams converted, this is followed by dividing by reaction time (Rt(h))

and mass of catalyst (Mcat).

Imi — gz(vm)
N o ' Rt(h
ACtlUltycat (ggly h ! gcalt ) = T (8)

2.3 Catalyst preparation

The preparation method used to synthesise a particular catalyst can greatly affect its chemical and
physical properties. Even the properties of a simple material, such as MgO, can be altered
significantly, with the use of different starting materials and heat treatment temperatures.’
Optimising properties such as basicity and SA is thought to be crucial for controlling the activity and
selectivity of MgO catalysts.>™ For this purpose, a preparative procedure for the synthesis of MgO,
where the heat treatment conditions were varied, was used to assess how different properties

influenced reactivity.

MgO catalysts, used in this study, were prepared by following a previously established procedure,®’
using commercial Mg(OH), as a starting material. For all the samples, Mg(OH), (5 g) was first

calcined in a tubular Carbolite furnace at 450 °C in air for 2 hours (heating ramp 10 °C min). The
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solid obtained was subsequently refluxed in water (15 mL g) for 3 hours at 100 °C, before the
resulting slurry was dried in an oven at 110 °C for 24 hours. 4 g of the resulting product was then
heat treated at 450 °C, 550 °C, 650 °C or 750 °C (10 °C min) for three hours, under a steady flow of
N2 (150 mL min?). These materials are denoted as MgO_450, MgO_550, MgO_650 and MgO_750,
respectively. Before use in catalytic reactions, the sample was pelleted, crushed and sieved.
Pelleting was done via a pelleting press; 2 g of samples was pressurised under 1 ton for 1 minute.
The resulting pellet was then crushed with a pestle and pressed through a series of sieves to obtain

particles with diameters of between 250 - 425 um were collected for catalytic testing

2.4 Catalyst Reaction Testing

All pipes and fittings stainless steel
(316)
Pre-reactor heating tape (180 deg.C)

Liguid inlet (1/16")
Gly:H,0 solution
Dosing pump; typically 0.016 mL/min

Gas inlet; Ar 50 mL/min atm. Pres. (tube 1/8"
Controlled by mass flow controller

Pre-reactor heater (tube 3/8" OD, 0.275" ID)

Tubular furnace 1 (12") Liquid injected into hot zone (300 deg.C) in 1/16" tube

[ E XK

Insulated middle union

Tubular furnace 2 (12 ")

L ]

* Reactor heater (tube 3/8" OD, 0.275" ID)

[ Catalyst suspended by quartz wool (320-480 deg.C)
L]

| 44
7/

Post-reactor heating tape (100 deg.C)

To ice-water gas-liquid separator (0 deg.C)
(tube 1/4" OD)

Figure 1. Catalyst reactor design schematic

The catalytic conversion of glycerol over the different MgO materials was investigated using a gas-
phase flow fixed bed reactor (Figure 1). The aqueous glycerol feedstock (50 wt.% in H.O) was
introduced to the reactor by a HPLC pump, set to a flow of 0.016 mL min. The vaporised feed was
subsequently carried through the system in a flow of argon typically 50 mL min™ for 3 hours, unless
stated otherwise. The pelleted catalyst (typically 0.5 g) was made up to 1 mL with SiC as a diluent.

This was then mixed and packed into an 8 mm stainless-steel tube between plugs of quartz wool.
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The catalyst bed was then. The feed first passed a pre-reactor heating tape which was set to 180
°C. The inlet introduced the feed into the pre-heater chamber at 300 °C. This proceeded to the
catalyst bed which was heated at 320 - 440 °C).

The catalyst bed was heated using an electric furnace (LPC elements), which was fixed in place
around the reactor tube. The bed temperature was monitored using a thermocouple. The
temperature, post catalyst bed, was controlled using heating tape to avoid condensation of reaction
products before collection. The liquid reaction products were passed through a 2—way tap, which
for the first 2 hours and 15 minutes was fed through to a waste reservoir. After this time, when the
reaction had reached steady state, they were collected.® The liquid reaction products were
condensed in a cold trap for collection, this consisted of coiled loop leading from the reactor into a
sealed vessel, both of which were cooled via submersion in ice water within a dewar. Uncondensed

products and carrier gas were collected in the attached 10 L gas bag.

Subsequent analysis (and quantification) of the liquid and gaseous components was achieved by
gas chromatography (GC). Qualitative analysis of the liquid phase was also conducted by Liquid
chromatography — mass spectrometry (LC-MS), following a previously established method outlined
by Smith et al.” Carbon-Hydrogen-Nitrogen (CHN) analysis was performed externally by Exeter

Analytical UK Ltd. for total organic carbon analysis.

2.4.1 Product analysis

After reactions were completed, the condensed reaction solution was collected from the cold trap
and a fixed quantity of cyclohexanol external standard (67 p mol, 0.2 mL, 0.34 M) and 3 mL of H,O
was added. GC was used for the quantification of the reaction products. This was done by injecting
both the collected liquid sample and the gaseous components into a GC. The different GC methods

used are outlined in section 2.4.4.

2.4.2 Chromatography

The earliest uses of chromatography was in the arts and textile industries in the late 19" century,
to separate pigments in paint mixtures.® This would occur via capillary action; cloth or paper would
act as the stationary phase and water or alcohol (containing the pigments); the mobile phase. The
largest pigment molecules would travel at a slower rate than smaller ones, this results in separation.
In chromatography the sample mixture is passed into a mobile phase, which serves as a carrier,
transporting the components through to a stationary phase. When passed into the stationary
phase, the different chemical constituents will begin to separate as they interact based on their

physical and chemical characteristics. Things that commonly affect this are their polarity and mass,
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but this is often dependent on the nature of the stationary phase. Eventually, the compounds will
elute from the stationary phase and be passed (by the mobile phase) to the detector. The time
taken for a compound to pass through the stationary phase (from injection to detection) is known

as the retention time.

The main forms of chromatography used in laboratories are gas chromatography (GC), liquid
chromatography (LC), thin layer chromatography (TLC) and ion exchange chromatography. LC is
similar to GC, but the substance is dissolved in a liquid and then passed through a solid stationary
silica column. Different varieties of LC are either normal or reverse phase, this is in conjunction to
the mobile and stationary phase polarities. TLC is a simple technique which uses a thin layer of solid,
usually a silica material. The substance is dissolved and applied to the plate. Next the plate is placed
upright in the mobile phase which will rise through it, this results in separation as the molecules
travel at varying speed. lon exchange chromatography uses the charge of substances to separate
them. In this way using different pH mobile phases, the cation and anions can be separated as they

interact differently.

2.4.3 Gas Chromatography (GC)

GC is a widely used, versatile analytical technique. It is generally accredited to be invented in 1952
by A.T. James and A.J.P. Martin.>*® As a form of chromatography, it is used for the separation and
subsequent quantification of chemical compounds in solutions. It is an accurate and reliable
technique for a wide range of organic compounds. A simplified schematic of a GC is shown in Figure

2.

In organic synthesis, GC is useful for purity analysis of a synthesised compound - allowing for an
accurate % purity to be determined. Due to its ability to separate organic components, it can also
be used to determine and quantify constituents in a solution. This makes it useful in the catalytic
sciences, where it can be used to monitor the reactants produced and determine important factors,
such as substrate conversion and reaction selectivity. It is also commonly employed in other
industries. Its routinely used for quality control in manufacturing, especially with pharmaceuticals
and fine chemicals, but also for water and environmental monitoring, food industries and other

research purposes.'t™3

In GC the mixture is vaporised and then carried through a column (stationary phase) to a detector,
by a mobile phase (often N, or He).}***> The column can consist of variety of pore sizes, diameters,
and linings, such as wax and other substances. Samples are introduced to the instrument by
injection. A specific volume of sample will be taken into a syringe, which will then be injected into

the inlet chamber. This can be done by hand, or, for higher reproducibility, an autosampler. An
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autosampler also allows the running of many samples or reinjections without supervision. The
mobile phase must be inert, so as not to change the nature and concentration of the compounds
which have been introduced. A variety of different mobile phases can be used, such as He, N, Ar or
H,. Due to the increase in price and availability of He, there has been a collective move away from
using it as a carrier gas as cheaper, more abundant, alternatives can now be used instead.'® Once
the sample is injected into the inlet, it is heated to a set point which is ideally above the substrates
boiling point. The pressure can also be manipulated to vaporise the sample. A rubber septum sits
on top of the inlet to stop the mobile phase and sample from being lost. Once vapourised, the
sample will progress into the column which resides in an oven. Here, a temperature ramp is
normally adopted to assist with the separation of the different substances. Often more than one
type of column, which can vary by length, will be employed. The column will typically be up to 10
m but can be as long as 150 m, and will possess and internal diameter of between 0.1 and 0.53 mm.
This will have the silica or wax, or other stationary phase coated on its insides, which the

constituents in the sample will interact with.

Sample injection

Detector

Carrier gas mobile phase

PC - signal

processing and
I display

Figure 2. GC instrumentation schematic.
Several types of detectors can be employed in GC. These include detectors such as flame ionisation
detectors (FID), temperature conductive detectors (TCD) and others, depending on the analytes

and conditions of the analysis.

FIDs (shown in Figure 3) are commonly used the analysis of organic chemicals. These detectors are
well suited for the detection of a wide range of hydrocarbons. FID can detect any molecules which
undergo ionisation in a hydrogen-air flame. A 200-V polarization is applied across the flame jet and
collector area. The hydrocarbons are combusted and ionised. These ions are then attracted by a
potential difference towards the electrode, producing a small amount of current in the picometre
scale. As solutes elute from the GC columns and are passed into the FID, they produce a current

which is proportionate to the concentration of solute present.’*® The current is then converted
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into a voltage and processed, to produce a signal on the associated chromatogram. This allows for

quantification of a known solute once a response factor is determined via calibration.

Some of the advantages of FIDs are that they often generate a linear response. They also have a
wide detection range, are relatively cheap and are typically low maintenance. They are however
often poor for the detection of both highly oxygenated compounds and compounds which possess
many different functional groups. For the detection of CO; and CO by FID, a methanizer is required.
Methanizers are therefore extremely useful and rely on the hydrogenation of such compounds to
allow for detection. A limitation of methanizers is that they possess a Ni catalyst, which can be easily

poisoned.?

Exhaust

Collecter electrodes

Signal to processing

Flame

Jet

Air/ Oz

Column carrying mobile phase and sample

Figure 3. FID schematic

TCDs are another common detector used in conjunction with GC. TCDs are cheaper, rugged and
dependable when a low concentration analysis is not required.'® They do not require any extra gas,
apart from the carrier. ATCD analyses the bulk conductivity of the effluent. It generates a response
by comparing the difference in conductivity of the carrier gas and the column exhaust gas. He is
commonly used as the carrier gas for TCDs. When no sample is present, there is a stable heat flow
between the filament and detector. When a sample is present, the thermal conductivity of the
effluent is altered leading to a difference in filament temperature and resistance. This change

produces a signal that can be analysed to quantify the amount of sample present.
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GC (and LC) is also commonly combined with mass spectrometers (MS), which can allow for more
accurate identification of unknown compounds.?® MS measures the mass to charge ratio of ions.
An electron beam bombards the analyte resulting in positively charged ions or fragments of the
analyte. These can be separated by their mass to charge ratio by exposure to a magnetic field. This
can be used to help determine the identity of analytes by their known molecular mass and

characteristic fragmentation pattern.?

Column choice is important in GC. Generally two types of columns are used: closed packed columns
and capillary columns.?2, Selection of an appropriate column composition and length is
exceptionally important to achieve adequate separation. In a packed column, the stationary phase
is coated directly onto the column. The first commercial instruments only used packed columns.
They are often made of stainless steel and possess a diameter of between 0.32 to 0.64 cm. Aninert,
relatively high SA solid support within the column is impregnated with 5 — 20 % stationary phase.
Packed columns are used due to relative low price, ruggedness, and better separation of non-polar

samples.

Capillary columns are more commonly used today, accounting for around 80 % of use in 2015.2
They are often longer, but more fragile and expensive, and exhibit excellent separation resolution
and efficiency. They are also better for the separation of polar samples than packed columns. The
tube is not packed, it is only coated on the walls. This produces less resistance and pressure build
up. There are three general categories of capillary columns; wall coated open tubular columns,

support-coated open tubular columns and porous layer open tubular columns.

There are several limitations for GC. For example, the GC inlet must operate within an appropriate
temperature range high enough to vaporise the analytes of interest but not lead to thermal
decomposition. If this range is small, it can lead to difficulties in accurate analysis at high substrate
concentrations. Liquid and gas substrates with boiling points in the applicable range can be
routinely analysed by GC. Solid samples would first need to be dissolved in an appropriate solvent.
Upon injection, the samples are converted to the gas phase as they are passed into a heated inlet.
Therefore, for accurate analysis, a molecule needs to be volatile and thermally stable, as not to
degenerate into other products upon vaporisation. Thus, careful consideration of the molecular
weights and boiling points of expected products is required, when designing an analysis method for

a specific mixture.

2.4.4 Gas chromatography Experimental
Liquid and gas products were analysed offline by gas chromatography using an Agilent gas

chromatograph (GC1) equipped with the following columns: a ZB-Wax plus - 30 m x 0.53 mm x 1

57



um column, an 8 Ft molecular sieve 5A with 60/80 mesh column and 2 & 4 Ft Unibeads IS with
60/80 mesh column. Two GC methods were used, detailed below. This was necessary as the liquid
and gaseous products were collected separately (in a cold trap and gas bag respectively). These had
to be injected in separate runs on the GC. A separate run was needed for the gas bag sample to
achieve good separation of the gas phase products. To separate and pass only CO and CO; over the
TCD for analysis and the organics over the FID a separate method utilising the molecular sieve
columns was required. A series of timed valve changes separated the CO and CO; from the organics

directing them into the molecular sieves and over the TCD.
GC1: Method 1

The injector port was maintained at 250 °C and samples were introduced through a split-less
injection. After injection of the liquid sample, the sample was passed through the ZB-Wax plus - 30
m x 0.53 mm x 1 um column, a column temperature of 40 °C was held for 2 mins, before being
ramped (20 °C min?) to 60 °C where it was held for a further 2 minutes. After this, the column
temperature was increased to 220 °C (20 °C min’!), where it was held for a further 15 minutes.
Products were analysed using an FID, the temperature of which was maintained at 300 °C for the
duration of the method. A glycerol calibration curve is shown in (appendix Figure 1); all liquid

products were calibrated this way. (Appendix section see Figures 2 - 6)
GC1: Method 2

The initial column temperature was set to 60 °C and held for 2 minutes, before it was ramped to
220 °C (20 °C min). Products were analysed using an FID and TCD, the temperature of these

detectors were maintained at 300 °C and 250 °C, respectively.

Retention times for the liquid reaction components were identified by injection of standard samples
into the GC, using the methods outlined above. For a typical liquid sample injection, a 1 pL syringe
was used to inject 0.1 pL of sample by manual injection. For this, 3 mL of water and 0.2 mL (67 u
mol) of external standard (cyclohexanol, 0.34 M) solution. Quantification of reaction components
was conducted using an external calibration method; response factors for analysis of liquid
components were calculated by the injection of various concentrations of substrate in the expected
concentration range. Glycerol was calibrated by preparing a range of samples, which represented
different levels of conversion. The concentrations of the glycerol solutions prepared (and used for
calibration) were analogous to 99 %, 95 %, 75 %, 50 %, 25 % and 0 % glycerol conversion, in a typical
reaction. 0 % representing the substrate feed. The area of the substrate peak is divided by the

external standard peak to give an area ratio and then plotted against the mole ratio to give a
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calibration line where the slope was the response factor. (Appendix Figure 1) The gas phase organic
analysis involved injecting known amounts of the organic dissolved in Ar into the GC and plotting

ppm against area.

Table 1. Product list from GC analysis.

Product Retention time
GC1 (liq FID) method | GC1 (gas FID) method | GC1 (gas TCD)
1 2 method 2

Acetaldehyde 2.1 2.05

propionaldehyde 2.6

acetone 2.8 2.35

acrolein 3.0 2.64

butyraldehyde 3.3

methanol 35 2.95

2-propanol 3.9

ethanol 4.0

2,3-butanedione 4.6

2-butanol 5.4

1-propanol 5.7

3-hexanone 6.0

2-hexanone 6.3

2-methyl-1- 6.9

propanol

allyl alcohol 7.0

cyclopentanone 8.6

hydroxyacetone 8.8

3-ethoxy-1-propanol | 8.9

acetic acid 9.4

Glycidol 9.9

propionic acid 10.1

1,2-propanediol 10.8

ethylene glycol 11.0

1,3-propanediol 12.3

phenol 15.2

unreacted glycerol 17.2

co 4.5

59



CO: 5.4

Total selectivity to unknown products was estimated using the cumulative peak area of the
unidentified GC chromatogram peaks and assuming an average of 3 carbon atoms per molecule.
The approximate response factor was based on the average of the detected products response
factors. The retention times of each product and the method which was used to quantify them are
listed in Table 1. Product analysis results from the gas and liquid analysis were combined to give

the full product analysis.

2.4.5 Liquid Chromatography — Mass spectroscopy.

Some additional qualitative analysis of the post reaction effluent was conducted by liquid
chromatography-mass spectrometry (LCMS). Samples were diluted 100 x and then submitted for
LCMS analysis. This was conducted on a Bruker Amazon SL ion trap mass spectrometer which was
operated in positive electrospray ion mode and coupled to a Thermo Ultimate HPLC system. The
HPLC was equipped with a C-18 column (maintained at 40 °C) and utilized a stepped elution. The
stepped elution is shown in Table 2 consisting of 0.1% formic acid in H,O (A) and 0.1% formic acid

in acetonitrile (B). 10 pL of sample was injected. Detection parameters are fixed at 100 - 1000 m/z.

Table 2. The makeup of the mobile phase for the gradient elution Time

Time (min) A (%) B (%)
0.0 98 2

1.0 98 2
15.0 2 98
17.0 2 98
18.0 98 2
20.0 98 2

2.4.6 Carbon-Hydrogen-Nitrogen (CHN)

CHN analysis can be used to accurately measure the elemental concentration of carbon, hydrogen
or nitrogen in a given sample. This is done via combustion analysis. Flash combustion results in
oxidisation of the sample into simple molecules such as CO, which are then detected via TCD or
infrared spectroscopy. CHN analysis was performed externally by Exeter Analytical UK Ltd. for total

organic carbon (TOC) analysis.
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2.5 Catalyst Characterisation

A variety of analytical and spectroscopic techniques were used to characterise the solid MgO
catalysts prepared in this thesis. Many techniques are considered key for the characterisation of

MgO and both qualitative and quantitative data can be obtained.
2.5.1 Powder X-ray diffraction (XRD)

X-ray diffraction (XRD), also known as X-ray crystallography, is an analytical technique which can be
used to help determine key characteristics of a crystalline sample. It produces a characteristic
spectrum, which can be matched to the international centre for diffraction data (ICDD) catalogue.
Other parameters such as the crystallites size can also be determined using the Scherrer equation
(Egn. 10). This utilizes the full width half maximum (FWHM) of key crystal plain reflections. It is an

important technique in the evaluation of heterogeneous catalysts.?*

In XRD, an X-ray source is focussed onto the sample. The samples’ crystalline structure causes the
incident X-rays to diffract into a variety of angles. The intensity and angle of these can be measured
and shown visually. This allows the user to see a 3D picture of the density of electrons within the
crystal lattice. The data gained can be used to calculate the positions of atoms, chemical bonds, and

a variety of other parameters.

XRD is widely used, but the sample needs to exhibit some crystallinity to be analysed. However, it
is still widely applicable as a large variety of materials can form crystal structures. A variety of other
naturally occurring crystals of inorganic materials such as salts, metals, and semiconducting and

biological material can also form crystals, thus, making them applicable for study by XRD.

Common applications for the use of XRD in catalytic research is structure related; determination of
crystallites formed, determination of crystallite purity, identification of component phases and
crystallite size. These parameters will relate to the surface structure of the catalyst and can be used
to identify key and important characteristics that can affect a catalysts effectiveness. There are
often relationships with specific catalytic preparation procedures and observed physiochemical
properties. For example, higher heat treatments will often result in the sintering of a material, this
will affect characteristics such as the SA decreasing and thus, result in an increase in crystallite
size.?® There are several important laws and equations needed in XRD. Bragg’s law (Eqn.9) can be
used to calculate parameters such as the lattice spacing in a particular sample.?® The lattice
parameter is used to describe the dimension of a unit cell (repeating contained unit) within the
crystal lattice of the sample. Depending on the type of structure, the lattice of a crystal possesses

three different constants referred to as a, b, and c. These would normally coincide with the x, y and
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z planes respectively. Generally, the average lattice parameter would be given for a particular
temperature. This is important as it is unlikely that this will be homogeneous in an imperfect
sample, specifically near the samples surface where it may deviate from this determined average

significantly.

The calculation of the lattice parameter spacing requires knowledge of the X-ray wavelength order

of reflection, in addition to the incident angle (6), as shown below:
nA =2dsin © (9)

Eqn 9. Bragg’s law for obtaining the lattice parameter from XRD data. Where n = an integer
representing the reflection order, A = the electromagnetic radiation wavelength, d = lattice

spacing and 0 = the diffraction angle.

When reflections are detected, a plot of reflection intensity vs incident angle can be constructed.
Using this, the crystallite size of a given reflection can be determined using the Scherrer equation
(Egn 10). For this, the FWHM of the most intense diffraction peaks are used, those which are
identified as being characteristic of a specific phase. The more crystalline the sample, the more
intense and narrow the peaks will appear. On the contrary, less intense peaks which are broad is
typically indicative of poor crystallinity.

t=KA/[COSEO (10)
Eqn 10. Scherrer Equation for the calculation of crystallite sizes from reflection data obtained
from powder XRD. Where T = crystallite size in the direction perpendicular to the reflecting plane,
K = a constant normally between 0.9-1 based on the crystallite shape. A = X-ray wavelength, 8 =

peak width, 8 beam angle.

The schematic in Figure 4 shows how incident X-rays are elastically scattered. Using the Bragg
equation (Eqn 9.), the scattering angle (8) can be used to identify the lattice spacing (d) of the
sample and the wavelength (A) of the incident X-ray radiation. In operation, X-rays need to be first
generated in an X-ray tube. This occurs by the bombardment of a copper surface with high energy
free electrons. This causes excitation in the Cu electron shell to higher levels. When the excited
electrons relax back to their ground state, they release energy as Ka and KB X-rays. Ka emission is
produced from an electron transitioning from a n=2 L shell to n=1 K shell, KB X-rays are produced
from a transition from n=3 M shell to the n=1 K shell. Ka is usually required for XRD when using a
Cu source, so a filter is used to remove the KB X-rays from the stream. Ka is more intense and

monochromatic and Cu Ka also has a wavelength of 1.5406 A which should be smaller than the
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interatomic size allowing for the scattering diffraction to take place. KB wavelength is more variable

and can lead to higher degree of noise to signal.

. e
Scattered X-Rays ~
Fd

Fa "
» N , e D spacing

Figure 4. X- ray scattering in accordance to the braggs law.2%%’

This beam of Ka X-rays can then be focussed onto the sample under investigation. During the
experiment, the X-ray source angle moves across a range, usually 10 ° to 80 ° allowing for the X-
rays to be focussed on the sample from a variety of angles. When the X-rays meet the substrate’s
crystal lattice, they are scattered by the sample’s atom and either constructively or destructively
interfere. The scattered radiation is observed using a detector. If the sample is highly crystalline it
is more likely to result in higher intensity constructive interference, which results in large intensity
reflection peaks recorded. However, if the sample exhibits a lower degree of crystallinity, then there

will be more destructive interference observed, reducing reflection intensity.

The detector scans the wide range of angles over the progress of the sample run. This is important
as it allows for all the different possible angles of diffraction from the crystals to be observed. In
the powder, the sample powder particles will be randomly orientated, so scanning from every

direction is necessary to build up a full spectrum.
2.5.2 XRD Experimental

Powder XRD was conducted using a PANalytical X'Pert Pro system fitted with a CuKa X-ray source
run at 40 kV and 40 mA. An X'Celerator detector was used to assess the scattered media. Each

sample was scanned over a 20 range of 10° to 80° with a step size of 0.016° for 30 minutes. Catalysts
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were ground into a fine powder and loaded onto a silicon wafer. The resultant data was

subsequently compared directly with data held in the ICDD library.

2.5.3 Surface Area (SA) Analysis

SA of solid substances is measured using specialised instruments. These instruments usually rely on
monitoring gas adsorption and desorption to calculate a materials SA, and other characteristics.
They typically use BET theory (Brunauer — Emmett — Teller)!*?¢, BJH theory (Barrett, Joyner, and
Halenda) and t-plot analysis (discussed later). BET typically involves the measurement of SA using a
5-point isotherm. In such experiments, N; is normally used as a probing adsorption gas, as it is
unlikely to react with the substance in question. When N3 is used, it is required that the temperature
of the experiment is cooled to the boiling temperature of N, (77K or -196 °C). However other
absorbates can also be used such as argon, carbon dioxide and water, depending on the experiment
being conducted. N; is traditionally used as the adsorptive due to its abundance. However, the
guadrupole moment of a N, molecule can lead to uncertainty in the value of the molecular cross-
sectional area; up to 20 % depending on sample surface chemistry.?® Argon can be used for more
reliable analysis due to its lack of quadrupole moment and it is more inert than N This makes it
less likely to interact with surface functional groups. However, a temperature of 87K is required, so
liquid argon or a cryostat is needed for accurate analysis. Argon is especially good for micropore
analysis, as can result in a faster equilibrium and a higher adsorption isotherm resolution than N,.3°

This is due to argon at 87K filling narrow micropores at a higher relative pressure than N, at 77K.3!

The BET theory of multilayer gas adsorption is based on a modified version of the Langmuir theory,
which is usually only applicable to monolayer molecular adsorption (Figure 5). The BET method
accounts for several of the assumptions made in Langmuir theory. The Langmuir adsorption model
theory 32 makes many assumptions; (i) the adsorbate behaves as an ideal gas while the temperature
remains stable and that the surface of adsorption is a perfectly flat plane and that the gas becomes
immobile once it adsorbs, (ii) that all site energies are identical, (iii) that only one molecule and be
adsorbed to a site via mono layer adsorption and (iV) there are no interactions between

neighbouring sites.

The BET theory amends this to be more flexible and accurate to real experimental conditions and
different types of adsorptions such as multi-layer adsorption (Figure 5), allowing for infinite layers
to form. Other amendments to the hypothesis include: the gas molecules can interact with adjacent
layers; the Langmuir adsorption model is applicable to an individual layer. The enthalpy of
adsorption has the highest energy for the first layer, this energy is the same for liquefaction for the

subsequent layers.
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The BJH method is used to calculate pore size distributions from experimental isotherms.® It can
be used to determine pore sizes in the mesopore and macropore range. It uses the Kelvin model
for pore filling 3 and is based on the Wheeler theory of combined physical adsorption. It analyses
the N; desorption isotherm to compute the pore size and distribution throughout a wide range of

pore sizes.

1.3 allows for the calculation of micropore area and

T-plot analysis developed by de Boer et a
volume. Using this method, these estimations can be derived without measuring the low pressure
micropore portion of the isotherm. It is applicable for use in a range of multi-layer adsorption, with

instrumentation which do not possess the necessary low pressure analysis capabilities.

Adsorbate in monolayer

Adsorptive

. Adsorbate in

multilayer and
pore filling

Adsorbent surface

Figure 5. Adsorption of probe gas on a samples surface.

In practice, SA analysis works due to the assumption that the maximum amount of gas adsorbed
onto a sample surface depends on the area of the exposed surface. Factors such the pressure of
absorbent, temperature, the adsorbate gas, and the surfaces affinity for each other also affect the
volume of gas adsorbed. While N; has a relatively high level of interaction with solids, generally,
this would be negligible at room temperature, so the sample is cooled with the liquid N,. This allows
for far higher degrees of adsorption to be achieved which, in turn, allows for detection and
measurement. A partial vacuum is created, and small but measured amounts of N, are released
into the sample cell. The pressure of N, is then gradually increased, leading to more adsorption.
Once no more adsorption is observed the saturation pressure has been reached. After saturation,
the sample is removed from the cold trap and warmed to allow for desorption to be measured.
These changes of pressure and volume adsorbed can be plotted as an isotherm, from which data

can be utilized to determine various parameters.

65



2.5.4 BET Surface Area (SA) and BJH pore size Analysis Experimental

SA and porosity measurements were estimated through conducting 5-point or 20-point N;
adsorption 20-point desorption isotherms at 77 K on a Quadrasorb evo™ Gas Sorption Surface Area
and Pore Size Analyser. The BET method was used to calculate SA, using a 5-point isotherm. Pore
size distributions were estimated using the BJH method, this was done through analysing the
desorption curves from 20-point adsorption/desorption isotherms. These isotherms are presented
in the appendix Figures 8-11. Prior to the analysis, ca. 0.1 g of samples were degassed at 220 °C for
3 h, under vacuum. These were then weighed to obtain the final catalyst mass and transferred to
the Quadrasorb evo instrument. Liquid nitrogen was used for sample cooling and an automated
program was used to run the 5- and 20-point experiments. The instrument software calculated the

SA using the BET method and the pore sizes using the BJH method.

2.5.5 CO, Temperature Programmed Desorption (CO, TPD)

TPD is a technique that monitors interactions between an adsorbed molecule and a samples
surface. TPD is commonly used for measuring catalyst characteristic parameters such as a basicity
and acidity.3® TPD can also investigate other gas solid adsorption characteristics such as binding
energies, energies of activation of desorption, rate constants and reaction orders.3’” When
investigating acidic sites, a basic molecule such as ammonia is used as the probe molecule. On the
contrary for investigating basicity, CO, is employed. Through using these probe molecules, the

strength of basic and acid sites in a sample, and their relative proportions, can be established.

Common methodology for this process is to insert a known quantity of the solid sample into a glass
U-shaped tube, which is connected to the instrument (Figure 6). This sample tube would reside in
the furnace of the instrument. The sample can then undergo a pre-treatment, where it is exposed
to aninert gas flow, such as He, and heated to a pre-set temperature. This temperature will depend
on the type of catalyst and preparation it underwent. The temperature of the pre-treatment should
be high enough to remove surface adsorbed species, but not sufficiently high to induce any
structural changes to the sample. The pre-treatment process is important, as it removes any surface
impurities or atmospheric adsorbents from the sample surface, prior to analysis, as these could
interfere with the experimental data acquired. For example, the adsorption of atmospheric water
could result in the formation of surface hydroxides, and adsorption of atmospheric CO could lead
to the formation of carbonates. This is to make sure that the response seen is accurate to the

sample’s actual characteristics and atmospheric adsorbents are not blocking the active sites that
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would otherwise lead to adsorption of the probe molecule. Such pre-treatments are therefore

critical for deriving accurate quantitative data.

After the pre-treatment, the sample is cooled to room temperature under an inert gas and then the
absorbate molecule can be flowed over it at a defined flow rate, for a defined time. After this
period, the carrier gas is then switched back to an inert gas flow, and the samples is heated at a
fixed rate. This results in the desorption of CO,, or similar species, from the surface which then
passes through the instrument and over a TCD, which records a response. The amount of CO;
passing over the detector at a given temperature can be quantified, through reference to response
factors from external calibrations. In this way different strength sites can be identified, as well as
their density on the surface. Desorption at lower temperatures would be indicative of low strength
sites, as the probe molecule is weakly bound and could include physisorbed species. Desorption at
higher temperatures would be indicative of strong sites, where the probe molecule it is strongly

(chemically) bound.

Gas to detector
(TCD)

Thermocouple

Carrier and
probe gas in

Figure 6. TPD Sample compartment

2.5.6 CO, Temperature Programmed Desorption (CO, TPD) Experimental

CO, temperature programmed desorption was conducted on a Quantachrome ChemBET TPR. 0.1 g
of sample (300 - 425 mesh) was pre-treated at 400 °C (15 °C min?) for 1 hour, under flowing He (80
mL min?). CO, was subsequently passed over the material at room temperature, for 20 minutes.

Physiosorbed CO, was then removed by heating the sample to 110 °C (15 °C min™) under flowing
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He (80 mL min) and holding for 1 hour. Chemisorbed CO, was subsequently desorbed by heating
the sample to 900 - 1100 °C (15 °C min) under flowing He (80 mL min). Desorbed CO, was

monitored by using a TCD detector (180 mV) and quantified using an external calibration method.

Quantification of basicity was calculated by using the integration value from the CO, desorption
and dividing it by the calibration factor to obtain the number of moles of CO, desorbed. (Appendix
Figure 7). This was then divided by the catalyst mass to obtain the number of moles of CO, desorbed
per gram of catalyst (eqn. (1)). This value could then be divided by the catalysts SAc.t to determine

the number of moles of CO, desorbed per m? of catalyst (egn. (2)).

2.5.7 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a useful technique for studying mass changes in a sample. The
technique is usually simple to carry out and does not require significant sample preparation. It can
be used to determine factors and transformations caused by thermal input, which result in a
measurable change in mass. Physical changes that can occur to a sample can include changes of
state of the sample such as fusion, sublimation, vaporisation, phase and crystalline transitions,
desorption, adsorption, and absorption.3® It can also measure chemical changes, including:
chemisorption, decomposition and oxidation and reduction reactions.3® This can be combined with
MS to provide detailed information on the substances desorbing from the sample at different
temperatures. For these reasons, TGA is important tool for catalyst characterisation and due to its
ease of use, is commonly employed in catalytic sciences. A schematic diagram of a typical TGA

instrument is shown in Figure 7. .

In the study of heterogeneous catalysis, TGA is often employed to observe and quantify residual
coke on a catalyst post reaction. Such information is therefore critical for assessing catalyst stability.
It can also be used to calculate the cokes contribution to the carbon balance, by estimating the

carbon lost to coke formation in a particular reaction.***2

Changes in state of the sample, that result in a change of the samples mass, is recorded, and plotted
against temperature. Often, a sample may exhibit several changes of mass, over a range of

temperatures, indicting different changes in state.

TGA is often combined with differential thermal analysis (DTA) and differential scanning calorimetry
(DSC). DTA is used determine whether the transitions observed are endothermic or exothermic.
Endothermic reactions such as the sample melting will cause a dip in temperature of the sample
compared to a reference. Exothermic reactions which produce heat will see a peak. DSC provides

similar information but measures the amount of energy used to keep both samples the same
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temperature. TGA-DSC can be used to measure heat of reactions in catalytic systems, allowing for

a quick analysis of activity.*

Thermocouple Gasin
Furnace
Sample Reference heating
crucible crucible elements

= ==

!

Balances

Figure 7. TGA instrument schematic

2.5.8 Thermogravimetric Analysis (TGA) Experimental

Carbon deposition following a catalytic reaction was monitored by thermal gravimetric analysis
(TGA) and differential thermal analysis (DTA) and performed on a Setaram Labsys 1600 instrument.
Samples (50 mg) were loaded into alumina crucibles and heated to 800 °C (5 °C min) in a flow of
synthetic air (50 mL min™). Carbon deposition in the form of catalyst coke (eqn. 6) was estimated
from the mass loss via TGA of the post reaction catalyst. The mass of carbon lost was converted to
the number of moles of carbon retained on the catalyst (Xcoke) and divided by the number of carbon
moles in the glycerol feed (gmi). Phase transitions were monitored by analysing the temperature of

mass changes over fresh material samples.

2.5.9 CO; Adsorption Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is an IR spectroscopy
technique than can be used on powder samples.** In infrared spectroscopy, the interaction of the
infrared light produced from a source and the sample is measured (Figure 8). This can give the user
information on a variety of parameters, such as the chemical structure of the surface. Absorption,
emission, and reflection are all important. A chemical compound will have a unique fingerprint
spectrum which can be used to identify it. Information such as specific types of bonds and functional

groups will be observable on the surface of a sample.
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The mid-infrared region, which is between 4000-400 cm?, is the region which is of most interest in
IR spectroscopy. Absorbance, observed in IR spectroscopy, is due to how molecules absorb different
frequencies of IR light. This is unique to an individual molecules structure and is otherwise known
as resonant frequency — between the light and the molecules vibrational frequency. The types of
vibrational modes which can be observed with simple organic molecules include two types of radial
stretching: symmetric and asymmetric, and the various types of bending: longitudinal
twisting/wagging and latitudinal Rocking/scissoring. Some of the more important bands you can

see for an IR species are excitations, where a molecules energy is promoted from its ground state.

DRIFTS is especially useful in study of heterogenous catalysts,*

as it can help identify surface
species present, without exposing them to conditions which may remove or change such species.
DRIFTS can also be used for in-situ experiments under reaction conditions, it can be used to see the
consumption of substrate, production of intermediates and products.**®%° The samples rough
surface diffusely reflects the instruments incident light in all directions, which are then collected
and directed to the detector by a paraboloid or ellipsoid mirror. The properties of the materials
surface, such as the colour and roughness effect the amount of the IR light which is reflected. The
sample is typically contained in a glass chamber, in which different in-situ conditions can be
enacted, such as heating and the flowing and adsorption of specific gases. This allows for it to be a
good supplemental experiment for CO, TPD, where the nature of the bonds of the sites with CO,
observed at different temperatures can be investigated. In DRIFTS experiments, probe molecules
such as CO; can cause chemical bonds with the sample surface, this results in absorbances

characteristic of different bonding geometries. This can help the identification of different types of

sites on a basic surface, as they would adsorb probe molecules in different ways.

2.5.10 CO; Adsorption Diffuse Reflectance Infrared Fourier Transform Spectroscopy Experimental

DRIFTS measurements were carried out using a Briiker DRIFT tensor 27 FTIR spectrometer using
CO; as the probe molecule. The instrument was fitted with a mercury cadmium telluride (MCT)
detector, which was cooled with liquid N,. DRIFTS spectra were recorded in the 4000-1000 cm™
range, using a spectral resolution of 6 cm™ (64 scans/spectrum) using a Praying Mantis high-
temperature (HVC-DRP-4) in situ cell with KBr windows. Samples were first pre-treated in-situ at
400 °C for 2 hours in flowing N, (18 mL/min). Background spectra were recorded at 400 °C, 300
°C, 200 °C, 100 °C and room temperature. After cooling, CO, was subsequently passed over the
sample (3 mL/min?) in N2 (18 mL/min?) for 20 minutes. Spectra were then taken at room

temperature, 100 °C, 200 °C, 300 °C and 400 °C.

70



T

Ellipsoid/ parabolic mirror

IR source~—.__ =
Detector

Sample powder basket
Heating element

Figure 8. DRIFTS instrumentation sample chamber schematic

) Gas out
Gasin

2.5.11 Electron microscopy

Electron microscopy is an extremely useful technique in materials science. Often, extremely high
magnifications are possible, which allows the user to visualise a samples surface at the nanoscale.
Morphological features, which may only be observable at this scale, can be exceptionally important
to catalyst performance. Electron microscopes utilize magnetic field ‘lens’ to control and focus
electron beams. There are two primary types of electron microscopes used in the catalytic sciences:
scanning electron microscopes (SEM) and the transmission electron microscopes (TEM). These
microscopes can be used to acquire information on a range of different properties, including:
morphology, unit cell measurements, particle size measurements, elemental mapping, tomography
and the in-situ analysis of a materials surface upon exposure to different temperatures or

chemicals.?%°?

2.5.11.1 Scanning electron microscopy (SEM)

SEM does not typically achieve as high magnification level as TEM. In SEM, images are constructed
as a focussed electron beam scans across a samples surface. Scan speed and energy of the beam

are all important parameters which need to be controlled to optimise resolution and detail.

In SEM, the electron beam is usually emitted from a tungsten filament cathode. Tungsten is
commonly used due to its high melting temperature. This beam is focussed through a condenser
lens to a point, typically between 0.4 to 5 nm. The image is created via raster scanning of the

electrons across the sample, as the beam is swept across the x and y axis of the samples surface.
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The electron beams used in SEM interact with the sample in a teardrop shaped penetration, termed
the interaction volume. Random scattering and adsorption cause energy exchange between the

beam and sample.

Secondary electrons are species that are inelastically scattered when ejected from the specimens’
shells by beam interactions. The secondary electrons are the often most analysed and detected
electrons and exhibit a low energy of less the 50 electron volts. Due to being ejected from the
samples valence or conduction bands they will be sourced from near the surface, usually only a
couple of nanometres down at most. The energy of these electrons in increased with attraction to
a 400 V + grid followed by a 2000 V scintillator which causes cathodoluminescence, which can be
detected and shown in a video display of intensity. This results in the formation of the image of the
samples surface. Secondary electron detection in SEM can produce well-defined images with a
strong 3-D quality, due to high depth perception. Edges and steep sides appear bright, this is
because; as the angle of beam incidence increases, the interaction volume increases. This allows
for more secondary electrons to be emitted. The more electrons emitted the brighter the

visualisation will be.

Beam-sample interactions also cause high energy elastically scattered electrons, known as back
scattered electrons (BSE) and electromagnetic radiation. BSE result from the incident beam
electrons being reflected or scattered elastically. BSE can be used to help detect distribution of
different types of atoms depending on the energy they are scattered with. BSE detection uses a
detector placed in a ring arrangement above the sample. An advantage of SEM over TEM is that it

requires significantly less sample preparation and can be done with larger bulk samples.

2.5.11.2 Transmission Electron Microscopy (TEM)

TEM (Figure 9) is a very powerful tool for catalyst surface analysis, allowing for exceptionally high
magnification.>> The higher level of magnification allows for resolutions of up to the low
nanometres or picometre range. There are several extra parameters that can be explored using
TEM, the magnification level can allow for the measuring of crystal planes and crystallite sizes,
which can be used to confer with XRD results. For analysis by TEM, a sample must be prepared as
a thin layer; ca. 100 nm or less in thickness, which is more time consuming than SEM preparation.
This is required as in TEM the electron beam needs to penetrate entirely through the sample as the

transmitted beam must interact with the atoms of the sample.

For the electron beam to be focussed enough to achieve atomic resolution, it must pass through a

series of lenses. Lens in TEM usually consist of a solenoid coil surrounded by a ferromagnetic
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material. This directs electrons in the beam, concentrating them to a focussed point. Controlling
the lens current allows for the magnification level to be changed. Magnification range is wide with
atomic resolutions possible up to mm scales. Another important component is the apertures.
Apertures serve several purposes. They help reduce x-ray generation, improve vacuum
performance, and stop electrons passing outside the lens. This reduces the effect of aberrations.
Aperture placement below the sample can produce a crystal diffraction pattern. Projector lenses

are employed to produce the image on a fluorescent screen which can be subsequently recorded.
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Figure 9. Simplified typical TEM

2.5.12 Electron Microscopy Experimental

Microscopy was performed on a Tescan Maia3 field emission gun scanning electron microscope
(FEGSEM) fitted with an Oxford Instruments XMAXN 80 energy dispersive X-ray detector (EDX).
Images were acquired using the secondary electron and backscattered electron detectors. Samples

were dispersed as a powder onto 300 mesh copper grids coated with holey carbon film.
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Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM)
were performed on a JEOL JEM-2100 operating at 200 kV. Samples were prepared by dispersion in

ethanol by sonication and deposited on 300 mesh copper grids coated with holey carbon film
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Chapter 3

MgO catalyst characterisation and vapour phase glycerol reaction

testing

3.1 Introduction

Understanding how the physical and chemical properties of magnesium oxide (MgO) influences the
vapour phase conversion of glycerol is key to improving desirable product yields. In previous
investigations using MgO for the vapor phase conversion of glycerol, a ‘standard’ preparation of
MgO was used.>? This sample was prepared by calcining Mg(OH); for 24 hours at 450 °C, followed
by refluxing in H,O for 3 hours. The precipitate was then dried and subsequently heat treated at
450 °C for 3 hours in flowing N,. This sample is referred to as (MgO_STD) in this thesis. There were
several motivations for the use of this preparation. Firstly commercial MgO and Mg(OH), have a
low surface area (SA) of around 20-30 m? g%, in the procedure the reflux rehydration stage allows
for a significant increase in the catalyst SA.> Another advantage with this preparation procedure is
that it is relatively simple and reliable way to produce significant amounts of catalyst. While energy
is required for the thermal transitions, the preparation is otherwise environmentally benign as
there is no requirement for expensive or hazardous reagents and solvents, only Mg(OH), H,0 and
N, are used. The results are presented in Smith et al.! MgO_STD was tested for the vapour phase
conversion of glycerol, the results for the experiments using a 50 wt.% glycerol feedstock are shown
in Table 1. Methanol space time yields (STY) of 131 g h™! kg... ' was observed at 360 °C, increasing
to 205 gt h™ kgt at 400 °C, further temperature increases did not yield a higher amount of
methanol, with the STY staying stable at 204 g* h™* kg... . However, the carbon mass balance (CMB)
for this reaction was 77 %, this indicated that some of the products were not quantified. It was
deemed unlikely that the missing carbon was due entirely to reactor fouling, especially at 360 °C,

and was postulated to be possibly due to condensation products not detected reliably via GC-FID.

Investigations into glycerol concentration, temperature and catalyst free tests have been
conducted using the same prepared sample of MgO_STD.%? However unlike with Ce0,*° there has
not been any work investigating how the properties of the MgO itself would affect its reaction
performance. This means that trends between MgO catalyst characteristics such as its basicity,
surface area (SA) and crystallinity are yet to be developed for this reaction. This chapter focuses on
simple variations to the catalyst preparation technique and how this has a significant impact on

catalyst characteristics and reaction performance. Specifically, attempts were made to make
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catalyst samples with altered basicity characteristics. The aim here was to investigate a possible

expected link between the sample basicity and the CMB.

Table 1. Glycerol conversion and product distribution over MgO at different temperatures.
Reaction conditions: 50 wt % glycerol (0.016 mL min™?), 0.5 g MgO, 50 mL min Ar, 3 hours. Data
reproduced from L. R. Smith, P. J. Smith, K. S. Mugford, M. Douthwaite, N. F. Dummer, D. J.
Willock, M. Howard, D. W. Knight, S. H. Taylor and G. J. Hutchings, Catal. Sci. Technol., 2019, 19-

22.
. CMB % Methanol STY Carbon deposition (mg
Condition (°C) Conversion % . .
() includes C in coke (gt h™t kgea™®) gl
360 74 74 (77) 131 81
400 90 73 (77) 205 122
440 100 68 (73) 204 125

=

Heat treatment 3 hours at varied
Calcine 2 hours 450 °C {air) Reflux in H,O for 3 hours 110 °C temperatures in flowing N,

Commercial Low surface Final
Mg(OH), - area MgQ - Mg(OH), - MgO

Figure 1. MgO varied heat treatment temperature preparation scheme.

For this reason, a series of MgO catalysts were synthesised, extensively characterised, and
employed as catalysts for this reaction. As to only alter minimal characteristic parameters, a simple
alteration was made to each catalyst’s preparation; the final heat treatment under N.. The primary
goal was to change properties such as the SA and basicity. The series of MgO catalysts, apart from
using different heat treatment conditions, were synthesised based on an established preparation
method of MgO_STD.? This modified method of MgO synthesis involves two heat treatment steps:
the first a calcination of commercially sourced Mg(OH); in a static air furnace at 450 °C for 2 hours
and the second, in an inert N, atmosphere for 3 hours (Figure 1). In between these two treatments
the calcined sample was refluxed in water to promote rehydroxylation. The MgO obtained from the
commercially available Mg(OH), at 450 °C has a low SA of 24 m? gt and crystallite size of 8 nm.
Therefore, methods that involve techniques such as calcining/rehydrating or hydrothermal
treatments are a necessary step to increase the SA of samples for catalysis.®® XRD patterns for each

stage of preparation are available in appendix Figure 12. The MgO_STD has a SA of 129 m? g* and
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crystallite size of 8 nm.2 (XRD pattern - Figure 2). MgO samples were produced with varied final
heat treatment in N,, with 450 °C, 550 °C, 650 °C and 750 °C. These were termed MgO_450,
MgO_550, MgO_650 and MgO_750 respectively.

3.2 Results and discussion

After synthesis, the catalyst samples were characterised using a variety of methods, this was to
build a full picture of their surface and chemical attributes. Following this, the influence of the

physicochemical properties on the catalyst performance was evaluated.

3.2 Characterisation

3.2.1 X-ray diffraction

First, the samples were probed by X-ray diffraction (XRD). This was to identify that MgO had been
successfully prepared, the phase type and that Mg(OH), was not present to a significant degree.
Diffraction patterns were obtained from experiments over the powder materials processed through
comparison with a Si standard to estimate the associated crystallite sizes of the samples. The
Scherrer equation was used to calculate the approximate crystallite size from the MgO (200)
diffraction peaks. Crystallite sizes are expected to be inversely proportional to SA; lower SA
materials are predicted to have larger crystallite sizes than their higher SA counterparts. The
corresponding diffraction patterns for the series of MgO samples are displayed in Figure 2(a). All
the samples exhibited well defined sharp reflections, indicating a high level of crystallinity. The
samples exhibited a high concurrence with established reference patterns obtained from the
International Centre for Diffraction Data (ICDD),® which indicated that the each of the materials

possessed a periclase type crystal structure.

As the temperature of the second heat treatment was increased, the calculated crystallite sizes of
the materials increased relatively linearly until exceeding 650 °C. First the crystallite size increases
between MgO 450 to MgO _550 from 6.2 nm to 7.5 nm (Table 2). When the calcination
temperature was increased from MgO_550 to MgO_650 the crystallite size increased from 7.5 nm
to 8.4 nm. When the temperature is increased further for production of MgO_750, a sharp increase
of crystallite size takes place of approximately 70 %. The calculated lattice parameters show a
mirrored trend to this (Figure 2 (b)). Sharp increases in parameters such as crystallite size are not
unknown. A similarly large increase in crystallite size, albeit at a lower temperature, was observed
by Di Cosimo et al.® In this study, the authors observed that the crystallite size increased marginally
from 7.4 nm to 7.7 nm when raising the temperature from 400 °C to 500 °C. However, when the
temperature was increases to 600 °C the crystallite size increased dramatically to 14.3 nm. Once a

specific temperature is surpassed, it seems that the crystallites size increases dramatically. It is
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therefore plausible to suggest that the higher temperatures may drive some kind of morpholgical

change.
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Figure 2. (a) Powder XRD patterns for catalysts MgO_450 (black), MgO_550 (blue), MgO_650

(green), MgO_750 (purple). (b) based on the (200) reflection: Lattice parameter, cell volume and

crystallite size a function of heat treatment temperature.

3.2.2 Assessment of the textural properties by N, physisorption

3.2.2.1 BET surface area analysis
The textural properties of a solid can have a profound effect on its performance as a catalyst. The

aim here was to explore how the heat treatment temperature effects the SA and how this correlates
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with the crystallite sizes. The SAs of the synthesised catalysts were therefore assessed from the
associated isotherms using a 5-point BET method. This analysis was conducted on a Quadrasorb gas
adsorption analyser. The SAs determined were 187, 154, 125 and 74 m? g for the MgO_450,
MgO_550, MgO_650 and MgO_750, respectively (Table 2). This shows a relatively linear decrease
in SA with temperature, as highlighted in Figure 3. The reduction in SA correlates with the

crystallinity of the materials; crystallinity increases as the SA is reduced (Table 2).

Evidently, increasing the final heat treatment temperature resulted in a relatively proportional
decrease in the SA of the material. When higher temperatures are used in the preparation of MgO,
OH groups and defects can be removed, leading to a thermodynamically more stable and smoother
structure.'®* Sintering also has been reported in several studies with MgO previously and is a
common occurrence with high SA solid materials.>'° Changes in SA with the temperature treatment
would be expected to affect trends for other characteristics such as the crystallite size and base site

distribution or concentration.®

3.2.2.2 Pore size analysis

To investigate the SA further, the pore volume and pore radius of the materials were derived,
through re-evaluation of the associated N, physisorption isotherms (appendix Figures 8 — 11). The
pore data is shown in Table 2 and Figure 3. The volume of pores of the catalyst materials decrease
on the increase of the heat treatment temperature. The trend in pore volume was relatively linear
until MgO_750, which shows a sharp decrease. Pore volumes for MgO_450, MgO_550 and
MgO_650 were determined to be 0.95, 0.89 and 0.83 (cc/g), respectively. However, the pore
volume of the MgO_750 sample was determined to be less than half that of the MgO_650 sample;
0.32 (cc/g) This is possibly due to collapse of the pore structure over a certain threshold
temperature. A similar sharp collapse with different MgO samples has been observed in previous

literature, albeit at a higher temperature of 800 °C.%*

The pore radius were also derived from the isotherms, but no clear trend with the thermal
treatment temperature was established. The MgO_450 sample exhibited a radius of 17.9 A, which
increased to 118.3 A with MgO_550. This is the highest value for radius, which subsequently
decreased to 89.8 A in the MgO_650 sample and 44.6 A in the MgO_750. This reinforces the

hypothesis that structural and physical changes occur during the final heat treatment under N..
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Table 2. Surface area analysis parameters. BET m? g, Pore volume cc/g, Pore radius (A) and XRD

diffraction crystallite sizes

P ional
Catalyst BET Pore volume Pore radius Crystallite i:::r:::::?:
ID. (m?/g) (cc/g) (A) sizes nm crystallite size
MgO_450 187 0.95 17.9 6.2 /
MgO_550 154 0.89 118.3 7.5 0.2
MgO_650 125 0.83 89.8 8.4 0.1
MgO_750 74 0.31 44.6 12.7 0.5
250 1
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Figure 3. Surface area parameters graph BET m?g, Pore volume cc/g, Pore radius (A).

3.2.3 Scanning electron microscopy and transmission electron microscopy

So far, the characteristics of the catalyst samples obtained via N, adsorption techniques and XRD
indicate that some unexpected process is occurring on increasing the heat treatment temperature,
evidenced by the pore radius and crystallite size. This may be due to an unidentified type of phase
change during the heat treatment, but no evidence of this has yet been observed. To try and
investigate, the samples were analysed via scanning electron microscopy (SEM). This allows for the
samples to be explored for morphologically differences at microscale or nanoscale. The images for

SEM for the series of catalysts are shown in Figure 4.
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SEM HV: 15.0 kV WD: 4.79 mm : MAIA3 TESCAN SEM HV: ‘.15.0 kv WD: 4.80 mm MAIA3 TESCAN
SEM MAG: 564 kx  View field: 10.00 pm 2 pm SEMMAG: 552 kx  View field: 10.0 ym 2 pm

Det: In-Beam SE Sefydliad Catalyddu Caerdydd Det: In-Beam SE Sefydliad Catalyddu Caerdydd

.0 kV WD: 4.85 mm 1 l ‘ A MAIA3 TESCAN  SEM HV: 15.0 kV WD: 4.87 mm | MAIA3 TESCAN
SEMMAG: 553 kx  View field: 10.0 ym 2um SEM MAG: 37.5kx  View field: 14.7 ym 2 pm
Det: In-Beam SE Sefydllad Catalyddu Caerdydd Det: In-Beam SE Sefydliad Catalyddu Caerdydd

Figure 4. SEM images of powder samples of MgO_450 (a) MgO_550 (b) MgO_650 (c) MgO_750
(d).

As can be seen from the images, these samples resemble an arranged interlocked ‘nanoflake’
morphology, which is similar to what has been observed previously with Mg0.¢ This morphology
is considered to form during the reflux step of the preparation, as MgO is rehydrated to Mg(OH),.
It is known that morphology can be retained upon thermal transition back to MgO, when heated
anaerobically.’” The loss of H,O may create pores and defects as vapor forces itself out of the
material bulk.” However, overall, the structure seen here at this scale is likely not significantly
changed via the heat treatment. They may exhibit a slight decrease in definition as the temperature
increases. Overall, at the level of magnification possible with SEM there is no distinct morphological
differences between the MgO samples at microscale. While the SEM analysis reveals the
morphology of the samples, it has not significantly contributed to the understanding of how the
materials are different and how this relates to characteristics such as the pore and crystallite size
changes. This led to the samples being analysed via transmission electron microscopy (TEM) to view

the nanostructure. These images are shown in Figure 5.
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Figure 5. Representative TEM micrographs of the MgO_450 (a) and (b), MgO_650 (c) and (d),
MgO_750 (e) and (f)) catalysts

The TEM analysis revealed that a well-defined hexagonal platelet structure is present on MgO_450
and MgO_750. It has shown that these can be produced simply with hydration of MgO with
deionised water and that thermal treatment in N, can result in the morphology being retained.®
Similar arrangements of structure at this scale of MgO and Mg(OH), has been observed when
several preparation strategies have been adopted for MgO synthesis.'®922 Interestingly, a clear

lack of this structure was observed in the MgO_650 sample. When increasing the temperature from
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450 °C to 650 °C, (MgO_450 to MgO_650) the hexagonal structure appears to degrade, forming an
ill-defined globular-like texture. The individual units are more random and visibly larger for
MgO_650, there is little evidence of the formation of the larger hexagonal platelets. The material
seems to have conglomerated. This can be possibly partially explained due to sintering or
degradation; however, this does not explain why MgO_750 does not show this loss of ordered
structure. Higher temperatures would be expected to cause a higher degree of sintering. Within
the images there also seems to be some thicker nanorod structures that have formed, which can
be also observed in other preparations.?®?* These are more evident, larger, and well defined in
MgO_450 and MgO_750. However, these may also be attributed to side-on platelets. MgO_650

does not clearly exhibit these features in a significant quantity or size.

The presence of the ordered structure at the 450 °C and 750 °C but not at 650 °C treated catalysts
is unexplained. One possible explanation could be that MgO_650 represents an intermediate stage
where the material structure is undergoing rearrangement. This indicates that the structure may
begin to re-crystalize at higher temperatures of 750 °C (MgO_750). On increasing the temperature
to 650 °C (MgO_650) there is a significant change in the sample’s microstructure. MgO_650 retains
its periclase crystal structure (Figure 3) but on analysis of the images (Figure 5) seems to possess
proportionally large degree of irregular intercrystallite channels. Evidence of this occurring before
has led to it being considered to be due to the formation and exfoliation of water molecules from
the structure as Mg(OH); is dehydrated.” Increasing the temperature to 750 °C (MgO_750) results
in a similar nanostructure to that observed with MgO_450. The TEM indicates that the crystallites
have started to aggregate producing a lamella-like structure. There is also evidence that may
suggest that the hexagonal crystallites are reforming, possibly seeded from any remaining original

hexagonal crystallites.

3.2.4 Basic site analysis
Many studies have confirmed that the basic properties of metal oxides like MgO govern the

t.1025-28 These sites are likely to perform an important role in the

substance’s reactivity as a catalys
transformation of glycerol to methanol. Acidic sites have been shown to promote the double
dehydration of glycerol to acrolein.?>* This led to Haider et al.? considering the use of basic sites
for the dehydration reaction of glycerol which spurred the initial and subsequent investigations.® It
was proposed that the dehydration would also be accompanied by a separate radical fragmentation
pathway promoted by a reductive atmosphere. The steam present under our reaction conditions
would provide this.? Reaction metrics such as selectivity, conversion/activity and CMB are all

thought to be affected by the type and distribution of the basic sites. Varying the heat treatment

temperature was proposed to be a simple way of varying the basic site concentration and
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distribution on the surface. Higher temperature can cause, annealing, sintering, and smoothing of
the surface, resulting in lower SA and active sites. Distribution of types of sites can be affected by
higher temperatures due to surface smoothing, where exposed O? sites on edges and steps may

be preferentially removed.1%*2

The basic site concentration and distribution is expected to correlate with conversion of glycerol
via processes such as dehydration. Cosimo et al.X° reports that the main types of basic site on MgO
are low coordination 0%, the oxygen in Mg?*-0% pairs and OH. The relative concentrations of these
may influence characteristics such as conversion, selectivity and CMB. The large quantity of formyl
and unsaturated intermediates which form in this reaction, could serve as platforms for coupling
and polymerisation reactions.! Condensation reactions are known to occur on MgO, specifically
with compounds such as aldehydes or ketones.™? This is a concern as in previous experiments;
aldehydes, such as acetaldehyde and acrolein, and ketones such as hydroxyacetone have

represented a large portion of the carbon selectivity in the reaction product stream.’?

To define the types of basic sites present in these samples and establish how they were influenced
by the final heat treatment temperature, further characterisation of the MgO samples was
required. The samples were therefore investigated by CO, diffuse reflectance Fourier transform

infrared spectroscopy (CO>-DRIFT) and CO,-Temperature programmed desorption (CO,-TPD).

3.2.4.1 Basic site analysis — CO, adsorption diffuse reflectance Fourier transform spectroscopy

The series of MgO catalysts were investigated by in-situ DRIFTS. In these experiments, CO, was used
as an acidic probe molecule. The aim of these experiments was to identify the nature of the basic
sites, in each of the MgO catalysts. Different geometries of CO, bonding should exhibit absorbances
at specific wavenumbers within the IR spectrum. These could be compared with literature values
identified and defined by other researchers in previous experimental and computational studies.
The bonding geometry reveals what kind of site CO, would be bonded to on the MgO surface, such
as defects or edges. The aim here was to identify the types of site present which could then be
quantified with TPD experiments, and thus identify the type and proportion of the basic sites on a
sample. This could allow for conclusions to be made on the relationship between different sites,

proportions, and the effect on catalytic performance.

CO; can form carbonates with the MgO surface. It is noted that the vibrational signal may vary from
literature examples, so a best estimate of what they correspond with has been made based on
several sources. The DRIFTS spectra (Figure 6) confirm that the temperature of the N; heat
treatment does indeed influence the proportion of basic sites in the MgO samples. The absorption

bands for CO, carbonates on the MgO surface are typically located from 1800 cm™ to 1200 cm
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1103132 On an ideal MgO (100) surface, the terrace situated Mg and O atoms are five coordinated,
corner sites are 4 coordinated and edge sites are 3 coordinated.’® MgO prepared from the
precipitation of Mg(OH), are known to be highly defective which has been confirmed using high
resolution transmission electron microscopy (HRTEM) and therefore likely to exhibit many lower

coordinated sites.'’

On the catalysts prepared for this study, upon adsorption of CO, at room temperature, there are
three clear adsorption bands present in the spectra in the 1200 — 1800 region (Figure 6, Table 3).
These do not correlate exactly with the values reported in previous literature but using the
information available an estimation of what these bands represent has been made. Literature
values show a wide range of identications for basic sites on MgO via DRIFTS (Table 4). This is due to
morphology and other features affecting the wavelength of absorbances, but this leads to
considerable overlap in the sources. Here a best approximation of what the DRIFT spectra represent
is made with reference to this literature. Table 3 shows the general values which have been used
to attribute our data with different types of sites, which was based on the data from literature

studies shown in Table 4.

Literature reports the bands between approximately 1200 — 1800 cm™ may be attributed to species
forming on MgO basic sites. 13134 A symmetric (1360 — 1400 cm™) and asymmetric (1510 — 1560
cm?) 0-C-O stretch may be attributed to uni-coordinated ions of 0% present on edges.!® The
obtained DRIFTS (Figure 6) show a large absorbance between approximately 1580-1480 cm™ which
has been attributed to these 0% sites. According to literature the bicarbonate species which form
on hydroxylated oxygen atoms (OH), can be attributed to a symmetric band at 1480 cm™ and an
asymmetric band at 1650 cm™, with a general range of 1220 — 1660 cm™.1%173233 When raising the
temperature of the DRIFTS cell, the absorption around 1650 cm™ is significantly reduced for each
sample. This led to this band being inferred to likely be the main indicator of the more labile OH
groups. The small feature at 1460 cm™ may also be attributed to them. Bi-dentate carbonates form
on Lewis acid — Brgnsted base pairs (Mg?* -0?). 10313234 | jterature shows a variety of different cm*
ranges for this which overlap. So as a best approximation, it is proposed that the major absorption

between 1440 — 1350 cm™* may be attributed to this due to the relative proportions expected from

stability and catalyst treatment temperatures.
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Table 3. Attributed DRIFTS adsorption bands basic sites and CO, species.

Site OH 0% Mg?*-02

CO, adsorption | Bicarbonate Monodentate Bidentate carbonates
mode carbonates

Main Attributed | 1700 - 1600 1580 -1480 1440 - 1350

/cm?
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Table 4. Literature values for DRIFTS adsorption bands basic sites and CO, species.

OH o* Mg?*-0?
Reference Bicarbonate / hydrogen | Monodentate carbonates | Bidentate & tridentate
carbonates (cm) (cm™?) carbonates (cm)

0 1220 asymmetric 1360-1400 symmetric 1610 — 1630 symmetric

1480 asymmetric
1650 asymmetric

1510 - 1560 asymmetric 1320-1340 symmetric

31 1370-1590 general area | 1270 — 1390 general area
attributed attributed
1440 vanigh DFT (110) 1620 — 1710 general area
1378 vaiow DFT (110) attributed
1680 V3high Drifts

1650-1730 vshigh DFT
1125-1200 vsiow DFT

1651 vanign Drifts (tridentate
100)

1304 v3iow Drifts (tridentate
100)

1600-1650 V3high DFT
(tridentate 100)
1280-1300 V3low DFT
(tridentate 100)

1516 vsnigh Drifts (tridentate
100)

1347 v3iow Drifts (tridentate
100)

1560 vanigh DFT (tridentate
100)

1330 vsiow DFT (tridentate
100)

33

1655-1658 v,
1405-1419 v3
1220-1223 v4

1510-1550 V3high
1390-1410 vaiow
1035-1050 v1

32 1480 vs 1590,1510 V3nign 1385,1335 vsiow
1250 va 1415 v3iow
17 1650 v,
1510,1408 v3
1220v4
35 1550 vshigh
1410 v3iow
1050 v1
* 1520 varigh 1670, 1630 vanign
1370 viow 1270 v
1060 v1
34 1670,1630 V3high
Eig :;"Oi“ 1315,1280 vsiow
1050 vs 1000,850 v
950,830 v1

The relative proportion of different basic sites can affect selectivity and activity and thus may be
key in explaining differences in behaviour for our catalyst. Di Cosimo et al.*® found this when using

MgO for the aldol condensation of citral and acetone to pseudoionone and the synthesis of 4-
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methyl-3-penten-2-ol. During the formation of pseudoione the activity decreased with calcination
temperature, the opposite was true for 4-methyl-3-penten-2-ol. This was attributed to be due to
the change in basic site distribution; strong O sites were needed for the formation of

pseudoionones while medium strength Mg?*-0% pairs were needed for the later.

The most prominent bands observed on the MgO_450 and MgO_550 reside between 1480 to 1580
cm L. According to literature reports, this corresponds to a monodentate species adsorbed to uni-
coordinated ions of 0%.2° The 1360 — 1400 cm™ adsorption that also relates to these sites reported
in the literature is visible on MgO_550, but obscured on MgO_450. Finally, the band between 1380
— 1440 cm™ could be indicative of bi-dentate carbonate species forming on Lewis acid — Brgnsted
base pairs (Mg?*-0?). The bands at 1270 - 1390 cm™ reported in the literature may be equivalent

but with a different morphology affecting the adsorption wavenumber.

Evidently, each of the catalysts exhibit different relative proportions of these adsorption bands.
This may give some clue to their catalytic function. Firstly, for the MgO_450 catalyst, the signal
representing CO; adsorbed to 0% exhibits a higher intensity in comparison to the other sites at
room temperature. As the temperature of the DRIFT cell is increased, this becomes more significant
(Figure 6b). This may be due to the adsorbed CO, being removed preferentially from the Mg?*- 0%
and OH sites. This is a similar case with the other catalysts, which indicates that 0> more strongly
bonds CO; than the other sites. For the MgO_550 catalyst, the CO, O% stretch is also significantly
prominent at both temperatures, especially when compared to OH which exhibits a weak band in
comparison. MgO_650 exhibits relatively equal intensities for these two sites at room temperature.
However, once the temperature is increased the signal deemed to represent the CO, adduct
attached to Mg?*- 0% is reduced slightly, again indicating the CO; is slightly less bound than on the
0% sites. MgO_750 shows a high degree of CO, on both 0% and OH sites at room temperature.
However, the stretch representing CO, adsorbed to OH intensity is significantly reduced in

comparison once the temperature increases. This indicates that OH only weakly adsorbs CO..

The low coordinated O% anions (resulting in monodentate carbonates) may be the strongest basic
sites, due to the persistence of adsorbed CO, to them at high temperatures. The OH groups on the
surface resulting in bicarbonates are likely to be weaker as are more easily removed. Oxygen in
Mg?** - O%is approximated to be stronger, resulting in bidentate carbonates persisting longer than
the bicarbonates. Cosimo et al.’® using similar samples and techniques reports that the order of
strength of the basic sites observed was low coordination 0?> The oxygen in Mg?* - 0% pairs > OH.
(Monodentate carbonates > bidentate carbonates > bicarbonates). Other literature sources come

to the same conclusion.'’*” However, OH groups while relatively weak may be very important to
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catalysis and can significantly promote reactions,* ™ such as the aldol condensation of

acetaldehyde.3®

3.2.4.2 Basic site analysis — CO; Temperature programmed desorption

CO,-TPD experiments were employed, as this technique allows for the quantification of basicity of
the sample in terms of p-moles of CO, which adsorb to the MgO surface. From these experiments,
the aim was to quantify the relative density and number of basic sites on a samples surface.
Different sites can be identified by their desorption temperature, which can be related to the

information gained on the nature of the sites from the DRIFTS experiments.

The corresponding desorption patterns of the CO,-TPD experiments are presented in Figure 7, with
p-moles of CO, desorbed reported in Table 5. It is important to note, that a high pre-treatment of
400 °C was first required to ensure any hydroxy and carbonate surface species, which from due to
the interaction of MgO with water vapour and CO; in air, had been fully removed prior to analysis.*
This was necessary to achieve as clean surface as possible, while minimising any further structural

or chemical changes.
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Figure 7. TPD profiles for MgO_450-750, Pre-treatment: He 150 mL min™* 300 °C 1 hr, CO,

adsorbed at 25 °C 30 mL min, physiosorbed CO, removed at 110 °C 1 hr followed by TPD to 400

°Cat 15 °C min™,
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Table 5. Characterisation data, BET and TPD for MgO_450 -750

<450 °CTPD <450 °CTPD
Surface area
Catalyst ID u moles CO; 1 moles CO;
mZ g-l
g-l mZ
MgO_450 187 1409 8
MgO_550 154 1290 8
MgO_650 125 1022 8
MgO_750 74 642 9

Analysis of CO, TPD experiments (Figure 7) show that the signal response at lower temperatures is
likely to be attributed to weaker basic sites, with strength increasing as the desorption of the CO;
temperature increases. The weaker sites would less strongly bind CO,, releasing it at a lower
temperature. Unfortunately, distinct separate peaks corresponding to well defined sites could not
be identified. This means that here the different bonding structures could not be determined solely
from these experiments. It was thought, based on the literature, the DRIFTS experiments and the
identification of possible features on the curve; that it was likely that there were hidden peaks

representing different basic sites.°

Deconvolution of the TPD curve into contributing peaks was attempted, but there was not adequate
confidence in its accuracy. Therefore, in tandem with the DRIFTS, an estimation of the location of
the basic sites within the TPD curves was made. The slight feature between 180 — 210 °C was
identified as likely to be due to bicarbonate species of CO, desorbing as OH species are expected to
be most labile. The most dominant peak in the DRIFTS represents O% , therefore the peak centred
between 280 to 340 °C is likely to be unidentate carbonate species decomposing from 0% sites on
the surface. Finally, the feature between 230 to 270 °C is approximated to represent bidentate CO,
species desorbing from Mg?* - O%. This correlates with the slight features seen in the curves.
MgO_650 shows a flatter curve peak, indicating that as with the DRIFTS the proportion of the strong

and medium sites may be similar.

While quantitative data on the proportion of the basic sites was not possible. Total basicity per
gram and m? could be calculated (Table 5). The total basicity, defined as p-moles CO, per gram of
material desorbed, decreases as the heat treatment temperature is raised. The basicity, per m?
however, stays stable. While the signal does not return to baseline, the temperature was not taken
higher in these experiments. Above 450 °C, the temperature begins to exceed the minimum heat

treatment temperature of the samples were prepared at. This can result in the structural properties
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such as the morphology and SA of the material changing. This means that signal obtained at

temperatures higher than 450 °C is incomparable between the catalyst samples.

3.2.5. Characterisation summary

In summary, increases of heat treatment temperature in the final stages of the catalyst preparation
have several significant effects on the surface species present and catalyst structure. The increase
corresponds to a linear decrease in catalyst SA, an increase in crystallite size, especially between
the final two temperatures and a decrease in basicity per gram of catalyst. At least two different
basic site strengths are observed; likely to represent low coordinated 0% and the oxygen in Mg?* -
O?pairs. These were attributed to the mono and bi-dentate bonding modes seen via DRIFTS. Strong
07 sites seem to be more prevalent over MgO_450, MgO_550 and MgO_750, while MgO_650 may
possess a more equal distribution. This may be linked to the morphology; TEM shows that both

MgO_450 and MgO_750 exhibit similar nanostructures while MgO_650 does not.

3.3 Catalytic reaction testing — vapour phase catalytic conversion of glycerol over MgO

3.3.1 Influence of MgO catalyst heat treatment temperature. 50 wt.% 360 °C

Introduction

The primary aim of the glycerol valorisation investigations over MgO was to obtain higher reaction
selectivity (and thus yields) to methanol. Initially, a series of experiments were conducted under
identical conditions using the four MgO samples prepared herein. For this series of experiments, a
50 wt. % glycerol feed was passed over 0.5 g of catalyst at 360 °C. These parameters were chosen
for the initial studies, as they are identical to conditions our group have utilized previously.>*3
Catalysts were initially tested at 360 °C 50 wt.% as this allowed for the catalysts to be compared at

below full glycerol conversion.

3.1.1.1 Glycerol activation

A reaction pathway network for the reaction of glycerol over MgO and metal oxides was developed
in previous studies.>*!3 From this previously established understanding there are two main reaction
pathways predicted to produce methanol, and a third that would yield primarily acrolein. The
activation and dehydration of glycerol through the secondary hydroxyl group is thought to lead to
a double dehydration cumulating in acrolein (product 22, Figure 8). Activation of a terminal
hydroxyl group is expected to lead to a dehydration/tautomerisation to hydroxyacetone (product
5). This monodehydration is predicted to be twice as likely as the acrolein route due to there being
two terminal hydroxyls and only one secondary hydroxyl group. A radical cleavage of a C-C bond
can also yield a methanol and ethylene glycol radical. This can result in glyceraldehyde which can

undergo another cleavage to give a second methanol and acetyl radical. The conversion of glycerol
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is expected to be tightly linked to how well the catalyst promotes the initial glycerol reaction over

its surface.
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Figure 8. Proposed reaction network for the catalytic transformation of glycerol into a range of
different products over MgO. Red arrows correspond to dominant reaction pathways over
MgO. The green arrow corresponds to a dominant pathway occurring in the absence of MgO. 1.
Glycerol; 2. 3-hydroxypropenal; 3. 1,3-propanediol; 4. 1-propanol; 5. hydroxyacetone; 6.
propanoic acid; 7. 1,2-propanediol; 8. 2-propanol; 9. ace- tone; 10. acetaldehyde; 11. ethanol;
12. 2,3-butanedione; 13. 2,3-butandiol; 14. 2-butanol; 15. glycolaldehyde; 16. ethylene glycol;
17. ethenone; 18. acetic acid; 19. allyl alcohol; 20. 1-propanal; 21. 1-hydroxyl-2-butanone; 22.
acrolein; 23. 3-alkoxypropanal; 24. 3-alkoxy propanol; 25. Methanol. Reproduced from work
presented in L. R. Smith, P. J. Smith, K. S. Mugford, M. Douthwaite, N. F. Dummer, D. J. Willock,
M. Howard, D. W. Knight, S. H. Taylor and G. J. Hutchings, Catal. Sci. Technol., 2019, 19-22.1
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3.3.1.2 Conversion and activity

Distinct differences in catalyst activity were observed over the different MgO samples. As shown in
Table 6 and (full selectivity and standard error is shown in Table 8), the activity of the catalyst
samples loosely correlated to the temperature they were heat treated at. In general, the conversion
of glycerol (Cgy (%)) decreased as the temperature of the N, heat treatment increased, except for
when 750 °C (MgO_750) was used. On increasing the treatment temperature from 450 °C to 550 °C
and 650 °C, glycerol conversion decreased from 87 % to 80 % to 75 %, respectively. This is also
reflected in the activity in terms of (gg, h™? g «t?). It was initially postulated that the loss of
conversion with increasing heat treatment temperature, may be due to the lower basicity and SA
of the higher temperature treated samples. As these characteristics are reduced, naturally, it would
be logical to assume that the catalysts become less active. However, this is not observed; the
MgO_750 catalyst exhibited a higher glycerol conversion (80 %) than the MgO_650 catalyst. This is
surprising, given these materials lower SA, lower total basicity, and higher crystallite size. It is
therefore reasonable to suggest that the increased activity is attributed to another factor, such as
the proportion of a specific basic site or the samples differing porosity. DRIFTS experiments (Figure
6) indicate that MgO_650 may exhibit a lower proportion of 0% edges. These sites are expected to
be the strongest of MgQ’s basic sites.'®'3” The perceived lower proportion of 0% sites may

contribute to the catalyst being less able to facilitate the activation of glycerol.

Table 6. Performance of MgO catalysts on the gas phase valorisation of glycerol reaction
conditions: Aqueous glycerol solution (50 wt.%; 0.016 mL min; Ar (50 mL min'); catalyst (0.5
g); bed volume (1 mL); GHSV = 4615 h; temperature (360 °C).

Acronym: C (conversion); ACE(acetaldehyde), ACR(acrolein); MOH(methanol);
HAD(hydroxyacetone); UNK(unknown); EG(ethylene glycol); CMB(carbon mass balance: GC1 +
coke carbon moles to carbon moles of glycerol injected into reactor).

*Coke calculated from TGA

Conver B % Selectivity (STY / g h't kg cat?)

Catalyst | SiONgy Acm#fy - Coke % of | CMB
D | /% |EvTEl e ACR MOH HAD UNK EG OKET | CMB% | /o (+/-)
cat ) / Mg Bcat 1

(+/-)
MgO_450 (f;) 0.93 19.7 (92) [13.4 (53) [11.9 (85)|23.2 (122)| 8.3 (NA)| 8.2 (54) 89.1 3.0 74 (3.2)
MgO_550 (18(;) 0.88 17.4 (83)[11.2 (45)|10.1 (74)|28.3 (152)| 8.1 (NA)| 9.3 (63) 79.2 2.9 78 (1.3)
MgO_650 (ZS4) 0.81 20.2 (118)|12.7 (64)| 9.8 (93) [23.7 (173)| 8.4 (NA)| 9.2 (71) 105.5 3.2 98 (1.2)
MgO_750 (fOG) 0.86 |[21.6 (98) |12.8 (49)|11.4 (79)[23.9 (122)| 7.6 (NA)| 8.1 (52) 43.5 2.1 79 (1.7)
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3.3.1.3 Carbon mass balance (CMB) and coke

The CMB is an important factor in our experiments, and measures what percentage of the carbon
fed into the reactor is accounted for. Having a relatively low CMB is not desired as indicates a
significant proportion of our reaction products are not quantified. In the previous work published
by Smith et al.! this equated for a significant ca. 26 % of carbon under these conditions (74 %
CMB)(Table 1). A loss of over quarter of the carbon is not ideal and it was hypothesised that the
responsible culprit was the formation of heigh weight molecular products (HWMP) which were not
detected by GC-FID. Total carbon content analysis and LCMS analysis supported this theory. These
HWMP are postulated to result from bimolecular condensation reactions catalysed by basic sites
on the MgO,* which has been shown to promote bimolecular condensations.10:2526:384142 pgrt of the
motivation of altering the catalyst heat treatment temperature was to reduce the basicity thought

to be responsible.

As with the conversion, the CMB follows a rough trend up till MgO_650, where higher conversions
result in lower CMB. MgO_450 has a CMB of 74 %, increasing to 78 % for MgO_550, 98 % for
MgO_650 and decreasing to 79 % for MgO_750 (Table 6). The 98 % CMB obtained for MgO_650 is
a significant development for this reaction. A CMB this high had not been previously observed under
these conditions for MgO. This is the equivalent to only 1-2 % of carbon proceeding to these higher
weight products and fouling, which is a significant improvement on the other samples in the series
and that observed in previous works.! This result indicates that MgO_650 likely does not produce

HWMP’s in high concentrations.

To help confirm the high CMB and lack of undetected HWMPs, the product mixture was sent for
CHN analysis to determine the Total-Carbon-Content of the liquid fraction (Table 7). This showed
that the GC analysis CMB was representative and supported our conclusion. The liquid analysis was
in accordance with that observed from GC analysis at 85 %. The remaining 13 % of carbon was
assigned to coking (3.2 %) and gas phase products (8.7 %). In conclusion, this experiment shows
that is only possible for a small percentage of the carbon to have been used in the formation of

HWMP over MgO_650.
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Table 7. Total organic carbon CHN analysis — MgO_650. Reaction conditions; 360 °C ,50 %
glycerol/water flow 0.016 mL min™2, 0.5 g MgO, 50 mL min™! Ar, 3 hours

MgO_650
360 °C
Catalyst coking (TGA) 3.2
Gas analysis (GC) 8.7
Liquid analysis (GC) 85.7
Liquid analysis (CHN) 85.1
Total Carbon (including
coke) % %

When analysing how coke % (Figure 9, Table 7) relates to CMB, MgO_650 exhibits the highest
degree of coking and highest CMB. This is unexpected, the catalysts that are thought to produce a
higher concentration of high weight products may be expected to coke more as it can form from

carbonaceous molecules undergoing cyclization, condensation, and polymerisation.*

Figure 9a shows that MgO_650 with the highest mg g* cat of coke has the least unquantified coke,
Figure 9b and 9c shows that the basicity does not directly correlate with the amount of Coke and
unquantified Carbon and thus CMB as would be expected. It is possible that if any HWMPs are
formed over MgO_650, they may be less likely to desorb which could result in the formation of
coke. This could potentially block the sites responsible for condensation, leading to only a small
amount of the higher weight products being produced. Blockage of basic sites could also affect the
activity. While something to consider, there is no evidence for this currently and such strong
adsorption would be normally attributed to a high basicity sample. Condensation of glycerol and
products within the pore structure of metal oxides could also add to coke formation.** Diffusion
both within and out of pores is likely influenced by the diameter.** MgO_750 exhibits a small
volume pore structure compared to the other samples, it also has the relatively low pore diameter.
The low volume may not allow for a high enough amount of substrate within the pore structure to
result in significant coking. However, with our series there isn’t a clear trend between the pore
diameter and the coking or CMB. It seems that multiple factors may affect this such as the pore
size, basicity, SA, morphology and possibly more. At current level of understanding it is difficult to

deconvolute these competing factors to draw strong conclusions.

The loss of CMB and coke over MgO_450 and MgO_550 is proposed to be generally due to the
HWMP, MgO_650 high CMB is proposed to be due to not forming these products. As these would
be usually attributed to basicity the low CMB over MgO_750 is currently unexplained. It could

possibly be caused by either something else forming that fouls the reactor, or another important
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catalyst characteristic that promotes condensation reactions. The high degree of coking over
MgO_650 may indicate that changes to the catalysts basicity occurs in-situ, this may result in
MgO_650 actually being less basic than MgO_750 due to its high level of coke formed. As currently
investigated, the characterisation of the samples reveals the features that match the trend we see
with the four catalysts performance is the difference in morphology, large crystallite size (for 750)
and possibly O% prominence. However, if any of these features are responsible or why is not

understood or proven yet.

3.3.1.4 Selectivity to methanol and yield

The selectivity observed over the catalysts stays relatively stable over the series, with a few notable
changes. The selectivity is calculated from the detected carbon in the products compared to the
carbon in the converted glycerol. As discussed previously, it's hypothesised that a significant
proportion of HWMPs are formed through various biomolecular reactions. These are not included
in the selectivity calculation however which results in the product yields changing more than the

selectivity would suggest.

As the N, heat treatment temperature was increased, selectivity to methanol decreases slightly.
The MgO_450 exhibited the highest methanol selectivity of 11.9 % followed by MgO_750 at 11.4
%. However, a slight increase in methanol yield is observed over the MgO_650 catalyst, due to the
increase in its associated CMB. MgO_650 therefore exhibited the highest methanol STY yield (93 g
h'l kg cat h). This illustrates the importance of achieving a high CMB, or rather, modifying the
catalyst to suppress undesirable reactions. While a promising result, this methanol STY is however
lower than the space time yield exhibited by the MgO_STD catalyst in our groups previous study,
under identical reaction conditions (131 g h kg cat h).! The lower methanol STY obtained by
MgO_650 is likely due to the significantly lower methanol selectivity (MgO_650 methanol
selectivity was 9.8 %, MgO_STD was 23.4 %).

In summary, it is proposed that the improvement in CMB from increasing the temperature during
preparation from 450 °C to 650 °C is linked to the amount of undetected HWMPs produced. This is
inferred from the CMB increase, which may be due to decreased biomolecular reactions such as
aldol condensations, which are known to occur over MgO. 1%%2 Exactly why these products are not

produced as much over MgO_650 but are with MgO_750 is not yet understood.
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3.3.1.5 Formation of high weight molecular products over MgO

To further validate the hypothesis that HMWPs may be produced in these reactions, it was
important to consider how they might form. Presented in Figure 10 is a scheme which proposes
how some of these products may start to form. Due to the high variation of products, both known
and unknown, in our product stream, it’s likely that several combinations of substrates could react

to form these species.
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Figure 10. Aldol cross-condensation of acetone and acetaldehyde. Followed by possible cross-
condensation of a, B unsaturated ketone (acetone enolate) and acetaldehyde enolate to form

precursors to HMWP’s.

Ketones and aldehydes are known to undergo cross and self-condensation reactions. 11%2538 Figure
10, as an illustrated example, shows a cross condensation reaction between acetone and
acetaldehyde. These two molecules can react and lead to the formation of four different products.
These are two forms each of enolate nucleophiles and carbonyl electrophiles. In the event of self-
condensation, such as the type which likely occurs with acetone, an a, B-unsaturated ketone will
form. Using the classical understanding of the aldol condensation mechanism, the reactions would
be catalysed by basic sites on MgO. These sites could remove an alpha proton from a methyl group
of a ketone or aldehyde, which would result in the formation of an enolate.® This enolate could

subsequently initiate a nucleophilic attack on an second substrate molecule; acetaldehyde in this
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example. This would be followed by protonation, to yield the aldol addition product. a-Hydrogen
and the analogous B-hydroxyl group are then removed by the catalysed elimination of water from

the aldol addition product.

ortho/para tolualdehyde

ﬁn

Ell’) -Hz

acetaldehyde 3-hydroxybutanal Crotonaldehyde/2-butenal 2,4,6,~octatrienal

k_’ K/K — K/\ -H,0 W -0 W\/\M
K w4nmm.;m1 k 1,0 /
“H,0 W

0

benzene

Figure 11. Possible acetaldehyde condensation pathways to precursors to HWMP.* M. Lusardi,
T. Struble, A. R. Teixeira and K. F. Jensen, Catal. Sci. Technol., 2020, 10, 536 DOI:
10.1039/C9CY01927H

In a similar way to this scheme, a possible example of this type of reaction occurring would be the
self-condensation of acetaldehyde to 3-hydroxybutanal, which in turn can undergo a dehydration
to crotonaldehyde,® these reactive products may also be a source of the HWMPs (Figure 11). It is
possible that a variety of products can form from acetaldehyde and its condensation products,
including aromatic compounds such as benzene and tolualdehydes,* this could occur through
mechanisms such as Michael additions, dehydrations, electrocyclization and aldol condensation.
Some example products could include ortho and para tolualdehyde, 2,4,6-octatrienal and 2,4-
hexadienal.***& These may themselves undergo further reaction, resulting in larger products with
expected high boiling points that would not be easily analysed via GC. For example,
tetradecahexenal could form from the condensation of two 2,4,6-octatrienal, or other products.
The possible continuation reaction of acetaldehyde and intermediate products such
crotonaldehyde could result in HWMP. A relatively high selectivity to acetaldehyde is observed over

most conditions and thus it is possible that this may occur to some extent. Figure 11 shows an
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example of a possible route to a HWMP via the addition of acetaldehydes and crotonaldehydes.

There is a complicated mixture of products in our stream however, so this is likely a simplification.

Sainna et al.® recently demonstrated that water can readily undergo dissociative adsorption over
a MgO, under our reaction conditions. Given that the reactions presented herein are run under
aqueous conditions, it's important to consider how this might influence reactivity on the catalysts
surface. They modelled the expected surface of ideal MgO_450 and how it would interact with
water to promote dissociative adsorption. If a large proportion of the MgO surface is hydroxylated,
it could influence the catalysts’ ability to abstract a proton from a methyl group which, as discussed,
is an important step in the aldol condensation mechanism. OH" sites on MgO surfaces are active for
some base catalysed reactions and have been shown to enhance activity for certain reactions.3%%0
Previously, OH" species on MgO surfaces have been identified to be the active sites for the aldol
addition of acetone.’%2>%%%0 |n these experiments reported by Zhang et al.*, the exposure of a
water onto clean MgO surface, led to a significant increase in both the catalysts activity and

selectivity to the desired diacetone alcohol.

CH H CH
X J - T
0% >CH, O = 0 OH
Lt o
Mg—O Mg @] Mg Mg—O——Mg

Figure 12. Acetaldehyde self-condensation to 3-hydroyxbutanal, based on the calculations
found in Fan et al. A partially hydroxylated surface of MgO would lead to a more active catalyst
for this reaction than a clean surface. D. Fan, X. Dong, Y. Yu and M. Zhang, Phys. Chem. Chem.

Phys., 2017, 19, 25671-25682.*

Other studies, such as DFT studies performed by Fan et al.*® also investigated aldol condensation
reactions over OH" sites on MgO. Fan et al.*® deduced that there were two primary types of OH
groups on MgO surfaces; those created via the protonation of surface 0% groups and those created
by the hydroxylation of Mg?. The authors evidenced that the adsorption of acetaldehyde directly
to Mg?* sites was more stable than adsorption onto surface hydroxyl groups. They proposed,
illustrated in Figure 12 that this was due to a more favourable adsorption configuration, which
involves the oxygen atom of acetaldehyde interacting with Mg2*. Once adsorbed, it was proposed
that the acetaldehyde molecule undergoes enolization. Fan et al. suggested that the OH groups are
important for the second stage of the reaction, where a second acetaldehyde molecule adsorbs

onto an adjacent OH site via hydrogen bonding. The OH group is relatively weak, thus, the alkoxide
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anion is comparatively unstable. The two acetaldehyde molecules react forming a 3-hydroxybutanal
molecule, as this is a more energetically favourable configuration. Therefore, it was concluded from
their simulation that while OH exhibits a lower protonation ability than Mg?* - O sites, the partial
hydroxylation of the surface leads to a more reactive catalyst for aldol condensations of

acetaldehyde.

Through referring back to the DRIFTS experiments in Figure 6, a higher relative proportion of surface
hydroxides was inferred on the MgO_450 and MgO_550 samples, than on the surface of MgO_650.
MgO_450, MgO_550 and MgO_750 also have a strong adsorption in the region expected to
correspond to monodentate carbonates on uni-coordinated ions of O% on step edges (thought to
be strong sites). MgO_650 on the other hand exhibits a relatively even ratio between 0% and Mg?*
-0? (medium). It may be possible that the degree of sites being of the 0% type is an important factor
in this reaction. These 0> may undergo hydroxylation more freely as well due to their high expected
strength, possibly allowing for more energetically favourable dissociation of water. However, the
DRIFTS experiments are performed ex-situ to our experimental conditions without the presence of
water, this means that it cannot be determined from them how hydroxylated the surface actually
are in reaction conditions. However, if the surfaces of MgO_450, MgO_550 and MgO_750 are more
highly hydroxylated under reaction conditions this would help support the explanation that their
lower CMB results from the catalysts promoting self-condensation between reaction products in

reference to Fan et al. 3

As highlighted in the full selectivity data in Table 8, a large variety of aldehydes and ketones are
formed in the reaction over MgO. Proportionally, a high abundance of acetaldehyde, acrolein and
hydroxyacetone are produced. It is therefore likely that the HMWPs formed arise from
condensation reactions involving these compounds. The large distribution of HMWPs in the post
reaction mixture was evidenced, qualitatively, by LCMS analysis for MgO_450, the signal intensity
and number of peaks was significantly lower for MgO_650 (Figure 13). A wide range of different
products are clearly observed over LCMS rather than a few distinct peaks. The mass spectrum for

the peaks saw a wide range of m/z values (appendix figure 14.)
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360 C 50 wt. % glycerol.
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The overall basicity determined by TPD does not tie well to the activity and CMB. It seems from
data obtained from the coking that basicity data obtained from the fresh catalysts is not
representative of the basicity of the samples under reaction conditions. Here it seems that is
possible the MgO_650 may be less basic than MgO_750, due to whichever process causes it to coke
more. This potentially leads to its lower activity and higher CMB. It is not possible however to
determine this currently however, basicity would have to be measured in the dynamic in-situ

conditions.

MgO_750 behaves unexpectedly compared to its identified characteristics, the total SA is relatively
low (74 m?) and is combined with a relatively large crystallite size (12.7 nm). This results in less
available area for substrate adsorption. Thus, this should yield an increase in the proximity of the
reactants on the catalysts surface. Increased proximity of substrate on the surface may be a factor

in promotion of more intermolecular reactions between intermediate products.

3.3.1.6 Summary and conclusion

The results presented in this section provided motivation for the subsequent experiments
presented in this thesis. A series of catalyst samples of MgO were prepared by varying the final heat
treatment temperature from 450 — 750 °C. Raising the temperature led to a decrease in SA, basic
site concentration, pore volume and an increase in crystallite size. MgO 450 and MgO_550
exhibited a hexagonal plate structure, MgO_650 exhibited a degraded structure which seemed to
exhibit intercrystallite channels possibly cause by the exfoliation of structural water. MgO_750 in
turn showed a microstructure similar to the lower temperature treated samples. The crystallites
seemed to begin to aggregate into a lamella like arrangement. When tested for the gas phase
conversion of glycerol the samples decreased in conversion and increased in CMB until MgO_650.
MgO_650 exhibited a very high CMB of 98% which had not been observed before over MgO for this
reaction. It is postulated that this is due to the sample not facilitating the production of HWMPs
which are not analysed well by our method. The compounds suspected to be the main contributors
for the formation of the HWMPs are likely to be sourced from the aldehyde and ketone groups.
Products such as acetaldehyde which is produced in a high selectivity are known to readily undergo
condensation reactions over basic catalysts.’%26°! The observed selectivity to products stays
relatively stable and does not exhibit a clear trend, however the higher CMB exhibited by MgO_650
results in a higher STY for methanol being achieved, even with a lower conversion. This goes to
show how important it is to achieve a high CMB in reactions. It is thought that the catalysts’ ability
to form HWMP products is linked to its proportion of strong basic sites, which may be more likely

to dissociate water than coke, and once hydroxylated may stabilise molecules for further reaction.

106



Table 8. Full selectivity for MgO_450 — 750 at 360 ¢ 50 wt.%

MgO_(450) +/- | MgO_(550) | +/- | MgO_(650) | +/- | MgO_(750) | +/-

acetaldehyde 19.7 0.8 17.4 0.4 20.2 1.5 21.6 0.5
propionaldehyde 0.6 0.2 0.1 0.1 0.6 0.1 0.6 0.0
acetone 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.0
acrolein 13.4 0.6 11.2 0.5 12.7 0.9 12.8 0.6
methanol 11.9 0.3 10.1 0.4 9.8 0.3 11.4 0.3
2-propanol 0.6 0.2 0.0 0.1 0.4 0.1 0.6 0.0
ethanol 0.0 0.2 0.6 0.2 0.1 0.1 0.0 0.0
2,3-butanedione 1.2 0.0 1.4 0.1 1.1 0.1 1.3 0.0
2-butanol 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0
1-propanol 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0
3-hexanone 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0
allyl alcohol 0.8 0.0 0.7 0.0 0.6 0.1 0.8 0.1
cyclopentanone 0.6 0.0 0.7 0.0 0.3 0.1 0.6 0.1
hydroxyacetone 23.2 0.1 283 0.9 23.7 1.2 23.9 0.2
3-ethoxy-1-propanol 0.9 0.0 0.7 0.0 0.9 0.1 0.9 0.1
acetic acid 0.5 0.2 1.3 0.2 0.5 0.2 0.4 0.2
Glycidol 1.0 0.1 0.9 0.2 2.9 0.6 1.6 0.2
propionic acid 0.3 0.2 0.9 0.2 0.2 0.2 0.2 0.0
1,2-propanediol 2.1 0.3 2.7 0.0 2.6 0.3 2.2 0.0
unknown(s) 8.3 0.3 8.1 0.1 8.4 0.6 7.6 0.5
ethylene glycol 8.2 0.9 9.3 0.1 9.2 1.4 8.1 0.1
1,3-propanediol 0.8 0.1 0.5 0.0 0.8 0.1 0.6 0.0
phenol 0.1 0.0 0.2 0.0 0.3 0.1 0.0 0.0

co 2.8 0.1 2.2 0.1 2.7 0.3 2.8 0.0

CO: 2.7 0.5 1.8 0.2 1.9 0.1 2.0 0.2
Glycerol conversion 87 4.3 80 1.8 75 1.4 80 1.6
Carbon balance 74 3.2 78 1.3 98 1.2 79 1.7
Methanol STY g h'' kg 85 3.6 74 14 93 6.0 79 3.2

ht

3.3.2 Influence of heat treatment temperatures on low conversion reactions

To develop a more comprehensive understanding of the processes occurring, investigation focusing

on different stages of the reaction was conducted. First low conversion reactions were explored,

there has not been significant work on low conversion over MgO reactions, with previously

reported reactions exhibiting 70 % + conversion.»? Here, reactions were conducted at lower

temperatures, with the aim to only convert a minimal portion of the glycerol fed and isolate a higher

degree of intermediate products. This was done with the series of catalysts to better understand

how the physicochemical properties such as basicity effect the selectivity in the early stages of the
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reaction. The contact time and temperature were adjusted, so that each material was analysed at
low conversion (< 10 %). At this level of conversion, products such as methanol, acrolein and

acetaldehyde are expected to be in low abundance, as they are not primary reaction products.

To reduce the catalyst contact time, a lower amount of catalyst (0.1 g) was used. The bed was kept
at a constant volume of 1 mL using SiC as a diluent). For comparison, in a typical reaction with 0.5
g catalyst the GHMV was 6000 (L h™* Kg* cat), which would increase to 30000 (L h'*Kg* cat) if only
0.1 g were to be used. Furthermore, reactions were carried out at 320 °C, to achieve conversions
below 10 % (Table 9). The conversions achieved are relatively consistent over each catalyst with
CMB of approximately 100 %. On the other hand, there are significant differences in the product
distributions between the catalysts under these conditions. This illustrates that the MgO catalysts
act differently in the initial stage of the reaction, with a variation in the preferential reaction route

evidently dependant on the catalysts surface.

In contrast to the previously discussed experiments carried out at increased catalyst contact and
reaction temperature (Table 6, Table 8) (360 °C, 50 wt.% 0.5 g MgQ0), the selectivity to acrolein was
found to be higher than acetaldehyde (Table 8). For these low conversion reactions over MgO_650,
the selectivity was 7.0 % to acetaldehyde and 12.6 % to acrolein (Table 10). In contrast, under the
standard reaction conditions (Table 8); at high conversion and 360 °C, the selectivity to

acetaldehyde was 20.2 % and acrolein was 12.7 %.

This may indicate that the formation of acetaldehyde is promoted more by contact time and higher
temperature than acrolein. It seems that the double dehydration may be less temperature
dependant than the radical cleavage reactions expected to yield acetaldehyde. Reactions reported
in the literature where acrolein is the desired product often use temperatures of the range of 280
°C — 340 °C, over acidic catalysts.””™® Titanium dioxide was used as a base for mixed oxides
investigated by W.Suprun and co-workers for the conversion of glycerol. The impregnation of Mg
resulted in a lowed acidity and low selectivity to acrolein which only increased marginally when
taking the temperature from 180 — 330 °C.%’ Previous work on the MgO_STD sample by Smith et
al.* found that on raising the temperature from 360 to 440 °C, along with the accompanied increase
in conversion, the selectivity to acetaldehyde increased more than acrolein. The same was observed
with ceria where the O defect sites can be highly basic,” selectivity was also significantly influenced

depending on morphology.*
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Table 9. Influence of catalyst pre-treatment temperatures on reactions carries out at 320 °C
Reaction conditions: Aqueous (H,0) glycerol solution (50 wt.%); Ar(50 mL min?); catalyst (0.1 g);
(bed volume 1 mL) GHSV = 4615 h'l); temperature (320 °C); pressure (1 atm).

Acronym: C (conversion); ACE(acetaldehyde), ACR(acrolein); MOH(methanol);
HAD(hydroxyacetone); UNK(unknown); EG(ethylene glycol); CMB(carbon mass balance).

*Coke calculated from thermogravimetric analysis

Selectivity % (STY / gh'! kgcat™?) C™MB
Cgly (%) %

Catalyst (+/-) ACE ACR MOH HAD UNK EG (+/-)
8 105

Mg0_450 | o | 72 (12)| 13.8 (19)| 86 (21)| 269 (49)| 12.1 (NA) | 140 (33) (5.6)
5 102

Mgo_650 | s | 7.0 (18)| 126 (28)| 8.1 (32)| 259 (77)| 203 (NA) | 145 (54) (3.2)
7 100

Mg0_750 | o | 62 (16)| 11.1 (25)| 8.0 (32)| 22.2 (65)| 28.1 (NA) | 13.4 (50) 3.1)

From the proposed scheme (Figure 8) acrolein and acetaldehyde are thought to form through
different pathways. Acetaldehyde which proceeds from the fragmentation of both hydroxyacetone
and ethylene glycol, may require a higher temperature due to the several reaction steps. The
degree of coking may also influence the reaction, a lower reaction temperature may result in the
catalyst being less coked. A stabilisation period of 2 hours 15 minutes is used for all reactions run
before collection which allows for an initial build-up of coke, this may influence the degree that the
samples can catalyse the double dehydration. The formation of acrolein through a double
dehydration may be a simpler process occurring over one surface adsorption cycle. The smaller
amount of catalyst used in these reactions means that a shorter contact time is available before full
desorption. This could result in there not being enough catalyst surface to undergo these multiple
adsorption/reaction processes. It would be expected that the decrease in contact time would
influence how far along a specific pathway the substrate proceeds. Selectivity to a particular
pathway would be expected to be tied to changing reaction conditions or MgO surface

characteristics.

On increasing the catalyst heat treatment temperature, the selectivity to detectable unknowns
increases; from 12.1 % for MgO_450, to 20.3 % and 28.1 % for MgO_650 and MgO_750,
respectively. For MgO_650 and MgO_750 these are significantly higher than seen in other reactions
over MgO (9.3 % and 9.2%. respectively under 3.3.1 standard conditions). This is likely due to

temperature effecting the rate through which different pathways progress. These may be reaction
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intermediates but are not necessarily HWMP precursors. In reference to reaction schemes
previously published, there are some intermediates and products in the proposed reaction scheme
which have not be quantified, these could include molecules such as glyceraldehyde, ethenone and
3 hydroxy-propenal. MgO_650’s lower observed activity and the lower temperature may result in
these products, which at higher temperatures would proceed to more terminal products. They
could be the precursors to HWMP, for MgO_450 and MgO_550, but this seems unlikely for
MgO_650 due to its lack of observed production to HWMP under higher conversion. However,
under these reaction conditions the surface of the catalyst is significantly less coked than in section
3.3.1 which may allow this, however this does not explain why MgO_650 exhibits such a high

selectivity.

It is possible that some of these products are seen in significant amounts under these conditions.
This suggestion is even more pertinent given that over the MgO_450 catalyst, which under higher
temperature conditions has a relatively low CMB, exhibits the lowest selectivity to unknowns (12.1
%). Products, such as acetaldehyde which can undergo further bimolecular reactions to HMWP are
produced only in minor quantities. This combined with the short contact time results in no
discernible loss of CMB from HWMP. On the other hand, if these unknowns are the beginning of
the HWMP, there may be a mechanism upon the surface of the MgO_650 that either breaks down
larger products or inhibits further growth at higher temperature conversion. From the 3.3.1 section
reactions, MgO_650 also seems to be the least active catalyst, while at these low conversion
experiments this is not as clear. The low conversion of glycerol is initially expected to be due to
basicity and SA, but MgO_750 was lower for both of these characteristics. Other characteristics that
may affect its consumption of glycerol may be the higher coking it exhibited at those temperatures,

possibly blocking active sites.

In summary, when running reactions at a low temperature and contact time a relatively high
concentration of unknown products is observed. These are likely intermediate precursors to
quantified products and condensation products. Over MgO_650 which does show a significant
selectivity to these unknowns it would be expected that these are the former, or if the later would
be broken down at higher temperatures or not formed due to higher coking under different
conditions. The more basic catalysts exhibit less unknowns, and more products such as
hydroxyacetone. This shows they may react the substrates through more steps than the less basic
catalysts, which may have trouble binding before desorption. Negligible HWMP are inferred with
full CMB throughout. This is likely due to the products which readily undergo condensation not
being produced in significant concentration. Acetaldehyde, which is normally more prevalent than

acrolein is less selective here which may be due to shorter contact time and lower temperature.
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Hydroxyacetone while still making up a high proportion of the products is unlikely to contribute to

HWMPs under these conditions as it is expected to require high temperatures to convert.

Table 10. Product distribution of varied heat treatment temperature catalysts at low conversion.
Reaction conditions; 320 °C ,50 wt.% glycerol/water flow 0.016 mL min™%, 0.1 g MgO, 50 mL min™

Ar, 3 hours.

Carbon mole selectivity % MgO_450 MgO_650 MgO_750

Acetaldehyde 7.2 7.0 6.2
propionaldehyde 0.2 0.0 0.1
acetone 0.1 0.1 0.1
acrolein 13.8 12.6 11.1
methanol 8.6 8.1 8.0
ethanol 0.3 0.3 0.3
2,3-butanedione 0.1 0.1 0.1
1-propanol 0.1 0.0 0.0

allyl alcohol 0.8 0.6 0.6
cyclopentanone 0.1 0.1 0.1
hydroxyacetone 26.9 26.0 22.2
3-ethoxy-1-propanol 3.9 2.1 1.7
acetic acid 0.3 0.2 0.2
Glycidol 0.0 0.1 0.7
propionic acid 4.6 2.6 3.1
1,2-propanediol 2.8 2.7 2.4
unknown(s) 12.1 20.3 28.1
ethylene glycol 14.0 14.5 13.4
1,3-propanediol 2.3 0.8 0.2
phenol 0.3 0.0 0.2

co 0.4 0.6 0.3

Co2 0.9 0.5 0.0

Glycerol conversion % 8 5 7
Carbon balance % 105 102 100
Methanol STY. gh'kgh-1 21 32 32
Coke % carbon <1% <1% <1%

3.3.3 Assessing the influence of water in the reactor feed

Water is usually used as a feed diluent, typically accounting for 50 wt.% of the feed. Previously, it
was suggested by Haider et al.? that water could be used as a source of hydrogen for the production
of methanol. This was tested in an experiment where the water was replaced with D,0, which
resulted in a significant drop in conversion. This led to the conclusion that water was the source of
hydrogen in the reductive process.? Smith et al.! also found that the use of higher concentrations
of water in the reactor feed led to a higher CMB, which may be attributed to water preventing
condensation reactions.”® Given that water can readily undergo dissociative adsorption on MgO
surfaces,3°9% and that surface hydroxyls can dramatically influence the reactivity of MgO in

various reactions,3 %0

it was important that the role of H,O is understood. The aim was to
investigate how this change would affect how the catalyst interacts with the substrate and

products. These experiments were initiated by swapping out the water diluent with D,0 in the
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feedstock stream. The experiments were run under standard conditions of 360 °C and 50 wt.%

glycerol so as to compare the results to those obtained in section 3.3.1.

Previous computational studies carried out in our research group by Sainna et al.'®> demonstrated
that the hydrogen from water was energetically unlikely to be a key reductive resource for the last
step of the formation of methanol from glycerol, but that MgO would likely be easily hydroxylated
via the dissociative adsorption of water on its surface. Therefore, water could be instrumental in
the initial phases of the reaction and its dissociation would hydroxylate the surface in-situ. As
mentioned, hydroxylation may possibly be an indicator of a catalysts ability to promote bimolecular

reactions.

The experiments were performed over the MgO samples, to establish whether the preparation of
the catalyst affected its ability requirement for water as a hydrogen source. When avoiding adding
H, into the feed, water is thought to be able to use as a source of hydrogen for the dehydration of
glycerol to 2,3-dihydroxy-propenel and then a enol-keto tautomerism to hydroxyacetone (Figure

14).2

-H,0 .
- HO\/J\ - Ho\)K
CH OH’>
e " i

OH HO

\/K/ (b) o -
HO OH _— N
o OH
Basic sites A

Figure 14. Glycerol activation to hydroxyacetone over basic catalysts pathways (a) Haider et al.?
(b) Kinage et al.%* M. H. Haider, N. F. Dummer, D. W. Knight, R. L. Jenkins, M. Howard, J. Moulijn,
S. H. Taylor and G. J. Hutchings, Nat. Chem., 2015, 7, 1028-1032. A. K. Kinage, P. P. Upare, P.
Kasinathan, Y. K. Hwang and J. S. Chang, Catal. Commun., 2010, 11, 620-623.

A hydrogen source is also proposed to be required for the formation of hydroxyacetone through an

alternative route, in which glycerol would undergo a dehydrogenation to 2,3-dihydroxy-propanal

112



followed by a dehydration and then hydrogenation, or a fragmentation and hydrogenation to
ethylene glycol, this was proposed to occur over basic sites by Kinage et al.®* They were however
looking at acid/base catalysts, a too high proportion of basic sites was proposed to result in
ethylene glycol from 2,3-dihydroxy-propanal. We were interested in seeing if the higher degree of
coking and presumed loss of basicity over MgO_650 would mean it activated glycerol by another

route.

The results, presented in Table 11 and Table 12, indicate that the use of D,0 can indeed inhibit the
conversion of glycerol, to differing degrees, depending on the heat treatment temperature used.
With the MgO materials calcined at lower temperatures, a strong kinetic isotopic effect (KIE) was
observed on the activity of the catalyst. MgO_ 450 exhibited a KIE of 1.6, MgO_550 that of 1.5.
MgO_ 650 only a showed a negligible decrease of conversion with a KIE of 1.0. However, MgO_750
showed a very strong KIE of 2.1. This is unexpected based on total basicity alone and seems to

correlate to the proportion of strong basic sites.

Table 11. Performance of MgO catalysts un the gas phase valorisation of glycerol using D,O
Reaction conditions: Aqueous (D,0 / H,0) glycerol solution (50 wt.%); Ar(50 mL min?); catalyst
(0.5 g); (bed volume (1 mL) GHSV 4615 h') ; temperature (360 °C); pressure (1 atm).

Acronym: X (conversion); ACE(acetaldehyde), ACR(acrolein); MOH(methanol);
HAD(hydroxyacetone); UNK(unknown); EG(ethylene glycol); CMB(carbon mass balance).

X % Selectivity
Catalystip (B! e CMB (%)
(‘V/°) ACE ACR MOH HAD UNK EG (+/-)
(+/-)
D20 Mgo_as0| % 13.8 10.8 9.9 28.6 9.6 122 98
@a | (2.4)
87 : 74
H20 Mg0_as0 %) 19.7 13.4 11.9 232 8.3 82 (32)
53 95
D20 MgO_550 13.0 10.0 10.0 28.6 143 11.0
©3) [ . (5.2)
H20 Mg0_550 (fg) 17.4 11.2 10.1 283 8.1 9.3 (172)
71 94
D20 MgO_650 17.0 10.9 10.6 26.7 9.4 10.2
©9) | (2.2)
75 : 98
H20 Mg0_650| 1" 20.2 12.7 9.8 23.7 8.4 9.2 12)
D20 Mgo_750, 3% 14.6 8.9 9.1 28.7 8.9 14.2 95.1
@3) |, (1.4)
80 : 79
H20 Mg0_750 ) 216 12.8 11.4 23.9 76 8.1 )

The decrease in glycerol conversion supports the changes in selectivity observed. There was a
reduction of acetaldehyde (ca. - 5 %) selectivity when H,O was replaced with D,O, however, the
concentration of intermediate products such as hydroxyacetone (ca. + 5 %), and ethylene glycol

(ca. + 3 %) increased.
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Interestingly, the CMB increased in reactions carried out over MgO_450 and MgO_550, when D,0
was used. An increase from 74 % to 98 % CMB over MgO_450 and the accompanied drop from 87
% conversion to 54 % was noted with the replacement of H,O with D,O. MgO_550 shows an
increase in CMB from 78 % to 95 % as the conversion drops from 80 % to 53 %. Naturally, the lower
conversion itself would result in there being significantly lower concentration of reactive
intermediates. These intermediates would likely have less interaction with each other resulting in

HWMPs and thus a higher CMB is observed.

Another possible explanation is that, in the presence of D,O, the MgO surface is
protonated/deuterated to Mg-O(H/D) at a slower rate. Mg-O(H) are thought to be of a lower basic
strength than surface Mg?*-0% and edge O7 sites. However, hydroxyl sites are expected to be
important to catalysis, in certain scenarios they have been shown to be very active. Fan et al. saw

they stabilise substrates on the surface allowing for bimolecular interaction (section 3.3.1.4).38

In contrast to the other catalysts, the reactivity of the MgO_650 material is notably only marginally
affected using D;0. This indicates that the first stage of the reaction, the dehydration of glycerol,
preferentially uses a proton from a different source with MgO_650. This indicates that over this
catalyst the reaction route in the initial stages may be different. Due to their higher degree of
basicity per gram, MgO_450 and 550, may be more efficient at dissociating water and use its
hydrogen for the dehydration of glycerol. Conversely, over MgO_650, which is less basic, this
possibly results in another route being more favourable. The more basic catalysts may not proceed
down this route, in the absence of water due to D0 possibly adsorbing more strongly to the surface
potentially blocking the active sites. However, this is not the case with MgO_750 which is
significantly affected by D,0 inclusion, indicating that the basic site distribution of 0% is important

for water dissociation.

The results of the experiments with D,0O suggest that the dissociative adsorption of water, which
form hydroxylated Mg sites in situ, must at least be partially responsible for catalysing undesirable
side reactions seen over the more basic catalysts. There is a correlation between the catalysts that
lose a high degree of CMB and those which exhibit a significant KIE with D,O. The DRIFTS
experiments (Figure 6) indicated that bicarbonate species form on hydroxylated sites are quite
prevalent on MgO_450 and MgO_550. If these OH sites are deuterated under reaction conditions,
it may affect their reactivity. The deuteriation of the OH basic sites may lead to the reactivity
changing, deuterium has twice the mass of hydrogen, this may result in a change in how it would

interact and possibly incorporate with the substrates.
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MgO_750 is however greatly affected by the change to D,0, so this cannot just be an effect of
basicity. The ex-situ investigations of basicity may not show the full picture however, it cannot be
determined how basic the samples actually are under reaction conditions.

100

90
. m H20 0D20
70 —
f 60
L
£ so0
a
2
o 40
(w]
30
20
10
0
MgO_450 MgO_550 MgO_650 MgO_750

Figure 14. MgO_450 — MgO_750 D,0 and H,O experiments compared. Reaction conditions; 360
°C,50 % glycerol / water flow 0.016 mL min?, 0.5 g MgO, 50 mL min™* Ar, 3 hours.

Based on the evidence so far presented it is hypothesised that the CMB of the glycerol reaction may
be based on several parameters, these may include the total concentration and the type of basic
sites, and the morphology of the MgO surface. It is also suspected that the ability for the surface to
be hydroxylated by H,O present in the stream is key as removal of water from the stream results in

large differences in activity for all the samples apart from MgO_650.
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Table 12. Full selectivity MgO_450 — MgO_750 D,0 experiments. Reaction conditions; 360 °C ,50
% glycerol / water flow 0.016 mL min™?, 0.5 g MgO, 50 mL min™! Ar, 3 hours.

MgO_450 (+/-) | MgO_550 | (+/-) | MgO_650 | (+/-) | MgO_750 | (+/-)

Acetaldehyde 13.8 0.4 13.0 0.6 17.0 0.6 14.6 0.5
propionaldehyde 0.5 0.0 0.5 0.0 0.6 0.0 0.2 0.0
acetone 0.2 0.1 0.1 0.0 0.5 0.2 0.2 0.1
acrolein 10.8 0.5 10.0 0.6 10.9 0.2 8.9 0.3
methanol 9.9 0.0 10.0 0.7 10.6 0.7 9.1 0.0
2-propanol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ethanol 0.5 0.0 0.5 0.0 0.6 0.0 0.4 0.0
2,3-butanedione 0.8 0.1 0.7 0.0 1.1 0.1 1.1 0.1
1-propanol 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0
3-hexanone 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0
allyl alcohol 0.7 0.0 0.8 0.0 0.8 0.1 0.6 0.0
cyclopentanone 0.5 0.0 0.5 0.0 0.6 0.0 0.6 0.0
hydroxyacetone 28.6 0.9 28.6 0.1 26.7 0.9 28.7 0.6
3-ethoxy-1-propanol 15 0.2 0.7 0.2 1.0 0.2 1.6 0.1
acetic acid 1.0 0.1 0.9 0.1 1.1 0.1 1.1 0.1
Glycidol 0.5 0.1 0.5 0.0 0.6 0.0 0.6 0.1
propionic acid 1.6 0.2 1.2 0.4 1.2 0.2 2.5 0.2
1,2-propanediol 3.0 0.1 3.6 0.4 2.4 0.3 3.6 0.1
unknown(s) 9.6 0.5 14.3 0.4 9.4 0.2 8.9 0.7
ethylene glycol 12.2 0.3 11.0 2.0 10.2 0.4 14.2 0.2
1,3-propanediol 0.8 0.2 0.9 0.4 0.7 0.2 0.4 0.2
phenol 0.2 0.0 0.1 0.0 0.2 0.0 0.2 0.0

co 1.7 0.1 1.4 0.2 2.1 0.1 1.2 0.1

CO; 1.6 0.0 0.5 0.5 1.5 0.1 1.3 0.0
Glycerol conversion 54 4.4 53 0.3 71. 0.9 38 2.1
Carbon balance 98 2.4 95 5.2 94 2.2 95 2.9
Methanol STY. g h* kg h* 65 8.0 66 2.3 81 3.6 55 4.7

3.3.4 Influence of reaction temperature on product distribution

With MgO_650 obtaining a high CMB at 360 °C, the catalyst was tested under varied temperatures
to see if the catalyst could maintain high CMB under different conditions and conversion levels. This
was also done to tie in with the low conversion results in section 3.3.2. Running reactions at a higher
temperature would also be important to try an achieve greater yields of products such as methanol.
Increased thermal input should lead to an increase to full conversion and decrease of intermediate
products such as hydroxyacetone and ethylene glycol in favour of products such as methanol.
Radical reactions which are proposed to be important in our reaction, leading to potentially
favourable yields of methanol compared to other pathways would also be expected to be more

prominent at higher temperatures over MgO. !

The reaction temperature has a pronounced effect on the product distribution seen over MgO for
the conversion of glycerol. Reactions were primarily conducted over MgO_650. The conversion
increases significantly from 28 % at 320 °C to 75 % at 360 °C, further increases to 400 °C almost

reaches full conversion at 96 %. Further increases to 440 °C gives only a marginal increase to 97 %,
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however it does still lead to product distribution changes. The catalyst manages to maintain a high
CMB throughout of above 90 %. Any loss of CMB at high temperatures is attributed mainly to an
increase in reactor fouling and catalyst coking. A significant increase in HWMP does not seem
evident at higher temperatures over MgO_650, otherwise it might be expected that the CMB would

drop off significantly.

The product selectivity changes significantly as the temperature increases. Selectivity to aldehydes
goes up distinctly, especially that for acetaldehyde and acrolein. At 320 °C there is a 10.6 %
selectivity towards acetaldehyde and 11.7 % towards acrolein. On increasing the temperature,
acetaldehyde quickly becomes the dominant aldehyde, with 20.2 % to 12.7 % at 360 °C and 27.4 %
acetaldehyde to 16.4 % acrolein at 440 °C.

The proposed reaction pathways are shown in Figure 8. The double dehydration may be less
temperature dependant compared to the radical defragmentation to methanol and acetaldehyde.
Reactions in the literature to acrolein often use temperatures of the range of 280 °C — 340 °C, over
acidic catalysts.>?® This indicates that the high temperatures often used in our reactions (320 °C —
480 °C) are not necessary for high acrolein yields. Table 13 shows that increasing the temperature
over 400 °C only marginally increases the selectivity to acrolein to 16.4 % compared to acetaldehyde
which reaches 27.4 %. A corresponding decrease in ethylene glycol is observed, with a selectivity of

9.9 % at 320 °C decreasing to 4.8 % at 440 °C.

Methanol does not see a clear trend in selectivity, staying between 9 — 14 % throughout, the output
yield of methanol does increase with conversion up to 122 g h kg h™* at 400 °C from 35 g h* kg h*
at 320 °C. However, the increase to 440 °C sees an actual decrease in yield of methanol down to
105 g h't kg h'! at approximately the same conversion of glycerol. This may be due to methanol
being consumed at higher temperatures, this may be related to the decomposition of methanol to
give CO and H,.%>%® The CO increases with temperature which may be partly explained by this. CO,
also increases by temperature which may be produced by the water gas shift reaction (WGS) over

MgO.%

The selectivity to intermediate products such as: diols, unknowns and hydroxyacetone, which are
usually the major product seen over MgO at lower temperatures decrease, as the temperature
increases. The unknowns decrease from 11.7 % to 6.1 % between 320 °C - 400 °C but then stabilise

at higher temperatures indicating the leftover unknowns are likely not be intermediates.

Compared to previous work in the area the maintenance of high CMB throughout a variance of

temperature indicates that this catalyst suppresses the formation of high weight products over a
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broad range of conditions and conversion level. The slight decrease in CMB is likely to be attributed

to an increase in reactor fouling.

Table 13. Influence of reaction temperature - MgO_650 Reaction conditions; 320 - 440 °C ,50 %

glycerol/water flow 0.016 mL min™%, 0.5 g MgO, 50 mL min™! Ar, 3 hours.

Carbon mole selectivity % 320 °C 360 °C 400 °C 440 °C
Acetaldehyde 10.6 20.2 23.5 27.4
propionaldehyde 0.0 0.6 1.0 1.5
acetone 0.3 0.1 0.2 0.2
acrolein 11.7 12.7 12.6 16.4
butyraldehyde 0.0 0.0 0.0 0.0
methanol 12.4 9.8 13.4 9.7
2-propanol 0.0 0.4 0.0 0.1
ethanol 0.5 0.1 0.9 0.8
2,3-butanedione 0.5 1.1 1.7 1.5
2-butanol 0.0 0.0 0.0 0.0
1-propanol 0.1 0.1 0.1 0.2
3-hexanone 0.1 0.0 0.2 0.2
2-hexanone 0.0 0.0 0.0 0.0
2-methyl-1-propanol 0.0 0.0 0.0 0.0
allyl alcohol 0.8 0.6 1.0 1.1
cyclopentanone 0.5 0.3 0.7 0.5
hydroxyacetone 315 23.7 20.8 16.5
3-ethoxy-1-propanol 1.0 0.9 1.1 0.9
acetic acid 0.7 0.5 1.6 1.6
Glycidol 0.4 2.9 0.7 0.5
propionic acid 2.1 0.2 1.2 0.8
1,2-propanediol 2.4 2.6 2.0 1.6
unknown(s) 11.7 8.4 6.1 6.3
ethylene glycol 9.9 9.2 6.4 4.8
1,3-propanediol 0.3 0.8 0.5 1.0
phenol 0.1 0.3 0.1 0.0
co 1.3 2.7 2.8 3.5
CO; 1.2 1.9 1.6 2.8
Glycerol conversion % 28 75 96 97
CMB % 96 98 97 94
Methanol STY g h'! kg h! 35 90 122 105
coke % carbon 2.27 3.2 4.52 5.41

3.3.5 Pre-treatment and catalyst deactivation analysis — MgO_450 and MgO_650

In this section, the samples of MgO_450 and MgO_650 were tested at 360 °C, 50 wt.% glycerol and
varying reaction times. This was conducted to analyse how the catalyst behaves when initially
exposed to glycerol. How coke builds up on the surface and the changes to reactivity that may result
was a key area of interest. In the glycerol over MgO experiments performed previously, the catalyst
undergoes a pre-treatment stabilisation period in which the products are not analysed. For the first
15 minutes 0.1 mL min™ of 50 wt.% glycerol is flowed over the catalyst. After 15 minutes the flow
of glycerol solution is reduced to 0.016 mL min* and run for a further 2 hours before collection
begins. This follows the method of reaction data collection in previous publications on this

reaction.? The pre-treatment period was determined to be required as the catalyst showed a low

118



and shifting CMB during the earlier stages, which stabilised by the 2 hours run time point.2 This
was determined to be due to in-situ changes to the catalyst under reaction conditions, such as a
layer of coke forming on the surface. It is important to know what is happening during this time is
understood for our catalysts, it may help further explain differences in performance that can’t be
explained via pre-reaction characterisation alone. MgO_450 and MgO_650 were investigated due
to their significantly different SA, basicity, and reaction performance. MgO_650 especially was
focussed on, this was due to the high degree of coking observed in the reaction from section 3.3.1.
The catalyst characteristics during the collection period are thought to be different compared to
the fresh samples due to coke build up. This is thought to possibly have an effect on the catalyst’s

basicity in-situ and may have contributed to it obtaining a high CMB.

The reaction samples were collected as separate fractions during the reaction time. These included
between 15 minutes to 1 hrs 15 minutes (first half of the pre-treatment period). 15 minutes to 2
hrs 15 mins (full pre-treatment period). These can then be compared to 2.15 hrs 15 mins to 5 hrs
15 mins, which represent the full normal collection time (3.3.1 results). The reaction results for
MgO_650 are shown in Table 14 in terms of umole product hr!. The conversion shows that the
reactivity of the MgO_650 changes over time and needs to stabilise. With MgO_650 there is a clear
trend on the increase of CMB over time. With the first hour of reaction after the initial 15 minutes
giving a CMB of 75 %, this then increases to 96 % for the second hour, comparable to the value
obtained during the full reaction run. MgO_450 (Table 15) behaves quite different, contrary to
MgO_650 its glycerol conversion increases at the later collection time. The conversion is 74 %
during the pre-treatment and 87 % in the 3-hour standard collection period. In tandem CMB
decreases over time. It starts at a high 94 % in the first hour, decreasing to 85 % in the second
before settling at 74 % during the full run. The lower conversion observed initially may contribute

to the higher CMB seen during the pre-treatment.

To see how the catalyst cokes over time the catalyst samples were removed and investigated by
TGA and TPD. The TGA data for carbon deposition in mg g is shown in Table 14 and Table 15 for
MgO_650 and MgO_450 respectively. Coking of the MgO_650 catalyst is 106 mg g when the
collected after a full 5.15 hrs. However, it seems that a significant portion of this is obtained in the
first 1 hrs and 15 minutes where 64 mg gt is on the surface increasing to 67 mg g'* at the end of the
pre-treatment period. With MgO_450 also exhibits an increase with time, again the majority forms
in the first 1 hr and 15 minutes. MgO_450 exhibits 60, 77 and 89 mg g™ of coke at each respective
sampling point. Due to its lower SA, MgO_650 has more coke per m? of catalyst SA than MgO_450.
MgO_650 has 0.5 mg m? during the pre-treatment and 0.8 mg m? after the full reaction. MgO_450

has 0.3 after the first hour, 0.4 after the pre-treatment and 0.5 mg m? after the full run (5.15 hrs,
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(pre-treatment + collection run). This would lead to it being expected for MgO_650’s surface

basicity to be more prominently decreased under reaction conditions.

The coke observed, while the majority is made in the first hour, could possibly lead to deactivation
of the catalyst in long run reactions. Some deactivation was observed on reacting MgO_650 for 48
hours where its conversion was reduced to 46 %, CMB remained at 98 % (Table 18). This is observed
over heterogeneous catalysts before with the conversion of glycerol.**®71 However with the
MgO_STD used for glycerol conversion, it was found to not deactivate significantly. Glycerol
conversion was ca. 97 % at 2 hours, decreasing to ca. 87 % at 4 hours, where it remained relatively

stable for the remaining time of the experiment (48 hours).!

To explore how the basicity of the catalysts were affected by undergoing reaction and coking, the
post reaction samples were investigated via CO, TPD. Coking on the active sites of a basic catalyst
may lead to deactivation.”® For this experiment up to 300 °C is analysed by TPD. Higher
temperatures cannot be accurately analysed as above 300 °C coke is removed (TGA appendix figure
15 - 18). The unused MgO_650 catalyst desorbs 491 p moles CO, g by the time the TPD reaches
300 °C. This decreases to 15 p moles co, g after the pre-treatment period. After a full reaction run
(5.15 hrs), for MgO_650 a slight increase of CO; is seen, 68 u moles co, g is desorbed. For
MgO_450, as a fresh sample it exhibited 771 p moles CO; g. 15 pu moles CO;, gis observed after
the pre-treatment period but recovers to 106 p moles CO, g* after the full run. This indicates that
the coke builds up during the pre-treatment blocking basic sites, but if the reaction is run longer
some process uncovers a small proportion of the basic sites. This may explain the drop and then
recovery of the glycerol conversion observed with MgO_650. The amount of u moles CO, g*
desorbed after the full reaction seems proportional to the original amount of basicity exhibited,
with both catalysts exhibiting approximately 14 % of the CO, g of the fresh catalyst after the full
run. MgO_450 still seems to exhibit a higher basicity after the reaction has taken place, but
immediately post pre-treatment with initial coking the difference in the catalyst’s basicity is
removed. Further changes occur during the collection period, the conversion of MgO_450

especially indicates that the catalysts have not yet stabilised.

These results further indicate that the basicity data obtained from the fresh catalysts may not be
indicative of their actual characteristics under reaction conditions. For MgO_650 the low CMB
observed for the first hour and 15 minutes could be due to the exposed basic sites not yet covered
by coke. However, the presence of a high CMB for MgO_450 at the early time intervals is contrary
to this conclusion. It could be that the higher coking seen for MgO_650 may preferentially block

certain sites, possibly stronger ones, which DRIFTS indicated MgO_650 may have less of. The D,0
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experiments shown indicate that MgO_650 can activate glycerol possibly in a different way than

MgO_450.

These experiments have shown us that MgO_450 and MgO_650 behave significantly differently in
the early points of the reaction. As seen with other experiments, the correlation between basicity
and CMB is not yet clear, there may be several competing factors, which are hard to deconvolute
for definite conclusions. Of course, the results for CO; TPD presented here are also not obtained
during reaction conditions, the samples are cooled and removed where they would be exposed to
air. Only a light pre-treatment could be used for the TPD experiments as not to remove the coke
we were investigating. There may also be dynamic processes under reaction conditions changing
with the catalyst surface. In other words, these results only show the catalyst surface at a specific
point and not under reaction conditions, so they may not be representative of its characteristics in-

situ.
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Table 14. MgO_650 Pre-treatment pumole product hr! - Reaction conditions; 360 °C,50 % glycerol

/ water flow 0.016 mL min™%, 0.5 g MgO, 50 mL min™t Ar.

pmole product hr

15 mins - 1 hr 15 mins

15 mins - 2 hr 15 mins

2 hrs 15 mins - 5 hrs 15 mins

acetaldehyde 978 1151 1322
propionaldehyde 23 20 22
acetone 3 3 3
acrolein 408 439 552
butyraldehyde 0 1 0
methanol 1405 1217 1263
2-propanol 0 0 22
ethanol 37 31 29
2,3-butanedione 39 41 46
2-butanol 0 0 1
1-propanol 4 3 1
3-hexanone 3 3 0
2-hexanone 0 0 0
2-methyl-1-propanol 0 0 0
allyl alcohol 30 27 28
cyclopentanone 19 17 16
hydroxyacetone 1114 1064 1062
3-ethoxy-1-propanol 20 0 21
acetic acid 82 60 28
Glycidol 52 47 189
propionic acid 56 61 11
1,2-propanediol 108 113 113
unknown(s) 177 226 258
ethylene glycol 557 543 691
1,3-propanediol 20 21 35
phenol 3 3 1
co 303 281 361
C02 395 309 231
glycerol conversion % 75 68 75
CMB % 83 96 98
Methanol
1 1 96 82 93
STY.gh kgh
carbon deposition mg g’1 64 67 106
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Table 15. MgO_450 Pre-treatment pumole product hr! - Reaction conditions; 360 °C,50 % glycerol

/ water flow 0.016 mL min™%, 0.5 g MgO, 50 mL min™t Ar.

pmole product hr

15 mins - 1 hr 15 mins

15 mins - 2 hr 15 mins

2 hrs 15 mins - 5 hr 15 mins

Acetaldehyde 737 843 1046
propionaldehyde 21 18 20
acetone 3 3 3
acrolein 391 362 472
butyraldehyde 1 0 0
methanol 1566 1276 1259
2-propanol 0 0 21
ethanol 38 31 1
2,3-butanedione 33 28 32
2-butanol 0 0 2
1-propanol 4 3 5
3-hexanone 2 2 0
2-hexanone 0 0 0
2-methyl-1-propanol 0 0 0
allyl alcohol 34 28 28
cyclopentanone 17 13 12
hydroxyacetone 1207 1000 821
3-ethoxy-1-propanol 18 18 19
acetic acid 77 63 25
Glycidol 54 38 52
propionic acid 25 41 9
1,2-propanediol 118 108 76
unknown(s) 180 197 295
ethylene glycol 567 535 436
1,3-propanediol 16 13 28
phenol 2 2 3
Cco 229 198 296
co2 442 183 283
glycerol conversion % 74 74 87
CMB % 94 85 74
Methanol STY g h ™ kgh™ 105 81 85
carbon deposition mg g'1 60 77 89
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Figure 15. MgO-650 CO, TPD Curves- Post Reaction and fresh Catalyst samples: Pre-treatment He
150 mL min 300 °C 1 hr, CO; adsorbed at 25 °C 30 mL min, physisorbed CO, removed at 110 °C
1 hr followed by TPD to 400 °C at 15 °C min™*Sample : MgO_650 0.5 g, 50 % . wt glycerol, 360 °C,

50 mL min Ar 0.1 mL min? 15 mins, 0.016 mL min* after.

Table 16. CO, TPD Curves — MgO_650 - Post Reaction and fresh Catalyst samples pumoles CO, g

Sample <300 °C umoles CO, g* <300 °C pumoles CO; m?
Fresh 491 4
Post pre-treatment 15 0
Post full Run 68 1
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Figure 16. MgO_450 - CO, TPD Curves- Post Reaction and fresh Catalyst samples: Pre-treatment
He 150 mL min? 300 °C 1 hr, CO, adsorbed at 25 °C 30 mL min™, physisorbed CO, removed at 110
°C 1 hr followed by TPD to 400 °C at 15 °C minSample : MgO_450 0.5 g, 50 % . wt glycerol, 360

°C, 50 mL min* Ar 0.1 mL min? 15 mins, 0.016 mL min™! after.

Table 17. CO, TPD Curves- MgO_450 -Post Reaction and fresh Catalyst samples umoles CO,g™*

Sample <300 °C umoles CO, g <300 °C pmoles CO; m?
Fresh 771 4
Post pre-treatment 15 0
Post full Run 106 1

125



Table 18. Results for glycerol reaction collected between 45-48 hrs. Aqueous glycerol solution
(50 wt.%; 0.016 mL min%; Ar (50 mL min™'); catalyst (0.5 g); bed volume (1 mL); GHSV = 4615 h%;

temperature (360 °C).

Selectivity %

acetaldehyde 12.4
propionaldehyde 0.2
acetone 0.0
acrolein 13.4
butyraldehyde 0.0
methanol 51
ethanol 0.1
2,3-butanedione 0.8
3-hexanone 0.1
allyl alcohol 0.3
cyclopentanone 0.4
hydroxyacetone 31.8
3-ethoxy-1-propanol 1.3
acetic acid 0.9
Glycidol 0.5
propionic acid 1.8
1,2-propanediol 3.2
unknown(s) 12.2
ethylene glycol 12.4
1,3-propanediol 0.4
phenol 0.2
co 0.7
CO: 1.8
Glycerol conversion % 47
Carbon balance % 98
MeOHSTYghlkgh?! | 55

3.3.6 Influence of catalyst mass to glycerol concentration ratio

3.3.6.1 MgO mass variation - 2g of catalyst 50 % 360 °C

The majority of reactions previously discussed use the same catalyst mass to glycerol ratio and
contact time. Exploring the effect of contact time in this reaction is important and there may be
unidentified mass transfer limitations present in heterogenous catalytic systems such as our own.
This is important as the diffusion of the reagent from bulk gas to the catalysts active site effects the
rate of reaction.”>’® Without adequate diffusion, the reaction will become diffusion limited. The

pressure of the gaseous reactants, temperature, velocity, particle size and solubility in the liquid
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phase upon the catalyst surface effect the diffusion of the bulk species.”®’* If an external mass
transport limitation, between bulk gas and surface is significantly dominant, the rate of reaction for
example may not correlate well with the temperature, catalyst mass and SA. Here we explored
different catalyst masses while keeping the temperature constant. This was to see how extending
or reducing the contact time would affect the conversion and product distribution. The aim was to
see whether the 0.5 g previously used was the optimal amount of catalyst to achieve adequate

activity and methanol yield at 360 °C.

Experiments with a higher mass of catalyst were used to increase the conversion without raising
the temperature. Achieving relatively high conversions, which should result in less intermediates at
relatively low temperatures would be desirable. This is due to smaller energy requirements, lower

reactor fouling and lower selectivity to aldehydes.

100
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40
30
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Carbon %

Conversion Carbon Aldehydes Ketones Alcohol Diol acid unknown
% balance %

Figure 17. High catalyst mass experiments - MgO_450, MgO_650. Reaction conditions; 360 °C,50
% glycerol/water flow 0.016 mL min™, 2 g MgO, 50 mL min Ar, 3 hours.

2 g of MgO_450 and MgO_650 were tested under standard reaction conditions of 360 °C and 50
mL min? Ar. The increase in contact time resulted in a space velocity decrease (from 4615L h'* L!
Cat/to 1154 L h' L': Cat. The catalyst bed was made up to 2 mL with SiC. As expected, both catalysts
show an increase in conversion. MgO_450 shows almost full conversion of 99 % +, an increase from
87 % when 0.5 g is used. MgO_650 interestingly shows a modest increase of 8 %, increasing from
75 % to 83 %. The increase in conversion is not proportional to the increase in amount of catalyst,
with a significant amount of the substrate still failing to react on MgO_650's surface. There may be

possible diffusion limitations occurring over the surface, possibly with pore structure of MgO_650
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being smaller. For MgO_450, which has a significantly higher SA, larger pores, and more basic sites,
this seems to not be as significant under these conditions. However, this may not be the case, the
conversion is high, and so the amount of glycerol to react decreases which may lead to this

disproportionate conversion.

With 2 g of catalyst a stark decrease in CMB is seen for MgO_450 from 74 % to 40 %. This is one of
the lowest CMBs obtained from a glycerol experiment over MgO. Loss of CMB over MgO_450 is
postulated from previous experiments to be due to bimolecular condensation reactions resulting
in undetected HWMPs. With the significantly higher contact time, active sites, and SA available it is
possible these types of reactions become dominant. This may be exacerbated by the increase in
selectivity to products such as acetaldehyde. Overall, it seems a longer contact time on the catalyst
surface allows for a higher propagation of condensation reactions. This coincides with the results
for MgO_650 which as in other reactions does not exhibit a drop in CMB, maintaining a high value
of 98 %. This further indicates that MgO_650 does not likely significantly promote those types of

reaction.

The product distribution changes significantly for both catalysts. This however materialises in
opposite ways. Increasing the catalyst mass for MgO_450 increases the selectivity to end products
such as aldehydes, mono-alcohols and presumably HWMPs (inferred from the low CMB). MgO_650
sees an increase in intermediates such as hydroxyacetone. MgO_450 results in a high selectivity to
acetaldehyde of 29 %, this is a 10 % increase from the 0.5 g experiment. MgO_650 on the other
hand sees a decrease, selectivity is 20.2 % with 0.5 g and 14.8 % with 2 g.

The selectivity to hydroxyacetone decreases by more than half with MgO_450, from 23.2 % to 10.3
%. Hydroxyacetone has been shown to be a consistent intermediate product, even at high
temperature and conversion reactions. As an intermediate it is inferred that the decrease in
hydroxyacetone would be due to being further converted. The selectivity to products such as 1,2-
propanediol, 2-propanol, acetone or unknowns does not increase, and propionic acid only sees a
marginal increase. Therefore, the drop in hydroxyacetone selectivity may be linked to the drop in
CMB. It is postulated that hydroxyacetone or any acetone produced may possibly be undergoing
condensation reactions towards HWMPs. It is known to rapidly undergo aldol condensations in
alkaline conditions,”® and can undergo dimerization.”® This may be promoted by the elongated
contact time. Increasing the mass of MgO_650 produces an increase in hydroxyacetone, from 23.7
% to 33.0 %. This may be due to the increase in conversion producing more hydroxyacetone,
however this may accumulate with MgO_650 without extra thermal input. If the condensation

theory over MgO_450 is correct, the high selectivity to hydroxyacetone with MgO_650 may be due
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to it being stable on its surface, and not promoting condensation reactions resulting in a high CMB.
The higher conversion, but lack of temperature to push reactants further through the reaction
pathways may result in an accumulation of selectivity to hydroxyacetone at the expense of end
products such as acetaldehyde. Ethylene glycol selectivity changes radically over MgO_450. It is
reduced from 8.2 % to 0.6 %. This may attribute to the high selectivity to acetaldehyde. MgO_650

sees a slight increase as with hydroxyacetone.

It should be noted that due to the low CMB s the yields are relatively low even for high selectivity
products such as methanol for MgO_450. This is clear when comparing to other experiments and
MgO_650. MgO_450 at 20 % methanol results in 27 g h"t kg cat while MgO_650 with 8% methanol,
29 g h't kg cat. In reality if our theory is correct the major products over MgO_450 here are the
breadth of the undetected condensation products that likely make up a significant amount of the
60 % lost carbon. Due to this, the changes in selectivity are easier to understand over MgO_650 as

the observed selectivity is responsible for the vast majority of the CMB.

Increasing the catalyst contact time results in significant changes in performance. Conversion
increases for both catalysts, but to a higher degree with MgO_450. Selectivity however changes
significantly for the catalysts MgO_450 produces more later products in the stream, and less
intermediates, MgO_650 does the opposite. A very low CMB is seen with MgO_450 which is
thought to be due to condensation reactions, which may be more prominent with longer contact
times. MgO_650 retains a high CMB indicating it likely does not promote these reactions to the

same degree.
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3.3.6.2 MgO mass variation - 0.0125 g — 0.5 g of catalyst 50 % 360 °C
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Figure 18. Influence of catalyst mass change — MgO_450, MgO_650. Reaction conditions; 360 °C
,50 % glycerol/water flow 0.016 mL min™, 0.0125 — 2 g MgO, 50 mL min™t Ar, 3 hours.

To further investigate the effect of catalyst mass, a series of experiments using less than 0.5 g were
conducted. Here we kept the bed at a volume at 1 ml using SiC as a diluent. The aim was to explore
the minimum amount of catalyst needed for adequate conversion and yields. The previous reaction
with 2 g of catalyst (3.3.6.1) did not result in a proportional increase in conversion when the catalyst
mass was increased from 0.5 g to 2 g with MgO_650. This may indicate diffusion limitations from
the vapour phase fluid bulk to the catalyst surface, or the high conversion decreasing the glycerol
concentration enough to slow activity. If this was the case a non-linear trend of mass to conversion

may be expected.

Results are shown in (Table, Table 20 and Table 21). Using 0.0125 g of catalyst results in almost
inactivity, the results are only slightly more active than seen in catalyst free experiments. MgO_450
shows 2 % conversion while MgO_650 exhibits a negligible conversion . The catalyst mass is very
small and thus does not promote significant levels of conversion. In the previously reported catalyst
free reactions with just SiC in the reactor bed a significant selectivity of allyl alcohol was seen of
37.3 %.! However, here we see 1.0 % with MgO_450 and 2.5 % for MgO_650. This indicates that
even with the very small amount of conversion and catalyst, the MgO is still controlling the

selectivity, thus likely responsible for the conversion that is seen.
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On increasing the catalyst to 0.05 g we see a sharp increase in conversion. 0.05 g is approximately
the minimum amount needed to initiate effective catalysis. The conversion of glycerol here was 25
% and 21 % for MgO_450 and MgO_650. When compared to reactions in 3.3.2 the temperature is
very important for conversion. 0.1 g of catalyst used at 320 °C resulted in less than 10 % conversion.
320 °C likely does not provide enough thermal energy above the vaporisation temperature of
glycerol to efficiently activate the MgO surface for dehydration. 360 °C gives a significantly higher

conversion and different product distribution even with less catalyst.

Shown in (Table 19), a small amount of catalyst can promote the conversion of glycerol quite
efficiently. The 0.5 g reactions use 10x the catalyst, but only result in approximately 4 x the
conversion. Further increases in conversion are observed as you increase the catalyst mass.
Generally, the conversion observed above 0.0125 g of catalyst and 0.25 g of catalyst is
disproportionally high compared to what is seen with higher loadings. Small amounts of catalyst
can promote significantly more conversion than would be expected and under these conditions
increasing the mass results in a lower efficiency. This becomes increasing evident when using more
than 0.5 g of catalyst. This is further illustrated in terms of activity of grams of glycerol converted
per hour per g catalyst (ggy, h™* g cat?). 0.05 g of catalyst gives the highest activity for MgO_450 of
3.31 ggy h* g cat* while 0.05 — 0.1 g is highly active with 2.84 and 2.73 gg, h™* g cat™. This sharply
decreases up to 0.25 g followed by a tapering gradual decrease to 2 g of 0.31 and 0.23 ggy h™* g cat’
Lfor MgO_450 and MgO_650 respectively. An identical trend is seen when looking at activity per
m? of catalyst (Table 20 ,Table 21).

This indicates when a small amount of catalyst is used in the bed the majority of its surface may be
more saturated. At higher amounts of catalyst, a smaller proportion of the catalyst surface may be
saturated at any given point. This is indicated with a higher efficiency per gram of catalyst with the
low mass experiments. This may indicate that the reaction is somewhat mass transfer limited. The
reaction may be partially controlled by the rate at which the substrate can diffuse to the reactor
bed surface. When taking the reaction to 2 g, even with the bed size increase, the reactant cannot
diffuse quick enough to make full efficient use of the whole MgO surface. The changes in activity
may alternatively be due to the concentration of glycerol decreasing, resulting in less for the

catalyst surface to convert at any given point.
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Table 19. Mass and conversion compared to 0.5 g experiment - Influence of catalyst mass change
— Mg0_450, MgO_650. Reaction conditions; 360 °C ,50 % glycerol/water flow 0.016 mL min™,
0.0125 -2 g MgO, 50 mL min™ Ar, 3 hours.

Catalyst mass
0.0125 | 0.05 0.1 0.175 0.25 0.375 0.5 2
(8)
mass % of 0.5g 2.5 10 20 n/a 50 n/a 100 400
MgO_450 conversion %
2 28 37 n/a 56 n/a 100 115
of 0.5g
mass % of 0.5g 25 10 20 35 50 75 100 400
MgO_650 conversion %
0 28 47 52 61 78 100 126
of 0.5g

When discussing the CMB for these reactions, MgO_450 shows a general decrease as the catalyst
mass is increased. This relates to the increasing conversion and the available SA for bi-molecular
reactions to take place. MgO_650 shows a relatively high CMB throughout with no clear trend. This

indicates again that it may not promote reactions that lead to undetected heavy products.

Shown in figure 19, the selectivity observed in the reactions is generally attributed to be a product
of the conversion. With MgO_450, on increasing the catalyst mass and hence conversion we see a
significant increase in acetaldehyde, from approximately 10 % to 20 — 30 % at high conversion.
Methanol selectivity also increase steadily with mass increases. 5 % increases up to 11 % with 0.5
g. Acrolein sees a slight decrease here for both MgO_450 and MgO_650 as conversion increases.
Hydroxyacetone trends downwards with MgO 450, likely due to its further conversion. Over
MgO_650 it also trends down slightly, but with 2 g of catalyst increases, indicating here the catalyst

may be producing a significant amount of hydroxyacetone but not efficiently converting it.

Overall, from the catalyst variation experiments it can be seen that the activity of the catalyst per
gram decreases as the mass passes 0.05 g. An explanation may be due to limitations in the transport
of glycerol from the bulk fluid to the surface of the catalyst bed, but this is likely mainly to do with
decreasing glycerol concentration as conversion increases. When little catalyst is used this is not a
problem as the amount that reaches it is enough to saturate and the concentration is high. CMBs
are relatively stable throughout for both catalysts. However, for MgO 450 a sharp drop at 2 g
indicates prolonged exposure and large available surface may lead to undesirable side reactions.
This does seem to occur over MgO_650. Previous evidence has indicated it does not promote the

formation of HWMPs.

132



(a) Mg0O_450

35
30 —@— acetaldehyde
—@— acrolein
°\> 25 methanol
=
B hydroxyacetone
8 2 ydroxy
a
(]
©
g 15
c
8
= ——
o 10
5
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Mass of catalyst (g)
(b) MgO_650
35
30
o\; 25 —@— acetaldehyde
:é —®— acrolein
(8]
(]
o 20 methanol
Q
g 15 Y
c
o
o]
s 10 ;'.
o
r . 4
5
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Mass of catalyst (g)

Figure 19. Selectivity - influence of catalyst mass change — MgO_450 (a), MgO_650 (b). Reaction

conditions; 360 °C,50 % glycerol/water flow 0.016 mL min™%, 0.0125 — 2 g MgO, 50 mL min™* Ar, 3

hours.
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Table 20. Influence of catalyst mass change — MgO_450. Reaction conditions; 360 °C ,50 %
glycerol/water flow 0.016 mL min™2, 0.0125 — 2 g MgO, 50 mL min! Ar, 3 hours.

MgO_450 0.0125 0.05 0.1 0.25 0.5 2
acetaldehyde 10.5 11.2 12.4 16.8 19.7 28.8
propionaldehyde 0.3 0.2 0.1 0.4 0.6 1.4
acetone 0.0 0.0 0.2 0.0 0.1 0.2
acrolein 17.5 15.8 15.0 11.6 13.4 11.6
butyraldehyde 0.0 0.0 0.0 0.0 0.0 0.0
methanol 4.0 5.0 8.0 10.1 11.9 20.1
2-propanol 0.0 0.0 0.0 0.0 0.6 0.0
ethanol 0.0 0.2 0.2 0.5 0.0 1.6
2,3-butanedione 0.0 0.2 0.1 0.8 1.2 1.2
2-butanol 0.0 0.0 0.0 0.0 0.1 0.0
1-propanol 0.0 0.0 0.0 0.1 0.1 0.3
3-hexanone 0.0 0.0 0.0 0.1 0.0 0.2
2-hexanone 0.0 0.0 0.0 0.0 0.0 0.0
2-methyl-1-propanol 0.0 0.0 0.0 0.0 0.0 0.0
allyl alcohol 1.0 0.7 1.0 0.9 0.8 1.6
cyclopentanone 0.2 0.2 0.1 0.4 0.6 0.7
hydroxyacetone 25.1 26.3 25.3 24.7 23.2 10.3
3-ethoxy-1-propanol 5.5 5.4 1.5 0.0 0.9 0.0
acetic acid 0.2 0.3 0.3 0.7 0.5 1.2
Glycidol 0.0 0.4 0.0 0.4 1.0 0.6
propionic acid 6.3 5.5 5.0 2.8 0.3 0.7
1,2-propanediol 0.0 3.0 1.9 2.8 2.1 0.6
unknown(s) 10.5 10.3 10.5 10.6 8.3 2.4
ethylene glycol 18.9 15.5 14.6 13.1 8.2 0.6
1,3-propanediol 0.0 0.1 0.3 0.3 0.8 0.3
phenol 0.0 0.0 0.0 0.0 0.1 0.0
(6(0] 0.0 0.0 1.5 1.6 2.8 6.0
Co2 0.0 0.0 1.9 1.3 2.7 9.5
Glycerol conversion 2 25 32 48 87 100
CMB % 102 84 84 89 74 40
Methanol g h'l kg1 77 64 187 45 80 27
Activity ggiy h' gear™? 0.85 3.31 1.72 1.04 0.93 0.31
Activity (umolgy h"t m2 .5t 50 192 100 60 54 18
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Table 21. Influence of catalyst mass change — MgO_650. Reaction conditions; 360 °C ,50 %
glycerol/water flow 0.016 mL min™2, 0.0125 — 2 g MgO, 50 mL min™! Ar, 3 hours.

MgO_650 0.0125 0.05 0.1 0.175 0.25 0.375 0.5 2
acetaldehyde 9.7 9.7 11.0 13.1 15.8 17.5 20.2 14.8
propionaldehyde 0.3 0.2 1.8 0.4 0.4 0.7 0.6 0.7
acetone 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
acrolein 18.8 12.1 12.3 12.4 12.9 11.4 12.7 7.8
butyraldehyde 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
methanol 6.0 10.1 15.3 11.6 10.0 9.3 9.8 8.0
2-propanol 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
ethanol 0.3 0.5 0.6 0.6 0.5 0.5 0.1 0.5
2,3-butanedione 0.0 0.2 0.0 0.5 0.8 0.8 1.1 2.2
2-butanol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1-propanol 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1
3-hexanone 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.2
2-hexanone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-methyl-1- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
propanol
allyl alcohol 2.5 1.2 1.3 1.1 0.8 0.8 0.6 0.7
cyclopentanone 0.0 0.2 0.3 0.3 0.4 0.4 0.3 1.0
hydroxyacetone 23.3 29.7 29.6 27.3 25.3 25.3 23.7 33.0
3-ethoxy-1- 5.5 6.6 22 33 2.0 16 0.9 0.1
propanol
acetic acid 0.0 0.4 0.6 0.5 0.7 0.9 0.5 1.9
Glycidol 0.0 0.2 0.0 0.3 0.4 0.5 2.9 1.0
propionic acid 5.9 4.2 4.1 4.4 2.4 0.3 0.2 1.2
1,2-propanediol 3.0 2.9 2.2 2.7 2.7 3.0 2.6 4.4
unknown(s) 11.3 6.1 6.3 5.9 9.6 10.9 8.4 7.4
ethylene glycol 12.6 15.8 11.0 14.9 13.1 11.5 9.2 10.8
1,3-propanediol 1.0 0.1 0.1 0.1 0.3 0.3 0.8 1.3
phenol 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.2
(6(0] 0.0 0.0 0.6 0.3 1.0 2.4 2.7 1.4
CO; 0.0 0.0 0.8 0.3 1.0 1.6 1.9 13
Glycerol
conversion % 0 21 35 39 46 58 75 83
CMB % 100 97 96 97 96 95 98 98
Methiggl gh? 115 175 247 104 111 67 90 29
Activity ggy h?
Geatt 0.12 2.84 2.73 1.49 1.12 0.86 0.81 0.23
Activity (umolgy 10 247 237 129 97 74 70 20
h-l m2 cat_l

3.3.7 Low feed substrate reaction 10 % wt. glycerol - MgO_450 and MgO_650

Previous research has shown that changing the glycerol and water concentration may have a
significant effect on reaction results. The majority of previous investigation is with 50 wt.% glycerol
feedstocks, it was hoped this would allow for high yields comparable to what would be seen for a
commercial process, as well as reduce the amount of water and energy required.”” However,
previous literature examples of glycerol conversion tend to use more dilute feedstocks and

different carrier gas flow, this makes it hard to compare yields.”®”®
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Smith et al.? has previously shown that the concentration of water to glycerol in the feed stream
can have a prominent effect on reaction results. A higher concentration of water seemed to help
inhibit condensation reactions over MgO leading to a higher CMB. Water acting as an inhibiting
source for the formation of HWMPs has been seen before.>® The increase in water concentration
leads to a lower glycerol concentration and thus a lower concentration of reactive intermediates,
this can help inhibit unwanted side reactions. These may be prominent at high concentration due
to their functionality and proximity.®° Large intermolecular condensation reaction products are
caused by a multitude of chain reactions with a variety of substrates. As such they will often depend

on the concentration of more than one substrate and have a reaction order of >1.5.%!

In the previous reactions with MgO_STD, a 10 wt.% reaction at 400 °C in comparison to 50 wt.%
increased conversion from 90 % to 100 %, and CMB from 77 % to 84 %. Selectivity to alcohols, and
aldehydes increased, and ketones and diols decreased. Experiments were performed with a 10 wt.%
glycerol feed at 400 °C. High temperatures were used to try and convert intermediates such as
hydroxyacetone. Contact time is kept the same but catalyst mass to feed concentration ratio
increases. This was conducted by keeping the catalyst mass the standard 0.5 g but changing the
wt.% of the glycerol feed. Here the feed was changed to a 10 % glycerol by wt.% solution, a decrease
in concentration of 5 x. The partial pressure also changes, at 50 wt.% reactions glycerol is 0.14 mbar,
this decreases to 0.026 mbar at 10 wt.%. Water has 0.18 mbar at 50 wt.% which increases to 0.29

mbar at 10 wt.% glycerol.

MgO_450 and MgO_650 show significant difference when water is changed to D,O and clear
differences in characteristics, thus were chosen for this investigation. The results are presented in
Figure 20 and Table 22. First, looking at the reactions done at 400 °C, high conversion is seen with
90 % + for both catalysts. MgO_450 achieves 99.5% and MgO_650 93 %. While the difference is
smaller it still illustrates how MgO_650 is a less active catalyst. A higher CMB is achieved for
MgO_450 with 10 wt.% glycerol feed than the 50 wt.% reactions. As expected, this indicates that a
decrease in reactant concentration and increase in water produces a higher CMB, this is proposed

to be due to it inhibiting the formation of condensation products.
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Figure 20. Low glycerol feed concentration experiments (10 %) — MgO_450, MgO_650. Reaction
conditions; 400 -440 °C ,10 % glycerol/water flow 0.016 mL min~%, 0.5 g MgO, 50 mL min™* Ar, 3

hours.

Differences in selectivity between the samples is quite prominent under these conditions. At 400
°C a high selectivity to aldehydes is seen with MgO_450. Acetaldehyde is observed with MgO_450
of 26.0 %, MgO_650 exhibits 16.3 %. Acrolein is 7.1 % with MgO_450 and 2.1 % with MgO_650.
Generally, products identified as intermediates are lower over MgO_450. Hydroxyacetone is 13.0
% on MgO_450 and 15.7 % over MgO_650, unknowns are 7.8 % and 13.5 % respectively. These
differences are likely mainly a product of conversion. However, a higher selectivity is seen with
MgO_650. The selectivity to methanol is higher for both catalysts compared to the 50 %
experiments. Here 17.7 % and 21.7 % were observed over MgO_450 and MgO_650 respectively.
This gave a yield of 31.4 and 39.4 g kg. Which compares well with that seen in the higher

concentration experiments, which used a 5x more glycerol.

MgO_650 was also tested at 440 °C at this wt.%, this was to see if its high CMB would persist, and
if an even higher selectivity and yield to methanol could be obtained. Conversion increases to 98
%, still lower than MgO_450 at 400 °C. Here a decrease in CMB is observed, possibly due to more
reactor fouling. Interestingly at 440 °C MgO_650 has a very high selectivity to acetaldehyde of 36
% and a lower selectivity to methanol of 14.7 %, this is similar to what was seen in section 3.3.4
with 50 wt.% glycerol, where it was concluded that due to the increase in CO this may due

decomposition of methanol to give CO and H,.5>% which can proceed to give CO, (WGS).*’

137



Overall, it seems that the addition of high concentrations of water can help improve the CMB for
MgO_450, likely due to the reduction of intermolecular condensation reactions. The benefit of
more water is less with MgO_650 which previous evidence indicated does not produce HWMPs in

significant concentrations.

Table 22. Low glycerol feed concentration experiments (10 %) — MgO_450, MgO_650. Reaction
conditions; 400 -440 °C ,10 % glycerol/water flow 0.016 mL min™2, 0.5 g MgO, 50 mL min™! Ar, 3

hours.

400 °C 400 °C 440 °C
MgO_450 MgO_650 MgO_650
acetaldehyde 26.0 16.3 36.0
propionaldehyde 1.8 2.2 3.1
acetone 0.4 0.5 0.8
acrolein 7.1 2.1 6.9
butyraldehyde 0.0 0.0 0.0
methanol 17.7 21.7 14.7
2-propanol 0.0 0.0 0.0
ethanol 2.0 2.8 1.8
2,3-butanedione 2.3 3.2 1.6
2-butanol 0.0 0.0 0.0
1-propanol 0.5 0.7 0.4
3-hexanone 0.4 0.5 0.3
2-hexanone 0.0 0.0 0.0
2-methyl-1-propanol 0.0 0.0 0.0
allyl alcohol 1.4 1.9 1.1
cyclopentanone 1.3 2.0 0.3
hydroxyacetone 13.0 15.7 1.8
3-ethoxy-1-propanol 0.2 0.2 0.1
acetic acid 1.9 2.7 1.8
Glycidol 0.5 0.5 0.4
propionic acid 1.0 2.0 2.1
1,2-propanediol 1.5 1.8 0.4
unknown(s) 7.8 13.5 12.4
ethylene glycol 3.1 3.4 0.5
1,3-propanediol 0.6 0.9 0.1
phenol 0.0 0.0 0.2
co 2.0 3.0 8.1
CO; 7.6 2.5 5.1
Glycerol conversion % 100 93 98
CMB % 83 97 93
Methanol g h1 kg! 31 39 35
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3.3.8 Influence of initial calcination time on basicity and reaction
This study investigates how the calcination time of a catalyst would affect its characteristics and
performance. This was to try and deconvolute some of the differences between MgO_450 and

MgQO_STD, where the only difference of preparation was the duration of the initial calcination.

New MgO samples were prepared by calcining commercial Mg (OH), at 450 °C for 2 hours and 24
hours. Results presented in Table 23. Characterisation results presented in Figure 21 and Table 24.
This preparation resulted in catalysts both with a SA of approximately 24 m? g™. Analysed via TPD,
the samples exhibited significantly different basicity. This was also the case even when normalised
to SA — which was not the case with our temperature varied samples. MgO_2hr, exhibits a
significantly higher basicity of 309 p moles co; g and 13 p moles co, m? compared to the longer
calcined MgO_24hr of 186  moles co, gtand 8 u moles co, m2. The 13 p moles co, m?shown for
the MgO_2hr samples are comparable to the 12.5 u moles co, m? exhibited for the temperature
varied samples, which final heat treatment times were only 1 hour longer. On increasing the
calcination time, the basicity per gram clearly decreases. However, increasing the calcination time
does not affect the SA, this is affected by temperature as shown in 3.2.2. This results in increasing

the temperature time also resulting in a decrease in basicity intensity per m2.

Reaction results are presented in Table 23. MgO_24hr results in a higher CMB of 99 % compared to
MgO_2hr's 76 %. There is a significant difference in conversion though, which may be linked to the
basicity, as the SA of the two catalysts is the same. The more basic catalyst MgO_24hr exhibits a
conversion of 48 % while MgO_2hr only shows 24 %. The decrease in CMB and increase in
conversion with constant SA in these two catalysts show that basicity is an important characteristic
for MgO. Here again it is likely that at least some of this decrease in CMB between the two catalysts
is due to the production of HWMP via aldol condensation reactions occurring with the more basic
catalyst. Selectivity can be explained mainly by the difference in conversion. More aldehydes and
alcohols are made over MgO_2hr, this is likely due to its higher basicity per m2. MgO_2hr produces
13.8 % acetaldehyde, 14.8 % acrolein and 15.4 % methanol. MgO_24hr produces 10.9 %, 12.6% and
8.5 % respectively. Conversely MgO_24hr has a higher selectivity to intermediate products such as
hydroxyacetone (25.9 %), ethylene glycol (14.4 %) and detected unknowns (12.3 %). MgO_2hr
respectively yields 24.1 %, 12.2 % and 6.2 %. While glycerol conversion and methanol selectivity are
higher over MgO_2hr, due to its low CMB the yield of methanol is only around 25 % higher with 41
g hlkg?! achieved compared to MgO_24hr31ghtkg™
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Changing catalyst preparation parameters as simple as the time of calcination can clearly lead to
differences in catalyst characteristics and performance. Higher basicity per m? or g* can help drive

the glycerol to methanol reaction but may also contribute to a decrease in CMB.

Table 23. Influence of calcination time — MgO_2hr, MgO_24hr. Reaction conditions; 360 °C ,50 %
glycerol/water flow 0.016 mL min™2, 0.5 g MgO, 50 mL min™! Ar, 3 hours.

2hr 24hr

acetaldehyde 13.8 10.9
propionaldehyde 0.0 0.3
acetone 0.1 0.1

acrolein 14.8 12.6
butyraldehyde 0.0 0.0
methanol 154 8.5
2-propanol 0.2 0.2
ethanol 0.3 0.4
2,3-butanedione 0.3 0.2
2-butanol 0.0 0.0
1-propanol 0.0 0.0
3-hexanone 0.0 0.0
2-hexanone 0.0 0.0
2-methyl-1-propanol 0.0 0.0
allyl alcohol 1.1 0.7
cyclopentanone 0.3 0.2
hydroxyacetone 24.1 25.9
3-ethoxy-1-propanol 2.3 2.5
acetic acid 0.3 0.3
Glycidol 15 1.6
propionic acid 1.7 2.9
1,2-propanediol 1.6 2.6
unknown(s) 6.2 12.3
ethylene glycol 12.2 14.4
1,3-propanediol 1.3 0.7
phenol 0.1 0.4
co 14 1.2
CO; 0.8 1.1
Glycerol conversion % 48 24
CMB % 76 99
Methanol g ht kg 41 31
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Figure 21. MgO_2-24 hr - CO, TPD Curves- Post Reaction and fresh catalyst samples: Pre-

treatment He 150 mL min™ 300 °C 1 hr, CO; adsorbed at 25 °C 30 mL min™, physisorbed CO,
removed at 110 °C 1 hr followed by TPD to 400 °C at 15 °C min™"

Table 24. MgO_2-24 hr - CO, TPD pumoles CO, g

-1 2
Catalyst ID K moles co, /g W moles co, /m
MgO 2 hr 309 12.9
MgO 24 hr 186 8.1

3.4 Conclusions and summary

A series of MgO samples were prepared. Preparation involved calcining Mg(OH), at 450 °C, refluxed
in H>0 at 110 °C followed by subsequent heat treatment in N, at 450/550/650/750 °C. The samples
were termed MgO_x50 respectively. The samples were characterised by a variety of techniques
which identified trends in the physiochemical characteristics. Basicity per gram, porosity and SA
were reduced as the heat treatment temperature was increased. Surface morphology of the
samples exhibited hexagonal formations for all the catalysts apart from MgO_650. The formation
of a distinct morphology on all but the MgO_650 catalyst is not yet understood. The loss of structure
is however hypothesised to be due to the formation of intercrystallite channels releasing water at

550 - 650 °C. Above this temperature its believed that the morphology begins to reform, possibly
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seeded by any remaining hexagonal crystallites. The proportion of 0% strong basic sites analysed

by DRIFTS correlates with the morphology changes, so these factors may be linked.

To investigate how the differing catalyst preparation and characteristics effect catalytic
performance, the samples of MgO were tested for the gas phase conversion of glycerol in water.
This was conducted in a fixed bed flow reactor under a variety of conditions. It was found that
MgO_650 exhibited a high CMB under all conditions. Evidence points toward lower CMB s for the
other samples being linked to the formation of higher weight products over MgO. This is expected
to be prominent to higher basicity samples such as MgO_450. But also occurs over lower basicity
samples such as MgO_750. This high CMB of MgO_650 is attributed to this catalyst not forming
these products, but why it doesn’t and MgO_750 does is not fully understood. Experiments using
D,0 suggest that MgO_450, MgO_650 and MgO_750 all rely on the dissociative adsorption of H,0

to maintain high activity for the activation of glycerol.

Loss of CMB may be linked to the catalysis of condensation reactions between products in the
reactant feed. Primarily attributed to aldehydes. This is thought to be promoted by the right mix of
basic site distribution and morphology. Maintaining a high CMB is important for several reasons. A
high CMB results in a higher yield of the detected products, selectivity is only a measure of the
detected carbon, so products not quantified are not included in this. In this way high selectivity but
low CMB will result in worse yields than reactions obtaining average selectivity but high CMB.
Obtaining a high CMB means the majority of the carbon fed into the reactor is accounted for and
guantified. This makes the selectivity more accurate, resulting in a better understanding of what is

occurring on the catalysts surface and higher yields.

Reactions changing the experimental conditions such as the temperature and glycerol feed
concentration were found to have significant effects on the catalyst activity. Higher conversions
lead to a higher selectivity of products such as methanol, acetaldehyde, acrolein, while lower
conversions result in more detected unknowns, ethylene glycol and hydroxyacetone. MgO_650
manages to maintain high CMB with high conversion and temperature reactions, while MgO_450
prone to losing considerable CMB when obtaining more conversion. This indicates that MgO_650
is not active for further reactions of products such as acetaldehyde, even under volatile conditions.
Investigations into catalyst mass to feed ratio indicated that activity per g decreased with catalyst
mass and conversion increases, indicating diffusion limitations or lack of glycerol to further react,
this results in nonlinear increases in conversion on increasing catalyst surface. Calcination time was
also found to be important in effecting catalyst characteristics and performance, longer calcination

times resulted in the same SA but lower basicity, which correlated in an increase in CMB.
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Overall, it’s clear that the catalyst preparation and characteristics can affect the conversion of
glycerol and resulting product distribution markedly. However, the picture is complicated with
many competing factors resulting in unexpected results and non-linear trends. It is therefore
important that a better understanding of the reaction pathways that can occur over the surface are

investigated.
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Chapter 4

Mechanistic studies using intermediate products of the valorisation

of glycerol over MgO

4.1 Introduction

From the previous published literature,’™ and the work performed in chapter 3, it has been shown
that there is more than one possible reaction pathway for the conversion of glycerol over MgO
(Figure 1). This was originally deduced in the seminal work, where it was identified that there were
at least two main routes which could lead to methanol production and another significant route
leading to acrolein.’? One of the more dominant proposed routes proceeds through the
intermediate hydroxyacetone. This is identified by a high selectivity to hydroxyacetone under all
conditions with MgO, it is routinely the most dominant product. Hydroxyacetone usually accounts
for 18 — 30 % of the overall selectivity (chapter 3) this means that the glycerol dehydration to it is a
major pathway. There are also several products that are likely directly derived from hydroxyacetone
such as propanoic acid, 1,2-propanediol and acetone. However, while this route can produce
methanol it is assumed not to be the optimal pathway. It is postulated to likely yield one molecule
of methanol from glycerol, while C-C cleavage routes could potentially yield two. It also seems to
exhibit a relatively stable nature. Previous experiments show a lack of a significant increase in

methanol selectivity as hydroxyacetone selectivity is reduced at high temperatures. (Chapter 3).

The other identified route to methanol from glycerol, involves the C-C cleavage to an ethylene glycol
radical as an intermediate. Ethylene glycol is seen with typically 8 — 15 % selectivity over most
reaction conditions. It is thought via the proposed mechanistic understanding that the C-C cleavage
pathway could produce a higher yield of methanol than the hydroxyacetone route. Two molecules
of methanol are possible, one from the fragmentation of glycerol and a second from glycolaldehyde
fragmentation. Glyceraldehyde has a similar structure and undergoes an analogous fragmentation

to hydroxyacetone.

A third identified route results in acrolein via a double dehydration of glycerol. The conversion of
glycerol to acrolein has been the focus of considerable research efforts,*> Typically the production
of acrolein is done using acidic catalysts, such as silico-tungstic acid. ®’ Haider et al, considered that
acrolein production could be base catalysed, however this led to the discovery that routes to

methanol were more prominent in base conditions.! For the production of methanol of acrolein is
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not considered favourable due to its toxicity and as there is no expected route between the

products.
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Figure 1. Proposed reaction network for the catalytic transformation of glycerol into a range of
different products over MgO. Red arrows correspond to dominant reaction pathways over MgO.
The green arrow corresponds to a dominant pathway occurring in the absence of MgO. 1.
Glycerol; 2. 3-hydroxypropenal; 3. 1,3-propanediol; 4. 1-propanol; 5. hydroxyacetone; 6.
propanoic acid; 7. 1,2-propanediol; 8. 2-propanol; 9. acetone; 10. acetaldehyde; 11. ethanol; 12.
2,3-butanedione; 13. 2,3-butandiol; 14. 2-butanol; 15. glycolaldehyde; 16. ethylene glycol; 17.
ethenone; 18. acetic acid; 19. allyl alcohol; 20. 1-propanal; 21. 1-hydroxyl-2-butanone; 22.
acrolein; 23. 3-alkoxypropanal; 24. 3-alkoxy propanol; 25. Methanol. Reproduced from work
presented in L. R. Smith, P. J. Smith, K. S. Mugford, M. Douthwaite, N. F. Dummer, D. J. Willock,
M. Howard, D. W. Knight, S. H. Taylor and G. J. Hutchings, Catal. Sci. Technol., 2019, 19-22.2
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The mentioned mechanistic routes were proposed originally in the 2015 nature chemistry paper by
Haider et al.! and were based on how the different intermediates and products from methanol
could relate and react with each other. Further work investigating this reaction with MgO,
experimentally and computationally have been undertaken,*® and over ceria as a catalyst.5° It was
discovered through improvement of the analysis method that there was several side reactions and
products that were unaccounted for in the original 2015 paper. This has led to the proposal of a
more complex reaction mechanism shown in Figure 1. It was also identified that there was a gap in
the carbon mass (CMB), which was proposed to be due to the formation of high weight molecular

products (HWMP). This led to a revaluation of the methanol selectivity.

4.2 Studies using intermediate substrates.

4.2.1 Reactions from hydroxyacetone as a feed substrate

4.2.1.1 Introduction

A series of experimental reactions using hydroxyacetone as a substrate feed were performed. This
was to investigate the specific products that are obtained directly from converting hydroxyacetone.
Identifying the products of hydroxyacetone conversion could allow for confirmation of proposed
mechanistic routes and whether hydroxyacetone conversion is desirable for methanol production.
Hydroxyacetone is a key product over MgO from glycerol. It is also often seen as a major product
of the conversion of glycerol under a variety of conditions.®*> The conversion of hydroxyacetone
to a number of products has been demonstrated, including methylglyoxal via oxidation with OH
radicals,® and 1,2-propanediol through hydrogenation reactions.'”*® The key area of interest was
the methanol yield, as well as that of reducing undesirable products such as acetaldehyde and
acrolein. The proposed hydroxyacetone route of glycerol to methanol is initiated via glycerol
dehydration at the terminal position, followed by a rapid tautomerisation step to vyield
hydroxyacetone (Figure 2).%2 A radical fragmentation similar to the Norrish type-1 process result in
a hydroxymethyl radical methanol precursor and acetyl radical. The Norrish type-1 processes
involves aldehyde or ketone undergoing a photochemical promoted C-C bond cleavage between
the a-carbon and the carbonyl group (Appendix Section 6.1).2>% The radical precursors from
hydroxyacetone fragmentation can be reduced to methanol, ethanol and acetaldehyde,
respectively. The acetyl radical can react with itself to result in 2,3 butanedione, which is observed

in small amounts.
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Figure 2. Glycerol to methanol through dehydration to hydroxyacetone proposed pathway. Red

arrows: route to methanol. Black arrows: side reactions.

To better understand the reaction pathways, one step would be to identify what products the
intermediates result in, and the catalysts propensity to convert the intermediate substrate. It is
therefore important that we investigate the different catalysts activity for the conversion of the
various intermediates. Furthermore, it is hoped that these experiments can help elucidate further

understanding for the catalyst samples performance for the conversion of glycerol.

4.2.1.2 50 % feed conversion

Initially, a 50 wt.% hydroxyacetone feed was reacted over MgO_450, MgO_650 and MgO_750, at
temperatures of 320 °C, 360 °C and 400 °C. Results are shown in Table 1, Table 2, and Table 3 for
MgO_450, 650 and 750, respectively. The conversion of hydroxyacetone was quantified to try and

understand the stability of the formed hydroxyacetone on the catalysts.

4.2.1.2.1 Conversion

At 320 °C, MgO_450 exhibited a low conversion of around 16 %, which did not noticeably change
on the increase to 360 °C. With MgO_650, negligible conversion was observed with less than 1 %
at 320 °C and 1 % at 360 °C. In this temperature range that MgO_650 is not significantly active for
the conversion of hydroxyacetone. MgO 750 exhibited the highest conversion at 360 °C, indicating
that similarly to the conversion of glycerol, the basicity and surface area are not the most important
factors in determining conversion. When the reaction temperature is bought up to 400 °C the
activity for all catalysts increases significantly, with conversions of 33 %, 21 %, and 64 % over
MgO_450, MgO_650 and MgO_750, respectively. This demonstrates that the low surface area and

total basicity of MgO_750 does not impede its ability to react hydroxyacetone.
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Table 1. Hydroxyacetone reactions over MgO_450. Product selectivity - Reaction conditions: 320

- 400 °C, 50 wt.% hydroxyacetone, 0.016 mL mint, 0.5 g catalyst, 50 mL mintAr. 3 hours.

Carbon mole Blank 50% MgO_45050% 320 | MgO_45050 % 360 MgO 450 50 % 400
selectivity % 360°C °C °C °C
acetaldehyde 0.0 12.2 20.3 45.4
propionaldehyde 0.0 0.0 0.3 0.5
acetone 0.0 1.2 14 0.9
methanol 0.0 13 1.3 1.4
2-propanol 0.0 0.0 0.0 0.1
ethanol 0.0 0.2 0.2 0.1
2,3-butanedione 0.0 2.7 2.3 1.4
1-propanol 0.0 0.3 0.2 0.0
3-hexanone 0.0 1.2 1.8 1.0
allyl alcohol 0.0 0.4 0.0 0.1
cyclopentanone 0.0 3.9 3.3 3.1
3-ethoxy-1-propanol 5.9 2.0 1.4 0.8
acetic acid 0.0 6.2 8.0 5.1
Glycidol 10.5 4.4 5.2 2.9
propionic acid 5.6 4.4 4.0 5.4
1,2-propanediol 0.0 4.5 8.8 5.8
unknown(s) 0.0 44.9 34.7 18.6
ethylene glycol 78.1 0.7 0.5 3.3
1,3-propanediol 0.0 2.4 2.4 2.0
CcO 0.0 1.0 0.5 1.0
CO, 0.0 6.3 3.3 1.1
Hydroxya.cetone 1 16 16 33
conversion %
CMB % 100 89 84 78
Methanol STY g h't 0 1 1 4
kgt
100
90
80
B MgO_450 50 wt.% 320 °C
70
. 80 MgO_450 50 wt.% 360 °C
X
_§ 50 MgO_450 50 wt.% 400 °C
©
O 40
30
20
10 J I
o His Bis BOF &
Conversion Carbon  Aldehydes Ketones % Alcohol%  Diol % Acid%  Unknown %
% balance % %

Figure 3. Hydroxyacetone reactions over MgO_450 - Reaction conditions: 320 - 400 °C, 50 wt.%

hydroxyacetone, 0.016 mL min?, 0.5 g catalyst, 50 mL min?Ar. 3 hours.
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Table 2. Hydroxyacetone reactions over MgO_650. Product selectivity - Reaction conditions: 320

- 400 °C, 50 wt.% hydroxyacetone, 0.016 mL min, 0.5 g catalyst, 50 mL min Ar. 3 hours.

Carbon mole Blank 50% MgO_650 50 % 320 MgO_650 50 % 360 MgO_650 50 % 400
selectivity % 360 °C °C °C °C
acetaldehyde 0.0 21.3 26.5 46.9
propionaldehyde 0.0 0.0 0.4 0.6
acetone 0.0 1.8 1.6 1.5
methanol 0.0 1.4 1.2 1.7
2,3-butanedione 0.0 3.8 2.0 1.7
3-hexanone 0.0 1.6 1.9 1.6
2-hexanone 0.0 0.0 0.0 0.0
allyl alcohol 0.0 0.0 0.0 0.0
cyclopentanone 0.0 3.1 2.6 2.0
3-ethoxy-1-propanol 5.9 1.6 1.1 1.3
acetic acid 0.0 9.5 9.2 7.8
Glycidol 10.5 2.4 8.0 4.3
propionic acid 5.6 4.2 4.7 3.5
1,2-propanediol 0.0 11.8 13.5 7.2
unknown(s) 0.0 24.8 14.4 13.4
ethylene glycol 78.1 0.0 0.6 2.3
1,3-propanediol 0.0 3.4 2.9 2.0
CcO 0.0 14 3.3 0.9
CO; 0.0 8.1 6.2 1.2
HydroxyaFetone 1 0 1 21
conversion %
CMB % 100 100 99 98
Methanol STY g ht
0
kg1 1 1 6
100
90
80
70 m MgO_650 50 wt.% 320 °C
& 60 MgO_650 50 wt.% 360 °C
o
c
S 50 MgO_650 50 wt.% 400 °C
&
O 40
30
20
10 I
: Ios »

Carbon Alcohol % Diol % Acid % Unknown %

balance %

Conversion % Aldehydes % Ketones %

Figure 4. Hydroxyacetone reactions over MgO_650 - Reaction conditions: 320 - 400 °C, 50 wt.%

hydroxyacetone, 0.016 mL min, 0.5 g catalyst, 50 mL min?Ar. 3 hours.
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Table 3. Hydroxyacetone reactions over MgO_750. Product selectivity - Reaction conditions: 320

- 400 °C, 50 wt.% hydroxyacetone, 0.016 mL min, 0.5 g catalyst, 50 mL min Ar. 3 hours.

S:lr :;?V;‘;('}Z B'ggg fg% MgO_750 50 % 360 °C | MgO_750 50 % 400 °C
acetaldehyde 0.0 24.4 47.0
propionaldehyde 0.0 0.0 2.1
acetone 0.0 2.1 3.6
methanol 0.0 2.0 2.0
ethanol 0.0 2.2 0.8
2,3-butanedione 0.0 3.2 2.0
1-propanol 0.0 0.0 0.2
3-hexanone 0.0 0.0 2.3
allyl alcohol 0.0 0.0 0.1
cyclopentanone 0.0 4.5 1.8
3-ethoxy-1-propanol 5.9 1.7 1.9
acetic acid 0.0 10.3 5.8
Glycidol 10.5 7.5 3.0
propionic acid 5.6 2.5 13
1,2-propanediol 0.0 11.7 7.1
unknown(s) 0.0 24.1 14.9
ethylene glycol 78.1 0.6 0.1
1,3-propanediol 0.0 3.2 1.6
CO 0.0 0.0 1.1
CO; 0.0 0.0 1.3
Hyd roxyaFetone 1 18 64

conversion %
CMB % 100 92 70
Methanol STY g h'1 kg 0 3 9
42.1.2.2 CMB

As shown in Figure 3, a general downwards trend is observed for the CMB of MgO_450 as the
reaction temperature increases. This is negligible over MgO_650 which maintains an almost full
CMB throughout (Figure 4). This is expected at the lower temperatures, where little to almost no
conversion is achieved. MgO_650 still achieves a CMB of 98 %, at 400 °C, despite a significant
hydroxyacetone conversion (21 %). This indicates that it may not be active for formation of
significant quantities of HWMP produced from products of hydroxyacetone at these temperatures.
This was in agreement with the results observed in the glycerol experiments, discussed in chapter

210 3 decrease in CMB was

3 (3.3.1). In these experiments and previous publications in the group,
attributed to be due to HWMP forming, which are not quantified by the analysis method. MgO_650
showed potential with obtaining significantly high CMB over a range of conditions. (Up to 94 % - 98
%). This was attributed to lack of formation of the HWMP. Evidence from using LCMS and CHN

analysis indicated these may be produced from MgO_STD and MgO_450.

MgO_450 shows a more pronounced downwards trend, with the CMB decreasing from 89 % to 84
% and 79 % over the temperature range. MgO_450 exhibits a significantly higher conversion at each

temperature than MgO_650. The conversion is slightly lower over MgO_450 than MgO_750 at 400
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°C (ca. 16 vs. 21 %), yet a lower CMB was obtained over MgO_450. A drop is observed upon
increasing the temperature to 360 °C, despite no enhancement in the conversion of
hydroxyacetone. A further drop in CMB is seen with an increase in conversion at 400 °C. This
indicates that as with the glycerol experiments, MgO_450 may result in a higher degree of
unquantified products when converting hydroxyacetone than MgO_650. Raising the temperature
increases the quantity of unquantified products even when the conversion doesn’t increase. So, it
is not likely only an effect of increased conversion. MgO_750 likewise sees a trend between increase
in temperature, conversion, and CMB. On increasing the temperature from 360 °C to 400 °C the
CMB decreases from 92 % to 70 %. MgO_750 is the most active catalyst for this reaction but obtains
a fairly good CMB over 360 °C in comparison to MgO_450 with a similar conversion. However, on
increasing the temperature the CMB drops to the lowest obtained with the catalysts at 400 °C, but

the conversion observed for MgO_750 at this temperature is significantly higher.

Selectivity

The selectivity to the different products was analysed to determine which products could originate
from hydroxyacetone at varying temperature. The catalysts MgO 450 and MgO_650 were
compared, but it must be noted that the conversions obtained over these catalysts was significantly
different. This means the main differences in selectivity may just be due to the different levels of

hydroxyacetone conversion.

4.2.1.2.3 Unknown selectivity

A change in selectivity is observed with reaction temperature change. An interesting point from this
experiment is the high selectivity to unknowns observed. These unknowns are products which are
detected by GC-FID but not yet identified. Identification of reaction products was carried out via
the GC-FID analysis of expected compounds and comparison to reaction chromatograms and via
GC-MS (supplementary material Haider et al.}). Further products have been identified from the
unknowns detected since this publication leading to a more complete analysis and reaction scheme.
These include products such as acetaldehyde, 1,2-propanediol, 1,3-propanediol, cyclopentanone,

acetic acid, propanoic acid and CO.

Up to 45 % selectivity to unknown products is seen at low temperatures. It is possible that these
hydroxyacetone derived unknown products are a source of some of the unknowns exhibited in the
glycerol reaction, in which selectivity in the range of 10 — 20 % are usually seen. With glycerol,
higher selectivity to unknowns was seen at lower conversion. MgO_450 exhibits the highest
selectivity of unknowns in general, especially at lower temperatures with it exhibiting 45 %

selectivity at 320 °C. MgO_450 also shows the lowest CMB here and in the glycerol experiments. It
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may be the case that the proliferation of these hydroxyacetone sourced unknown products on its

surface may be a factor in explaining the lower CMB.

There is a correlation between reaction temperature and unknown selectivity (Figure 5). Over
MgO_450, 320 °C reaction conditions result in 44.9 % selectivity to unknowns, decreasing to 34.7
% at 360 °C. MgO_650 shows a similar trend, but exhibits lower unknown selectivity overall,
probably due to its insufficient conversion, proceeding from 24.8 % to 14.4 % as the reaction
temperature was increased from 320 °C to 360 °C. MgO_750 shows also shows a decrease from
21.8 % to 14.9 % on increasing temperature from 360 °C to 400 °C. At 400 °C MgO_750 has a similar
selectivity to unknowns as the other catalysts, but a significantly higher conversion. This may
indicate that the unknowns representing intermediates are reduced, and the ones seen here are
terminal products. The number of individual unknown peaks change with temperature (appendix
Table 1), they increase from 320 °C to 360 °C and then decrease at 400 °C, showing the makeup the
unknown species changes with temperature. Detected unknown products are a significantly
dominant under these conditions along with acetaldehyde. This indicates there is significant
chemistry occurring which is not yet understood.

50
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Figure 5. Hydroxyacetone reactions over MgO_450, 650, 750. Detected unknown selectivity -
Reaction conditions: 320 - 400 °C, 50 wt.% hydroxyacetone, 0.016 mL min, 0.5 g catalyst, 50 mL

minAr. 3 hours.

It is suspected that the unknowns formed over MgO could partially be attributed to the precursors
to heavier products forming, possibly related to acetaldehyde. The almost inert nature of MgO_650

for the conversion of hydroxyacetone may help explain why it exhibits such a high CMB. Very high
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temperatures, or a low concentration of hydroxyacetone is needed to give a noticeable conversion
of hydroxyacetone over MgO_650. From this it can be inferred that anything seen to originate from
it is likely to be only produced in negligible amounts under glycerol reaction conditions. However,
this may lead to an underestimation of its performance, as radical species sourced from the C-C

cleavage of glycerol may influence the reactivity of other species such as hydroxyacetone.

4.2.1.2.4 1,2 propanediol selectivity

1,2-propanediol can form when hydroxyacetone reacts with H,. Significant selectivity to 1,2-
propanediol is observed, especially over MgO_650. An increase from 4.5 % to 8.8 % is seen on
increasing the temperature from 320 °C to 360 °C with MgO_450. 11.8 % to 13.5 % is observed with
MgO_650. With the increase to 400 °C a slight decrease is seen to 5.8 % for MgO_450 and 7.2 %
with MgO_650. MgO_750 exhibits 11.7 % decreasing to 7.1 % as temperature rises from 360 °C to
400 °C.

However, MgO_650 only manages to convert a very small amount of hydroxyacetone so the actual
yield is low. 1,2-propanediol is not seen in the catalyst free reaction, suggesting that a catalyst is
crucial for its formation. The formation of 1,2-propaendiol from hydroxyacetone is a hydrogenation
reaction which was demonstrated efficiently by Akiyama et al.'® with ambient hydrogen pressure.
The reactions discussed in this thesis involve low partial pressures of hydrogen with no added H;
stream. Conversion of glycerol selectively to 1,2-propanediol in the absence of added hydrogen has
been achieved over Pt impregnated NaY zeolite catalysts.?! Here it was thought that the reducing
environment for the hydrogenation was produced from water steam reforming. Another example
where 1,2-propanediol is prepared from glycerol with in-situ generated H, include over Pd/Fe,0;
where the hydrogen was provided by dehydrogenation of the 2-propanol or ethanol solvent.?
Further work investigated the aqueous phase reforming generation of in-situ hydrogen for
hydrogenation over Pt-Ni bimetallic catalysts supported on y-Al,03.2 The high concentration of

water in our feed may act as a source.

4.2.1.2.5 Acetaldehyde selectivity

As the reaction temperature increases, an increase in acetaldehyde selectivity is observed over all
catalysts. Acetaldehyde increases significantly with increasing reaction temperature, becoming the
major product at 400 °C. With MgO_450 it increases from 12.2 % to 20.3 % to 45.4 % at 320, 360
and 400 °C, respectively. This concurs with a drop in the CMB with MgO_450 indicating a possible
link to condensation reactions. Condensation reactions may yield heavy products that are not
quantified via GC-FID leading to lower CMB. Acetaldehyde is a reactive species which can undergo

condensation reactions catalysed by basic catalysts such as Mg0.242 Acetaldehyde can result in 3-
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hydroxybutanal via aldol condensation and crotonaldehyde via subsequent dehydration.?® These
species can further react giving larger products such as ortho and para tolualdehyde, 2,4,6
octatrienal and 2,4 hexadienal.?” Which may possibly further react to form HWMP. MgO_650 sees
a similar trend in selectivity, starting higher at 21.3 % it increases to 26.5 % and 46.9 % respectively
over the temperature increase. This is not met with a corresponding drop in CMB however,
reinforcing the theory MgO_650 does not promote bimolecular reactions (section 3.3.1.5).
MgO_750 shows a similar jump between 360 to 400 °C of 24.4 to 47 % with a corresponding drop

in CMB, showing similarities to MgO_450’s behaviour.

4.2.1.2.6 Acrolein selectivity

No acrolein is observed to be produced from the conversion of hydroxyacetone, this is expected as
was postulated to proceed via a separate pathway. The proposed reaction scheme indicates that
acrolein production involves a double dehydration reaction.’? Initial dehydration at the secondary
position leads to the formation of 3-hydroxypropanal, which can either react with H, to yield 1,3
propanediol and or dehydrate further to acrolein. Interestingly a small selectivity to 1,3 propanediol
is observed, the route to this from hydroxyacetone is not yet clear, but under these conditions it is

not observed to dehydrate to acrolein itself.

4.2.1.2.7 Acetic acid selectivity

There is a relatively high selectivity of acetic acid (6 % - 10 %) compared to the glycerol reactions (3
% - 4 %). Acetic acid in the proposed scheme forms from the hydration of ketene, which itself forms
from the dehydration of glycolaldehyde. Glycolaldehyde is an expected intermediate in the
fragmentation to ethylene glycol pathway but has not been quantified. It is however highly reactive,
so a significant portion is not expected to exist in reaction mixture. In aqueous solutions
glycolaldehyde rapidly interconverts between four different species, the aldehyde only accounting
for a minor portion, this would make it difficult to accurately quantify.?® It is likely that the acetic
acid obtained using hydroxyacetone as a substrate is produced via a different route. There is a
significant selectivity to acetaldehyde which itself can undergo oxidation to acetic acid. This can
occur non catalytically in presence of oxygen or water and is likely driven by radical species.? The
water diluent used in the feed stream may allow for oxidation of acetaldehyde explaining the acetic

acid seen here.

4.2.1.2.8 2,3 butanedione selectivity
2,3 butanedione is observed and decreases as the temperature increases. It is however only seen
in small quantities accounting for less than 4 % of the selectivity. This decreases slightly with

temperature. MgO_450 decreases from 2.7 % to 1.4 % and MgO_650 3.8 % to 1.7 % over the
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temperature range. This is expected to form via the hydroxyacetone route, by the radical
combination of two acetyl radical molecules sourced from the fragmentation of hydroxyacetone.
However, the selectivity here is comparable to that seen from glycerol. If it was produced solely
from the hydroxyacetone scheme, then it would be expected to exhibit a higher selectivity with
hydroxyacetone substrate than in the glycerol reactions, due to the higher concentration of its
substrate. It seems though that under these conditions the formation of acetaldehyde is
significantly more favourable, competing processes and significantly different conditions can affect
this. Radical reactions may be more prominent from glycerol than hydroxyacetone, but further

evidence to back this up is needed.

4.2.1.2.9 Cyclopentanone selectivity

Cyclopentanone is also seen to be produced from hydroxyacetone. The selectivity to
cyclopentanone is about 4 % and decreases to 3 % on the temperature change from 320 °C to 360
°C with MgO_450. MgO_650 exhibits a slightly lower selectivity — decreasing from 3 —2 %. It is not
clear how cyclopentanone, a Cs product is made from glycerol a Cs product. This product is seen
reliably in both with glycerol reactions and hydroxyacetone. In the reactions with glycerol
cyclopentanone is proportionally only seen in very small amounts compared to here at less than
0.5 % selectivity. This significant increase with hydroxyacetone as a pure substrate suggests that it

formed after the formation of hydroxyacetone in the scheme.

4.2.1.2.10 Glycidol selectivity

Glycidol is present in a relatively high selectivity compared to glycerol reactions. Especially under
catalyst free 360 °C conditions where 10.5 % is observed. The selectivity to glycidol for MgO_450
and MgO_650 represent a volcano-like plot with temperature. At 320 °C 4.4 % and 2.4 % selectivity
is seen over MgO_450 and MgO_650 respectively. This increases to 5.2 % and 8.0 % at 360 °C
followed by a drop to 2.9 % and 4.3 %. Glycidol can form from glycerol carbonate, which itself can
result from a reaction with glycerol and CO,.%° Glycidol can also originate from glycerol via a direct
1,2 elimination of water.>3132 Allyl alcohol can be epoxidized to glycidol under differing
conditions,® but itself is not seen from hydroxyacetone here regardless. The pathway to glycidol is

not directly clear when using hydroxyacetone as a substrate.

4.2.1.2.11 Propionic acid selectivity

Propionic acid is a structural isomer of hydroxyacetone and is seen a significant amounts. Over
MgO_450 a general increase in propionic acid is observed as the temperature and conversion
increase, it increases slightly from 4.4 % to 5.4 % over the temperature range. MgO_650 sees a

slight decrease, with 4.2 %, 4.7 % and 3.5 % seen over the temperature range. This may be skewed
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somewhat by the very low conversion observed, with some production and low conversion may be

non-catalytic isomerisation in the feed.

4.2.1.2.12 COx selectivity

COx selectivity varies with temperature. The selectivity to CO; decreases with the increase in
reaction temperature. This may be due to a higher degree of the reverse water gas shift reaction,3
however there is no clear increase in CO selectivity. With MgO_450 CO; decreases from 6.3 % to
3.3 % to 1.07 % over the 320 °C to 400 °C range. MgO_650 sees a more dramatic decrease in CO;
selectivity with temperature increase. 6.2 % is observed at 320 °C which decreases to 1.2 % and 0.2
% at 360 °C and 400 °C respectively. MgO_750 on the other hand shows a selectivity of 0.2 % at 360

°C but sees an increase to 1.3 % at 400 °C.

CO stays relatively stable over MgO_450, staying between 1.0- 0.5 %. Over MgO_650, CO decreases
with temperature 3.3 % to 0.9 % and 0.3 % from 320 °C- 400 °C. MgO_750 also increases here from
0.2 % to 1.3 %. The increases in selectivity to COx with MgO_750 with the increase in temperature
is contrary to the other catalysts, but the conversion is significantly higher at 400 °C. It also
experiences a much larger increase in conversion from 360 °C than observed with the other

catalysts.

4.2.1.2.13 Methanol selectivity.

Methanol was not produced in high quantities or selectivity when using hydroxyacetone as a feed
substrate. Selectivity was generally below 3 % which is significantly lower than the 10 % + often
observed with glycerol as a source substrate. This combined with the low conversion of
hydroxyacetone achieved by the catalysts results in very low STY of methanol. This does not
significantly improve at higher temperatures. Selectivity does not increase with temperature and

relatively low increases in conversion for the catalysts results in low STY across the board.

It may be inferred from this data, that it is likely that hydroxyacetone conversion is not a significant
contributor to methanol production when glycerol is used as a feed substrate. Methanol yields
under glycerol reaction conditions are 70 — 130 g h! kg? typically. Here, using a pure feed of
hydroxyacetone, yields of less than 10 g h'* kgt methanol is achieved. In the glycerol reactions the
concentration of hydroxyacetone on the catalyst surface would be significantly lower, so the yield
of methanol from hydroxyacetone would be even lower than that seen here. This means it the
amount of hydroxyacetone that converts to methanol is likely to be negligible when using glycerol
as a feed substrate. However, due to the removal of the other routes seen from glycerol, certain
interactions which promote methanol production from hydroxyacetone in-situ may not occur under

these conditions.
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4.2.1.3 10 % reactions with hydroxyacetone.

Reactions were carried out with a 10 wt.% hydroxyacetone feed in order to explore how a high
catalyst mass to substrate concentration ratio would affect the product distribution. In previous
results using glycerol, reducing the wt.% to 10 % led to a significant increase in substrate conversion.
This was accompanied by a relatively high CMB retention, particularly when compared to the
reactions with higher substrate concentration, whereby an increase in lost carbon was observed as
the reaction temperature was increased. This was not the case with the MgO_650 catalyst which
maintains a high CMB over nearly all conditions including high temperature. Typically, with a 50
wt.% feedstock, hydroxyacetone conversion was low. Thus, it was considered important to explore
the product distribution at a high level of hydroxyacetone conversion, in order to help identify and
confirm intermediates and terminal products. It is expected that a significant increase in catalyst
volume and surface area ratio to hydroxyacetone would lead to pronounced increase in conversion.
This is expected due to the lower concentration of hydroxyacetone to react over the same surface

with a consistent contact time.

4.2.1.3.1 Conversion

As can be seen in Table 4, the conversion is significantly higher for both catalyst samples. However,
this is not relatively proportional to the increase in catalyst mass to substrate ratio. Experiments at
400 °C with 50 wt.% weight glycerol did not achieve significantly higher conversions. Changing the
feedstock to 10 wt.% at 400 °C did result in significantly higher conversions. Upon reducing the
hydroxyacetone concentration from 50 to 10 wt.%, an increase in hydroxyacetone conversion was
observed. At a reaction temperature of 400 °C, conversion of 64 % and 34% were observed over
MgO_450 and MgO_650, respectively. Similarly, to the experiments performed with 50 wt.%
hydroxyacetone, MgO_650 was shown to be inefficient at converting hydroxyacetone. Both
lowering the feedstock concentration and increasing the reaction temperatures resulted in only
small increases in conversion. Linking this with the glycerol experiments, where high selectivity to
hydroxyacetone was observed, even at high reaction temperatures and glycerol conversions,

indicates that hydroxyacetone is reasonably stable over MgO_650 under reaction conditions.

4.2.1.3.2 Selectivity

A high selectivity to unknowns were seen compared to the same temperature reactions at 50 wt.%.
This is likely due to the increase in conversion resulting in more unknown intermediates and
potentially detectable HWMP precursors. Lower CMB may indicate here that the high conversion
of hydroxyacetone predominantly leads to more of these products. This is unexpected though as
water is expected to inhibit the condensation reactions. Interestingly there was a substantial

increase from the 50 wt.% reactions CO, selectivity, here with the higher conversion the CO,
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selectivity has increased, when at 50 wt.% increasing the conversion decreased CO; selectivity. The
presence of CO;in the glycerol over MgO reaction was also proposed to be due to organic acid
decarboxylation.?*>3¢ MgO_450 had a selectivity to CO, of 14.8 % and MgO_650 11 % this is likely
a function of conversion with MgO_450 having almost double the conversion of hydroxyacetone as

MgO_650. This would be explained as CO; is not thought of to exist as an intermediate product.

Table 4. Hydroxyacetone reactions over MgO_450 and 650. Product selectivity - Reaction

conditions: 400 °C, 10 wt.% hydroxyacetone, 0.016 mL min’, 0.5 g catalyst, 50 mL min? Ar. 3

hours.
Carbon mole selectivity
% MgO_450 10 % 400 °C MgO 650 10 % 400 °C

acetaldehyde 20.8 24.6
propionaldehyde 1.9 1.6
acetone 2.2 14
butyraldehyde 0.1 0.0
methanol 2.3 5.3
2-propanol 0.0 1.1
ethanol 2.4 1.3
2,3-butanedione 1.5 0.0
1-propanol 1.2 0.7
3-hexanone 0.0 1.8

allyl alcohol 2.0 0.3
cyclopentanone 2.6 2.0
3-ethoxy-1-propanol 0.1 1.8
acetic acid 5.2 4.4
Glycidol 0.0 1.8
propionic acid 4.3 3.6
1,2-propanediol 15.6 19.0
unknown(s) 22.0 16.9
ethylene glycol 0.3 0.3
1,3-propanediol 0.3 0.6
phenol 0.3 0.5

CcOo 0.0 0.0
CO; 14.8 11.0

Hydroxyacetone

conversion % 64 34
CMB % 64 84

Methanol STY g h't kgt 2 3

Selectivity to methanol was slightly higher here for both catalysts. MgO_450 exhibited 2.3 % an
increase from approximately 1 %. MgO_650 increased to 5.3 % from 1.7 %, both approximately

doubling. This again may likely be linked to conversion, as methanol is a mainly terminal product.

Acetaldehyde selectivity is significantly lower than that seen at 50 wt.%. This seems to be
counteracted by a preference to unknowns and 1,2-propanediol. As already stipulated
hydroxyacetone is not indicated by these experiments as a main source of methanol. Forcing more
aggressive conditions upon HA does increase conversion and methanol yield, but only by a

negligible amount. The chemistry resulting from glycerol is likely more complicated and could lead

163



to a higher degree of methanol sourced from hydroxyacetone than seen here due to radical
moieties obtained from glycerol C-C cleavage. There is likely competing and more active routes for
the production of the methanol observed in the glycerol experiments. The next key candidate to

investigate was the intermediate ethylene glycol.

4.2.2 Ethylene glycol reactions

4.2.2.1 Introduction

Reactions using ethylene glycol as a feed substrate were performed to investigate the products that
could be sourced via its reaction over MgO and the catalysts activity for its conversion. Ethylene
glycol is also a major intermediate in the conversion of glycerol accounting for approximately 8 —
15 % selectivity depending on conditions/catalysts. Theoretically the reaction which proceeds
through the proposed C-C cleavage if glycerol should be preferable compared to dehydration to

hydroxyacetone. The hypothesised route allows for two molecules of methanol to be produced

(Figure 6).
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Figure 6. Glycerol to methanol radical fragmentation to ethylene glycol proposed pathway

One from the C-C cleavage fragmentation of glycerol to a methanol and ethylene glycol radical, and
secondly the fragmentation related to a Norrish type-1 process of glycolaldehyde (Appendix section
6.1). Of course, it is not possible to isolate the methanol from the first fragmentation of glycerol
here, as starting from ethylene glycol misses out this step and does not involve the C; source of
carbon in the environment. However, if ethylene glycol directly still individually exhibits a high yield
of methanol, it would be likely mean it is a major pathway compared to the hydroxyacetone mono-

dehydration. However, isolating a pathway and remaining representative is difficult, it could result
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in possible interactions between different pathway products not accounted for. It is also possible

that not as much radical ethylene glycol will result from reacting ethylene glycol compared to

glycerol. The results for the ethylene glycol experiments are shown in detail in Table 5 and Figure

7. These reactions were carried out with a 50 wt.% solution of ethylene glycol in water at

temperatures of 320 — 440 °C.

Table 5. Ethylene glycol reactions over MgO_450, MgO_650 and MgO_750. Reaction conditions:

50 wt.% ethylene glycol in water, 320 °C - 440 °C with 0.5 g catalyst. 0.1 mL min'* 15 mins, 0.016

mL mint2 hours, 0.016 mL min 3 hours collect. 50 mL min Ar flow.

Blank [MgO_450[Mg0_450[Mg0_450|MgO_450[Mg0_650|MgO_650[Mg0_650MgO_650[Mg0_750|Mg0_750
360°C| 320°C | 360°C | 400°C | 440°c | 320°c | 360°C | 400°C | 440°c | 360°C | 400°C
acetaldehyde| 342 | 22.7 256 224 18.4 165 201 212 227 372 204
pmp';’d":'deh 00 | o0 06 04 15 0.0 02 08 1.0 02 05
acetone 0.0 0.0 0.2 0.1 0.4 0.0 0.0 0.2 0.2 0.0 0.1
acrolein | 00 | 00 0.0 0.0 0.1 0.0 00 0.0 0.1 00 0.0
b“tyra;dehyd 00| oo 0.0 0.1 02 0.0 0.0 0.1 0.1 0.0 0.0
methanol | 08 | 95 116 114 142 147 185 14.4 11.8 95 143
ethanol | 2.1 | 213 311 238 16.2 259 245 187 146 17.4 222
2.3~ 00| oo 0.1 0.2 0.4 0.0 0.4 0.4 05 03 0.4
butanedione
1-propanol | 0.0 | 0.1 0.4 1.2 24 06 1.0 22 17 0.2 16
3-hexanone | 0.0 | 0.0 0.0 01 01 0.0 0.0 0.1 0.1 0.0 0.1
allylalcohol | 0.0 | 0.0 0.0 03 01 0.2 0.2 03 0.2 0.2 0.1
Cy°'°rr’]‘2"ta”° 00| os 03 05 06 0.7 06 06 0.7 05 0.7
hydm::zacem 64 | 84 101 124 132 124 122 141 156 95 1338
3-ethoxy-1-| | g 1.1 0.9 09 47 25 22 17 238 27
propanol
aceticacid | 4.2 1.9 5.2 6.0 65 20 2.8 27 30 17 26
Glycidol | 00 | 0.0 0.0 03 0.4 0.0 0.2 0.4 05 0.2 0.4
prc;i'izn'c 00| o1 0.0 01 1.4 0.2 0.4 08 15 05 1.0
1,2-
1279 | 143 5.0 8.2 35 13.2 7.0 6.7 56 8.9 9.2
propanediol
unknown(s) | 20.1 7.3 3.7 6.2 14.8 5.5 4.1 7.3 10.2 6.7 7.3
TR BEY 01 02 02 02 01 0.2 03 03 0.2
propanediol
phenol | 3.0 | 09 0.0 0.0 00 0.0 00 0.0 0.2 07 0.1
co 0 16 20 23 0.4 1.0 27 31 0.7 1.4 1.1
o, 0 32 238 3.0 4.0 21 27 35 7.0 1.8 13
Ethylene
glycol 2 4, 31 40 78 4 36 47 68 23 51
conversion %
CMB% | 98 99 76 75 74 100 95 94 93 88 77
Methanol STY]
P 4 9 28 115 10 38 72 86 14 57
gh kg
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Figure 7. Ethylene glycol reactions over MgO_450 (a) and MgO_650 (b). Reaction conditions: 50
wt.% ethylene glycol in water, 320 °C - 440 °C with 0.5 g catalyst. 0.1 mL min 15 mins, 0.016 mL

min'2 hours, 0.016 mL min? 3 hours collect. 50 mL min* Ar flow.
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4.2.2.2 Conversion

The conversion of ethylene glycol achieved could not be correlated to either the basicity of the
catalysts, or the surface area. (Figure 8) MgO_450 shows the lowest conversion of 31 % at 360 °C
this increases to 40 % at 400 °C. MgO_650 shows 36 % at 360 °C increasing to 47 % at 400 °C.
MgO_750 exhibits a low conversion of 22.7 %, at 360 °C but results in the highest conversion at 400
°C of 51 %. It seems that for the conversion of ethylene glycol, the surface area and basic site
concentration are not the most important factors due to no clear trend. The characteristic which

promotes this behaviour is however unclear.
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Figure 8. Ethylene glycol reactions over MgO_450 (red), MgO_650 (green) and MgO_750 (blue) -
Conversion to reaction temperature - Reaction conditions: 50 wt.% ethylene glycol in water, 320
°C - 440 °C with 0.5 g catalyst. 0.1 mL min''15 mins, 0.016 mL min'2 hours, 0.016 mL min 3

hours collect. 50 mL min Ar flow.

42.2.3CMB

At the low temperature of 320 °C the samples exhibit a high CMB in excess of 99 % (Figure 9). This
decreases steadily as the reaction temperature, and consequently, ethylene glycol conversion,
increases. MgO_450 exhibits a large decrease in CMB to 76 % followed by a gradual decrease
beyond this temperature. MgO_650 on the other hand decreases more steadily, with only a drop
of almost 5 % to 95 % initially, followed by a similar gradual decrease at further temperature
increases. The initial larger drop in CMB on increasing the temperature from 320 °C to 360 °C is
likely caused by the large jump in conversion seen in tandem. Interestingly while the conversion

increases significantly with higher reaction temperature only small drops in CMB are observed.
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Figure 9. Ethylene glycol reactions MgO_450 (red), MgO_650 (green) and MgO_750 (blue) - CMB
to reaction temperature- Reaction conditions: 50 wt.% ethylene glycol in water, 320 °C - 440 °C
with 0.5 g catalyst. 0.1 mL min' 15 mins, 0.016 mL min2 hours, 0.016 mL min™ 3 hours collect.

50 mL min™ Ar flow.

4.2.2.4 Hydroxyacetone selectivity

A notable result was that hydroxyacetone was observed as a major product. However,
hydroxyacetone is a C3 molecule, with the substrate, ethylene glycol, a C2 molecule. MgO under
these conditions, seems to be catalysing C-C bond formation between products in the reactant
effluent. There are examples of MgO catalysts promoting C-C bond formation in the literature,
especially in the area of oxidative methane coupling where Li/MgO based catalysts are known to
be one of the most investigated for this reaction.3”~*° Another examples of MgO promoting this type
of reaction includes transition metal cation activated MgO, which have been used for selective
catalytic C-C bond formation with methanol as a methylenating agent to produce vinyl groups from
saturated ketones esters and nitriles.*! Hydroxyacetone also occurs from ethylene glycol under the
catalyst free conditions at a low selectivity of 6.4 %, indicating this can occur to an extent without

MgO.

Hydroxyacetone is seen in relatively high selectivity under most conditions. The production via
ethylene glycol, accompanied by the dehydration of glycerol and the catalyst’s low ability to convert
it help explain hydroxyacetone ubiquitous presence in glycerol feed reactions. However, this
behaviour is not wholly unprecedented over MgO. As shown in previous chapters, products such as

cyclopentanone (C5) and phenol (C6) are also produced over MgO from glycerol. It is also expected
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that HWMP form through condensation reactions occur.2 LCMS and CHN analysis has helped

support this assumption. (Section 3.3.1.3)

Hydroxyacetone selectivity tends to trend upwards as the reaction temperature and conversion
increases (Figure 10). The increase of selectivity is only marginal though and does not correspond
with the large jumps in conversion. MgO_650, interestingly results in a higher selectivity across the
experiments to hydroxyacetone than the other samples. It exhibits; 12.4 % at 320 °C which stays
stable on increase to 360 °C — selectivity then increases to 14.1 % to and 15.6 % when reaching 400
°C and 440 °C respectively. MgO_450 exhibits a similar trend but with a consistently lower
selectivity to hydroxyacetone. 8.4 % selectivity is witnessed at 320 °C increasing to 10.1 %, 12.4 %
and 13.2 % as the temperature increases to 360 °C, 400 °C and 440 °C respectively. MgO_750 shows
as sharper jump of 9.5 % to 13.8 % on increasing the temperature from 360 °C to 400 °C, this is in
conjunction to a steeper jump in conversion than seen with the other samples. Hydroxyacetone
selectivity is correlated to the conversion with it generally increasing in tandem. MgO_650 is not
necessarily more selective for hydroxyacetone production. Once hydroxyacetone is formed on
MgO 650 it seems to remain relatively stable. This is indicated by its ubiquitous presence and
MgO_650’s very low rate of conversion when hydroxyacetone is used as a substrate molecule

(section 4.2.1).
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Figure 10. Ethylene glycol reactions over MgO_450 (red), MgO_650 (green) and MgO_750 (blue)
— Hydroxyacetone carbon selectivity % - Reaction conditions: 50 wt.% ethylene glycol in water,
320 °C- 440 °C with 0.5 g catalyst. 0.1 mL min15 mins, 0.016 mL min™2 hours, 0.016 mL min 3

hours collect. 50 mL min Ar flow.

169



4.2.2.5 Ethanol selectivity

Unlike the reactions performed with glycerol whereby a low selectivity to ethanol (< 1 %) was
observed, when using ethylene glycol, it is a major product, accounting for between 14.6 % to 31.1
%. Itis also not seen in the hydroxyacetone feed experiments, it seems to be sourced primarily from
the ethylene glycol route under these conditions. The direct conversion of ethylene glycol to
ethanol could involve a hydrogenolysis reaction, which would require a source of hydrogen. H,
could possibly be sourced in-situ from aqueous phase reforming,??* or methanol
decomposition.** The route to ethanol proposed in the previous work would see it sourced from
the acetaldehyde radical via a reduction (Figure 11).%> However we do not see a significant
selectivity to ethanol in hydroxyacetone or glycerol feed experiments, indicating that something

else is responsible for the selectivity to ethanol from ethylene glycol.

Dehydration Reduction

o Ny —— ) —— N,

Figure 11. Reaction pathway -ethylene glycol to ethanol

It is possible that when ethylene glycol is used in high concentration as seen here, the most
competitive route is the hydrogenolysis reaction to ethanol leading to the high selectivity. When
glycerol is used it seem this reaction becomes uncompetitive with almost no ethanol produced, the

hydrogen is likely to be used elsewhere.

The experiments using intermediates from the conversion of glycerol as the feedstock substrate
were performed to try and isolate and gain better insight into individual pathways. However, it is
important to note that it is fundamentally changing the reaction product stream. Products that are
obtained only from glycerol, are mostly removed from the equation. This means that the chemistry
and interactions between species sourced from those pathways are mostly absent. This evidently
results in significantly different changes in product selectivity as other unexpected pathways are
now more favourable. This is likely important for understanding the unexpected results such as the

ethanol abundance.

Shown in Figure 12, MgO_450 starts with a selectivity of 21.3 % to ethanol at 320 °C, this increases
to 31.1 % at 360 °C before decreasing to 23.8 % and 16.2 % at the higher temperatures of 400 °C
and 440 °C. MgO_650 shows a more linear trend with the highest selectivity to ethanol obtained at
320 °C of 25.9 % which subsequently decreases to 24.5 %, 18.7 % and 14.6 % at 360, 400 and 440
°C respectively. Inversely MgO_750 sees a slight increase in selectivity to ethanol from 17.4 % to

22.2 % in the increase from 360 °C to 400 °C. Conversion did not directly correlate with ethanol
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selectivity, for MgO_450 it exhibited a volcano distribution with selectivity peaking at 30 %
conversion and then decreasing, while MgO_650 generally decreased with increasing conversion
and MgO_750 increasing. The reactions at 320 °C and 360 °C are the most comparable for MgO_450
and MgO_650 with relatively close conversions. At approximately 4 % conversion MgO_650 exhibits

more ethanol, but at 30 — 35 % conversion the samples perform very similarly.

With MgO_450 and MgO_650 there is tendency for a reduction of ethanol selectivity in the favour
of other products when increasing the temperature. In the environment of high temperatures, a
larger mix of products and higher conversion results with less ethylene glycol present, this is closer
to the reaction conditions seen with glycerol. So, interactions between the products may be more

favourable resulting in less hydrogen available for ethanol production.

35

30 —@—450
< o5 | © o ©-650
g 20 / ©-750
f; o °
g 15 o)
©
& 10
e
(7]

5

0

0 20 40 60 80 100

Conversion %

Figure 12. Ethylene glycol reactions over MgO_450 (red), MgO_650 (green) and MgO_750 (blue)
— ethanol selectivity % - Reaction conditions: 50 wt.% ethylene glycol in water, 320 °C- 440 °C with
0.5 g catalyst. 0.1 mL min'15 mins, 0.016 mL min™2 hours, 0.016 mL min* 3 hours collect. 50 mL

min? Ar flow.

4.2.2.6 Acetaldehyde selectivity

Acetaldehyde selectivity is thought to be important, as previously discussed it is suspected to self-
condense and is a major product over MgO in most situations. MgO_650 shows a gradual increase
with temperature proceeding from a selectivity of 16.5 %, 20.1 %, 21.2 % and 22.7 % to
acetaldehyde over temperatures of 320 °C, 360 °C, 400 °C and 440 °C respectively. Of course, the
conversion is increasing so the yield is increasing proportionally. Ethylene glycol can lose water to

form acetaldehyde through a dehydration reaction.
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MgO_450 in contrast does not show a clear trend with the temperature of reaction. In a similar way
to its ethanol selectivity, on increasing from 320 °C, 360 °C, 400 °C and 440 °C the selectivity to
acetaldehyde changes from 22.7 %, 25.6 %, 22.4 % and down to 18.4 % respectively. This may be
due to the condensation of acetaldehyde. Theoretically changes in acetaldehyde selectivity may be
masked by conversion of produced acetaldehyde by aforementioned condensation reactions. The
increase in temperature may produce more acetaldehyde over MgO_450, which allows for a higher
degree of condensation reactions occurring. This could result in lower observed selectivity to
acetaldehyde as it is removed from the stream. There is no evidence for this as of yet, but

acetaldehyde over the catalysts is explored in section 4.4.3.

At 360 °C MgO_750 has a very high selectivity to acetaldehyde of 37.2 %, but only a low conversion
of ethylene glycol of 22.7%. On increasing the temperature to 400 °C this decreases significantly to
20.4 % with an accompanied conversion increase and CMB drop. This may also indicate that at these
higher temperatures more of the acetaldehyde is forming HWMP in conjunction with preferential

selectivity to products such as methanol and hydroxyacetone.

4.2.2.7 Acetic acid selectivity

Acetic acid increases in selectivity with increases in reaction temperature, this is expected as takes
several stages to reach and is seen as a terminal product. Conversion and temperature increasing
results in an increase in acetic acid selectivity with an individual catalyst. However, there is
overlapping effects of catalyst and conversion, for example MgO_450 is the most selective even
with it being the generally least active for ethylene glycol conversion. As ethylene glycol converts
to glycolaldehyde and then dehydrates to ketene, this can react further with the addition of water

to give acetic acid.

4.2.2.8 1,2-propanediol selectivity

The previously established mechanical route to 1,2-propanediol is the reduction of
hydroxyacetone. A relatively high selectivity is seen here with ethylene glycol, especially when
compared to the hydroxyacetone feed experiments. However, conversions are significantly
different. 1,2-propanediol, like hydroxyacetone was originally unexpected to be sourced from the
ethylene glycol pathway. But like discussed for hydroxyacetone it may be formed through a C-C
coupling reaction. There is possibly an interaction between the relative selectivity of these two
products. It is not yet determined how hydroxyacetone or 1,2-propanediol are produced from the
conversion of ethylene glycol. 1,2-propanediol could be produced from the hydrogenation to
hydroxyacetone, or conversely hydroxyacetone from the dehydrogenation of 1,2-propanediol.

They may both be produced simultaneously and interconvert.
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The relatively high selectivity to 1,2-propanediol compared to hydroxyacetone may imply
hydroxyacetone converts more easily than we thought from other results, or that there is an
alternative route to 1,2-propanediol. The dehydration product of 1,2-propanediol, acetone is only
seen in negligible amounts as with other reactions. As hydroxyacetone increases in selectivity as
the temperature increases, 1,2-propanediol decreases its selectivity share, this indicates that 1,2-
propanediol may be the source to convert to hydroxyacetone (Figure 13). Interestingly 1,2-
propanediol is a major product in the catalyst free reaction at 4 % conversion and 29.1 % selectivity

indicating that MgO directs other pathways preferentially.
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Figure 13. Ethylene glycol reactions over MgO_450 (red), MgO_650 ( ) — Hydroxyacetone
(circles) and 1,2-propanediol (triangles) selectivity - Reaction conditions: 50 wt.% ethylene
glycol in water, 320 °C-440 °C with MgO_450/650 0.5 g catalyst. 0.1 mL min™ 15 mins, 0.016 mL

min2 hours, 0.016 mL min 3 hours collect. 50 mL min Ar flow.

4.2.2.9 Methanol selectivity

The selectivity to methanol changes over reaction temperature for each catalyst. With MgO_450,
it sees a general upwards trend as the temperature increases. 9.5 % at 320 °C, 11.6 % at 360 °C,
selectivity doesn’t significantly change at 400 °C, but conversion increases resulting in a higher yield.

Selectivity to methanol peaks at 440 °C for MgO_450 at 14.2 %. The STY of methanol increases
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steadily as the conversion and selectivity increase with temperature for MgO_450. 4to 9 g ht kg?,

followed by 28 and 115 g h'* kg at 320 — 440 °C.

Selectivity to methanol for MgO_650 is 14.7 % at 320 °C increasing to 18.5 % at 360 °C, followed by
a decrease to 14.4 % and 11.8 % at 400 °C and 440 °C respectively. A similar situation is seen with
glycerol methanol selectivity at higher temperatures (chapter 3). This is accompanied by the
significant jumps in conversion. With MgO_650, we see a higher selectivity to methanol, a higher
conversion, and a higher CMB at reaction temperatures of 320 °C to 400 °C. These factors lead to a
higher STY to methanol at these temperatures than with MgO_450. However, at 440 °C the
conversion and selectivity to methanol is higher with MgO_450. This results in a significantly lower
STY over MgO_650 at 440 °C of 86 g h™* kg! compared with 115 g h'! kg, despite the noticeably
higher CMB over MgO_650.

At 360 °C and 36 % conversion the increase in thermal energy results in a higher yield of methanol.
However, when using higher temperatures, the competition from increases in acetaldehyde,
hydroxyacetone, unknowns and 1,2-propanediol selectivity leads to a decrease in the selectivity of
methanol obtained. However as with MgO_450, the increases in conversion result in significant
increases in the STY of methanol. With 10, 38, 72 and 86 g h! kg obtained at the increasing
temperatures. MgO_750 shows an increase in selectivity with the increase of temperature of 360
°Cto 400 °Cand 22.7 to 50.7 % conversion. The selectivity increases from 9.5 % to 14.3 % methanol,
which corresponds to a significant jump in STY due to the increase in conversion. Despite the drop
in CMB the STY increases from 14 to 57 g h* kg. This is lower than the other catalysts due to the

difference in conversion and CMB.

These results show a similar methanol selectivity to that which is seen with the pure glycerol feed.
At first this would indicate this may not be the dominant pathway, but when reacting glycerol, an
ethylene glycol radical and a methanol radical form first before ethylene glycol. This ethylene glycol
radical is likely to be more reactive than ethylene glycol and possibly produced in greater amounts
from glycerol. Of course, as mentioned, only one molecule of methanol is expected to be obtained
from ethylene glycol, while with glycerol as a source one could result from the radical produced in
the C-C cleavage of glycerol. The radical ethylene glycol molecule itself may result in chemistry not
seen represented in the results and it is not determined yet exactly how MgO activates ethylene
glycol. The formation of glycolaldehyde from the ethylene glycol radical and its subsequent radical

cleavage may be more preferential under glycerol reaction conditions.
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4.2.2.10 Unknowns’ selectivity

The observed selectivity to detected unknown products changes with the reaction temperature
(Figure 14). At the low temperature of 320 °C a low selectivity to unknowns of 7.3 % and 5.5 % for
MgO_450 and MgO_650 respectively is present. This decreases marginally to 3.7 % and 4.1 % at
360 °C for MgO_450 and MgO_650. On increasing to higher temperatures, MgO_450 increases to
6.2 % at 400 °C and then more than doubles to 14.8 % at 440 °C. MgO_650 also increases
significantly first to 7.3 % at 400 °C and then to 10.2 % at 440 °C. As shown at both high and low
temperature MgO_450 presents more unknowns, while at middling temperatures MgO_650
produces a higher proportion. This may be due to the type of unknowns changing throughout the
reaction temperatures. A relatively high selectivity is seen at low temperatures, as with other

reactions as they are likely intermediary species due to the low conversion and thermal energy.

Increasing the temperature pushes these further along the reaction scheme, shifting the selectivity
to identified products, especially species that are thought of as being relatively stable. However, on
further increases of temperature it seems that this promotes the formation of more unknowns,
possibly the precursor to undetectable heavier species. Some evidence of this is seen in the
chromatograms, whereas the temperature increases the number of unidentified peaks also
increases for both catalysts, with some major ones forming in the mid to late parts of the run

(Appendix Table 2).
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Figure 14. Ethylene glycol reactions over MgO_450 (red) and MgO_650 (green) Unknown
selectivity % - Reaction conditions: 50 wt.% ethylene glycol in water, 320 °C - 40 °C with
MgO_450/650 0.5 g catalyst. 0.1 mL min™15 mins, 0.016 mL min'2 hours, 0.016 mL min' 3

hours collect. 50 mL min Ar flow.
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However, the CMB does stay relatively stable for MgO_450 at temperatures above 320 °C after the
initial drop off. MgO_750 only shows a minor change in selectivity to unknowns between 360 °C
and 400 °C. of 8.9 to 9.2 %, likely as with other samples further temperature reactions would have

to be explored to see more distinct changes.

4.2.2.11 COx Selectivity

Both catalysts see an increase in CO selectivity up to a 400 °C followed by a decrease at 440 °C. The
yield stays relatively stable overall. MgO_450 sees 1.6 % increasing to 2.0 % and 2.3 % with a large
dip to 0.4 % at 440 °C. MgO_650 exhibits a similar trend with 1.0 %, 2.1 %, 3.1, and 0.7 %. This is
accompanied with a general trend upwards for CO; selectivity. Increasing from 3.2 %, 2.81 % to 4.0

% with MgO_450and 2.1 %, 2.7 %, 3.5 % and 7.0 % with MgO_650.

The ethylene glycol reactions have yielded several important results, but it is not clear still if it is a
major pathway to methanol. It seems to be more prevalent the hydroxyacetone but there are
possibly other pathways. The results of high selectivity to ethanol indicate that the reaction over
glycerol has interactions between the different identified pathways and trying to isolate these

removes some of the chemistry resulting in results not aligning with the glycerol experimentation.

43.1 4.3 Co-feeding experiments.

4.3.2 Ethylene glycol / glycerol co-feed

Experiments with ethylene glycol (4.2.2) produce a higher selectivity and yield to methanol than
reactions using hydroxyacetone as a substrate. However, the chemistry was altered and resulted in
high selectivity to products not observed in the glycerol experiments such as ethanol. This indicated
that the experiment was not representative of the chemistry of ethylene glycol under glycerol
reaction conditions. To try and account for this, cofeeding experiments involving the addition of
ethylene glycol to the substrate feed were conducted. This was to investigate the effect of
increasing ethylene glycol partial pressure in the presence of glycerol and its reactants. Increasing
the ethylene glycol pressure was expected to result in an increase in the concentration of
hydroxymethyl radical moieties. These can be obtained from glycolaldehyde undergoing the
Norrish type-1 like fragmentation (Appendix Section 6.1). It was expected that this may result in a
higher yield of methanol. The transformation of the radical species to methanol also requires a

source of hydrogen which itself could possibly be sourced from ethylene glycol.

Reactions were performed at 400 °C with 45 wt.% glycerol with 5 wt. % ethylene glycol. The results
are shown in Table 6. Ethylene glycol addition resulted in a slightly higher conversion (99 %) than
observed with MgO_650 over that seen with just glycerol (96 %) at 400 °C. This is likely due to the

slight decrease in original glycerol concentration, with slightly less fed in, a higher proportion of it
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is converted. There is overall however a slight decrease in catalyst activity 0.95 g h* g catto 1.03

g hl g cat? glycerol converted.

Extra ethanol was not made with the addition of 5 wt.% ethylene glycol (< 1 %). The ethanol
selectivity seen is analogous to the pure glycerol experiments. Competing reaction routes for any
abstracted hydrogen may result in uncompetitive hydrogenolysis of ethylene glycol to ethanol
unless the feed is predominantly ethylene glycol. An experiment was performed using 25 wt.%/25

wt.% Ethylene glycol/ glycerol which only saw 1.55 % ethanol (appendix Table 3).

The two catalysts used for this reaction showed several principal differences. MgO_650 — like in the
previous pure ethylene glycol experiments exhibits as higher conversion of ethylene glycol. The
summation of both the ethylene glycol produced in the conversion of glycerol and unconverted
feedstock amounted to less moles than was fed into the reaction. The amount of ethylene glycol
seen in the product stream amounted 68 % of that fed in. MgO_450 showed an opposite effect, it
was significantly less active for the conversion of the fed in ethylene glycol, resulted in a higher
concentration than the feedstock. It seems that MgO_450 may produce enough ethylene glycol
from the glycerol to counteract the catalyst ability to convert both the fed in and produced ethylene
glycol. This resulted in 151 % of the starting concentration in the collection. This further shows that
the basicity and surface area are not the integral parameter for the conversion of the intermediate

ethylene glycol into further products.

There is a slight increase in observed acetaldehyde selectivity on the addition, increasing to 26.6 %
from 23.5 % with MgO_650. Methanol however remains unchanged at 13-14 %. When presented
with 5 wt.% ethylene glycol, the route through to acetaldehyde, which can proceed via a hydride
shift and dehydration or a catalysed reaction through an intermediate enol, appears more
dominant.** The route to further methanol after the initial cleavage of glycerol proceeds through
the intermediate glycolaldehyde and then a radical fragmentation to the hydroxymethyl precursor,
the lack of increase in methanol selectivity shows that this reaction pathway does not become more
preferential on increasing the concentration of ethylene glycol. An excess of these ethylene glycol
derived substrates may override the catalysts usually low activity for condensation routes.
MgO_450 may not see this subsequent reduction of its CMB due to hydroxyacetone and

acetaldehyde proportionally having a lower concentration.
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Table 6. Ethylene glycol and glycerol cofeed reaction over MgO_450 and MgO_650 - Product

selectivity - Reaction conditions: MgO_450 — MgO_650, 45 % Glycerol - 5 % EG, MgO_650 50 %

glycerol 400 °C, 50 mL min® Ar, 0.1 mL min'! 15 mins, 0.016 mL minafter. 3 hours.

Carbon mole c':'figa‘;s; 1%0_(:1:; c“;'fgezas:;?g ) i:ﬁj MgO_450 400°C 50 % | MgO_650 400°C 50 %
selectivity % glycerol glycerol
glycerol glycerol
acetaldehyde 20.5 26.6 25.3 23.5
propionaldehyde 0.7 0.8 3.0 1.0
acetone 0.1 0.1 0.6 0.2
acrolein 12.2 12.3 12.4 12.6
butyraldehyde 0.0 0.0 0.1 0.0
methanol 10.4 14.1 9.8 13.4
2-propanol 0.0 0.0 0.1 0.0
ethanol 0.7 0.9 0.9 0.9
2,3-butanedione 1.2 1.4 2.2 1.7
1-propanol 0.1 0.1 0.3 0.1
3-hexanone 0.1 0.2 0.3 0.2
allyl alcohol 0.8 1.0 1.1 1.0
cyclopentanone 0.4 0.6 0.6 0.7
hydroxyacetone 18.5 17.1 17.2 20.8
3-ethoxy-1-propanol 0.0 1.1 0.3 1.1
acetic acid 1.7 0.8 1.8 1.6
Glycidol 0.5 0.6 0.5 0.7
propionic acid 0.7 0.7 1.3 1.2
1,2-propanediol 2.3 1.5 0.9 2.0
unknown(s) 5.3 3.8 6.6 6.1
ethylene glycol n.a n.a 7.0 6.4
1,3-propanediol 0.7 0.5 0.9 0.5
phenol 0.1 0.0 0.0 0.1
co 2.3 3.4 3.6 2.8
CO, 2.5 3.0 3.2 1.6
lglycerol conversion % 92 99 99.7 96
Ethylene glycol
cozversiir:l% 32 -49 n-a n-a
CMB % 88 89 84 91
Methanol:_'!’Y g h' ke 98 118 116 122

This cofeeding experiment was performed to tie in with computational modelling undertaken by
the computational side of the research group, where they explored the final stage of the glycerol
reaction over the MgO catalysts. Sainna et al, used DFT and QM/MM techniques were used to
model the radical mechanism of the catalytic production of methanol from glycerol.® The various
calculated results are shown in Table 7, Table 8 and Table 9. The study primarily focussed on
deducing what would be the most likely mechanism of the formation of methanol from its
precursor. This precursor is the radical hydroxymethyl species which can result through several
pathways. First glycerol can undergo a C-C cleavage resulting in an ethylene glycol radical and the
hydroxymethyl species. The intermediates; hydroxyacetone and glycolaldehyde can also undergo a

fragmentation via a C-C bond cleavage between the a-carbon and the carbonyl group of the
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molecule.’®? This yields the methanol precursor and an acetyl radical from hydroxyacetone and
the methanol precursor and a formyl radical via glycolaldehyde. It has been theorised that the
hydroxy methyl radical can abstract a H atom from another species to produce a methanol molecule
such as in Figure 15. In the reaction environment atmospheric H, should only be present in

negligible amounts as the reaction is carried out in an argon flow.

I
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Figure 15. Hydrogen transfer to produce methanol from a hydroxymethyl radical reproduced
from M. A. Sainna, S. Nanavati, C. Black, L. Smith, K. Mugford, H. Jenkins, M. Douthwaite, N. F.
Dummer, C. R. A. Catlow, G. J. Hutchings, S. H. Taylor, A. J. Logsdail and D. J. Willock, Faraday
Discuss., 2020, 34, 240-241.

Water makes up for 50 wt.% of the reactor feed, so it was investigated as a hydrogen source. This
was done by modelling a lone single water molecules non-dissociative adsorption on the MgO (100)
surface. Idealised (100) MgO planes were used for simplicity. This is as they are described as the
most common, stable, and characterised exposed termination plane for MgO and alkaline earth
oxides in general. % Thermal decomposition of Mg(OH), is shown to yield these planes.*” This

makes it likely that (100) planes are prevalent on the MgO samples prepared for this thesis.

The interactions between the magnesium 5 coordinate (Mgs:) cation and the oxygen coordinate
(Osc) anions with the H atoms of water can result in adsorption. When water is co-adsorbed with a
dissociated hydroxymethyl radical it gives an energy of adsorption of water of -89 kJ mol™.3 When
in proximity with the hydroxymethyl radical, bonding of water coordinates through the O of H,0 to
the Mgscsite. The cost of the H proceeding to the radical anion is 108 kJ mol™, resulting in a methoxy
anion precursor to methanol. These values were deemed not particularly favourable, water was
found to be an energetically unlikely source of the hydrogen in this stage of the reaction. This was
backed up with the low glycerol conversion data for MgO (thesis section 3.3.2) in which exhibited
a hydrogen balance of 100.6 % from the data. This calculation did not include the diluent water in

the final products, this indicated hydrogen from water was not involved in the radical mechanism.

179



Table 7. Adsorption energies for key molecules on MgO(100) comparing periodic and QM/MM

approaches. Data reproduced from M. A. Sainna, S. Nanavati, C. Black, L. Smith, K. Mugford, H.

Jenkins, M. Douthwaite, N. F. Dummer, C. R. A. Catlow, G. J. Hutchings, S. H. Taylor, A. J. Logsdail

and D. J. Willock, Faraday Discuss., 2020, 34, 240-241.

PBEsol (periodic)/k) | PBEsol+D3 (periodic)/k) | PBEsol (QM/MM)/kJ PBEO (QM/MM)/kJ

Molecule _ _ _ _

mol mol mol- mol

Water -60 -82 -65 -59
Methanol -61 -93 -60 -52
‘CH,OH -32 -59 — —
‘CH,O---H* -73 -105 -81 -57
Ethy'eq‘j glycol -61 ~109 -65 ~45
Ethylegz glycol -90 -136 -89 -63

calculation of the adsorption energy.

a Ethylene glycol with an OH group interacting with the surface. b Ethylene glycol in a conformation with both OH
groups interacting with the surface. In both cases the same gas phase reference conformation is used for

Table 8. Calculated bond dissociation energies for various reactant species (Labels in Figure 16).

Data reproduced from M. A. Sainna, S. Nanavati, C. Black, L. Smith, K. Mugford, H. Jenkins, M.

Douthwaite, N. F. Dummer, C. R. A. Catlow, G. J. Hutchings, S. H. Taylor, A. J. Logsdail and D. J.

Willock, Faraday Discuss., 2020, 34, 240-241.

Molecule/ bond BDE PBEsol BDE PBEO BDE PBEO/PBEsol | Djssexpt.
kJ mol kJ mol! kJ mol kJ mol

Glycerol C,0-H 456 447 455

Glycerol C;0-H 443 460 462

Glycerol C;-H 418 409 410

Glycerol C>-H 405 404 401

Hydroxyacetone C;0-H 477 474 477

Hydroxyacetone C;-H 339 339 341

Hydroxyacetone C-H 426 415 416

Ethylene glycol O-H 462 444 445

Ethylene glycol C-H 413 409 408

Methanol C-H 426 414 414 402
Methanol O-H 467 447 447 438
*CH,O-H 163 161 161 126
Water HO-H 563 508 508 497
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Figure 16. Labelled molecules in relation to Table 8.

Table 9. Calculated H-transfer energies for the various H sources, to form CHs;OH(ads) from
‘CH,0 (ads) on MgO steps. Data reproduced from M. A. Sainna, S. Nanavati, C. Black, L. Smith, K.
Mugford, H. Jenkins, M. Douthwaite, N. F. Dummer, C. R. A. Catlow, G. J. Hutchings, S. H. Taylor,
A. J. Logsdail and D. J. Willock, Faraday Discuss., 2020, 34, 240-241.

Molecule/bond | PBEsol+D3 (periodic)/k) mol-* | PBEO (QM/MM)/kJ mol-! | ABDE, PBEO (QM)/kJ mol-!
Water HO-H 105 89 94
E-glycol? C-H — 19 -4
E-glycol? C-H -23 -63 -4
CH,O-H -223 -192 -254

a End point with neutral ethylene glycol radical. b End point with deprotonation of ethylene glycol radical.

With water ruled out, how favourably glycerol, hydroxyacetone and ethylene glycol would
dissociate on MgO was investigated. The dissociation energies for the X-H cleavage step for were
calculated in isolation to the catalysts surface (Table 8). Using PBEsol at BPEO level the values for C;
and C3 molecules result in significantly energetically favourable values of at nearly 100 k) mol*more
favourable than the value calculated for water. Using DFT calculations, the lowest energy for the
required hydrogen transfer from glycerol was investigated. The abstraction from C; results in a
carbon centred radical 13 kJ mol? lower than if the same occurred at its C; site. Thus, a secondary

carbon gives a more stable radical than a primary.

Calculations were also performed investigating how methanol adsorbs onto the surface. Methanol
interacts with the (100) plane in a way that results in the OH interacting with the O atom at a Mgsc
site while the H atom interacts with the basic Osc sites on the surface.®® It was found that
energetically methanol would reform or vaporise rather than stay dissociated upon the MgO (100)
surface. Hence it is likely that MgO (100) is not basic enough to heterolytically dissociate methyl
from the alcohol group of methanol.® Further calculations found that while this was the case for
methanol, the energy to abstract a proton from absorbed hydroxymethyl radicals (from the C-C
homolytic cleavage of C-C bonds of glycerol or hydroxyacetone) was relatively low and easy for

MgO (100) to perform. This led to investigations into a possible disproportionation mechanism.
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The bond dissociation energy for the hydroxymethyl alcohol group was found to be low which led
to the consideration of a reaction which two -CH,OH moieties combine. They would undergo a
disproportionation and result in methanol and formaldehyde, giving a theoretical favourable
reaction energy of -254 k) mol*. Evidence of formaldehyde formation backs this up. Formaldehyde
has not been analytically quantified, but it has been detected in reactions with MgO and glycerol

via HPLC by using a LoDNPH cartridge to form formaldehyde-DNPH adducts.?

This mechanism would proceed via the adsorption of two hydroxy methyl radical species, the
second which would donate a proton to the surface anion. This results in formaldehyde and a
surface methoxy anion, respectively. The mechanism for this process was considered using PBEsol
+D3 theory. A dissociated radical on a clean surface followed by a second hydroxymethyl radical
both adsorb readily with similar energy, -105 and -107 kJ mol?, respectively. The H atom is
transferred to form a methyl group which immediately takes up another proton from a surface OH
group to result in methanol. This reaction is likely to be highly energetically favourable as it
indicated a termination of a radical reaction sequence, rather than further radical products with

the alternative routes.3

The calculations were also performed with QM/MM PBEO theory. These were generally in
accordance with the previous results but with slightly different steps. Water again shows a low
reduction in energy on absorption with the radical and proton of -54 compared to -59 kJ mol* as
with a clean surface. With ethylene glycol the adsorption energy was -75 kJ mol™* compared to -63
kJ mol! with a clean surface. For the disproportionation reaction, the adsorption of a second
hydroxymethyl radical is -76 kJ mol™. Co-adsorption was determined to be more favourable as the

energy was 19 kJ mol*lower than when the second radical adsorbed elsewhere.

When compared to ethylene glycol, the adsorption was only 1 kJ mol? so only a negligible
difference. However, the hydrogen transfer process from the ethylene glycol to the radical,
resulting in formation of methanol, led to an energy increase. On the other hand, with the end point
of the reaction being a deprotonation of ethylene glycol radical the value was negative, -23 kJ mol
! (periodic), -63 kJ mol? (QM/MM). The disproportionation H-transfer energies however were
significantly more negative at -233 and -192 kJ mol™ respectively showing that this route was still

the most energetically favourable route for methanol production.

The data obtained from the cofeeding experiment showed that increasing the pressure of ethylene
glycol did not result in a higher yield of methanol. This indicates that ethylene glycol is likely not
used for the hydrogen transfer, agreeing with the energy values calculated. Also, while MgO_650

converted much of the extra ethylene glycol, the lack of methanol increase indicates the extra
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ethylene glycol did not predominantly proceed to glycolaldehyde and undergo the subsequent
fragmentation. Increased conversion of ethylene glycol this way would be expected to result in
more hydroxymethyl radicals. These would have been able to undergo disproportionation, yielding
a higher degree of methanol and formaldehyde. Formaldehyde is highly reactive as a gas and may
be expected to undergo further reaction in our product steam, potentially through condensation
reactions with other aldehydes.* Due to this high production of formaldehyde may be expected
to be evident in a loss of CMB or increase of unknowns. However, with the catalysts a higher CMB
and decrease in unknown selectivity was observed with the addition of ethylene glycol. This
indicates that there was not an increase in the disproportionation reaction occurring on addition of

ethylene glycol.

4.3.3 Acetaldehyde reactions

Acetaldehyde experiments were carried out over MgO_450 and MgO_650. It had been previously
hypothesised that acetaldehyde is a significantly undesirable product, which for the purposes of
producing methanol for a fuel blend would not be suitable for a mixture due to its high reactivity.
It has also been suspected of being linked to condensation reactions leading to reduction of CMB.
(Section 3.3) This was due to its expected tendency to undergo bimolecular condensation reactions
over the basic sites on MgQ’s surface. This was expected to result in HWMP which were not
detectable via our GC analysis method and thus result in a lower CMB and yields for useful products
for the reaction. Acetaldehyde is produced in a relatively high selectivity over most of our catalysts,
approximately around 20 % depending on the catalyst and reaction conditions, but it is always
relatively prevalent. In this experiment a flow of gaseous acetaldehyde in helium was mixed with
water and passed over a MgO catalyst at 360 °C. Only a very low concentration of acetaldehyde
was used to try and mimic the concentration seen in the 360 °C 50 wt.% glycerol reactions. The
main goal was to see if there was a difference between MgO_450 and MgO_650 conversion of

acetaldehyde and wherether the CMB dropped with conversion.

4.3.3.1 Conversion and CMB

(Table 10) MgO_450 converts significantly more of the acetaldehyde of 30 % of the feed compared
to 1 % MgO_650. It seems that MgO_650 is essentially unreactive for this reaction. Conversion of
acetaldehyde results in a corresponding drop in CMB. MgO_450 results in 71% and MgO_650 99 %.
This drop in CMB is essentially proportional to the conversion. Very little in the way of detected

products are observed.
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4.3.3.2 Selectivity

The selectivity to the identified and quantified products results in a different product distribution
than seen with other substrates. Very low yields are actually achieved as nearly all carbon from
converted acetaldehyde is not observed. So, it must be noted that the high selectivity’s are
misleading here. For example, methanol is 59.2 % for MgO_450, however this only results in a very
low STY of 4.2 g hl kg~1. MgO_650 shows a much lower selectivity to methanol than MgO_450 at
9.6 %, but due to its almost inactivity only a negligible 0.2 g h! kg~—! of methanol is achieved.
MgO_450 achieves high selectivity to ethanol of 22.7 % and 1 — propanol of 6.3 %, compared to

none over MgO_650, which exhibits mainly unknown products at 71.8 %.

Table 10. Acetaldehyde feed reaction over MgO_450 and MgO_650 — Product selectivity -
Reaction conditions: MgO_450, 50 % H,O — 360 °C, 50 mL min* Ar, 1 ml min 1000 ppm

acetaldehyde in Ar. H;0 0.1 mL min* 15 mins, 0.016 mL min* after. 3 hours.

MgO 450 | MgO_650
Methanol 59.2 9.6
Ethanol 22.7 0.0
1-propanol 6.3 0.0
unknown(s) 11.8 71.8
ethylene glycol 0.0 18.6
acetaldehyde conversion 30 1
CMB % 71 99
Methanol STY g h-1 kg 4 0

4.3.3.3 Conclusion

MgO_450 converts 30 % of the acetaldehyde, this leads to a corresponding decrease in CMB of 30
%. This is thought to be due to it catalysing condensation reactions and leading to products not
detected by GC-FID. This means that the product selectivity calculated by GC-FID for MgO_450 only

accounts for a small percentage of the overall CMB.

The vast majority of the true selectivity is to undetected unknown products, postulated to be higher
weight molecular products originating from self-condensation reactions of acetaldehyde. This
shows that MgO_450’s loss of CMB in glycerol feed reactions is likely at least partially influenced by
the formation of these acetaldehyde sourced condensation products. On the other hand, it seems
MgO_650 is unreactive for this process and as such does not make many undetected products
resulting in its high CMB. This may help explain MgO_650’s repeated high CMBs over a variety of

reaction conditions and feed substrates.
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4.4 Conclusions and future work

This chapter has explored the gas phase conversion of identified intermediates and products from
the conversion of glycerol. Co-feeding experiments were also performed with mixed substrate feed
streams. These reactions have been performed over the MgO catalysts produced and characterised
in chapter 3 and performed over a range of temperatures from 320 °C to 440 °C. Reactions have
been explored using hydroxyacetone as a substrate and ethylene glycol and acetaldehyde.
Hydroxyacetone experiments were carried out using either a 50 wt.% or 10 wt.% feedstock diluted
by water. Ethylene glycol experiments used 50 wt.% feedstocks. Co-feeding experiments explored
5 wt.% ethylene glycol, 45 wt.% glycerol feeds. Acetaldehyde experiments used 1000 ppm in He

cylinders co-fed with water.

4.4.1 Hydroxyacetone

Reactions run with hydroxyacetone yielded only low conversions with the MgO catalysts. Increase
of reaction temperature from 320 °C to 400 °C only leads to small increases in conversion of
hydroxyacetone with MgO_450, proceeding from 16 % to 33 %. The MgO_650 the catalyst is very
lowly active for the conversion of glycerol under each temperature, it exhibits 0 % at 320 °C 1 % at
360 °C and needs at least 400 °C needed for non-negligible hydroxyacetone conversion of 21 %.
MgO_750 responds more to increases with temperature from 360 °C where it increases from 18 %

to 64 % at 400 °C.

While the selectivity reveals interesting knowledge about the pathway with hydroxyacetone the
difference between catalyst samples is mainly attributed to their conversion of the substrate.
Selectivity to unknowns is high at low temperatures especially with MgO_450 exhibiting 44.9 % and
decreases as the temperature increases. Acetaldehyde is a very dominant product from the
conversion of hydroxyacetone reaching 45- 47 % over the catalysts at 400 °C. The propensity to
unknowns and acetaldehyde selectivity seems to be more directly affected by temperature than
actual conversion, as similar selectivity is seen with MgO_750 at 400 °C to the other catalysts even

with more than double the conversion.

Catalyst selectivity is consistently low to methanol under these conditions at less than 2 %, this
results in low STY to methanol of less than 10 g h'? kg. Under glycerol reaction conditions the
methanol yield sourced from hydroxyacetone would be expected to be lower due to
hydroxyacetone making up less of the substrate on the catalyst surface. From these results it
indicates that the hydroxyacetone route may not be a significant contributor to the methanol we
see with glycerol. However, these experiments only observe hydroxyacetone in isolation. In a

glycerol feed experiment the different competing pathways and their products may result in
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hydroxyacetone behaving differently. The presence of more reactive radical species may affect the
substrate and its products in ways which can’t be predicted from these results. So hydroxyacetone

route as a significant pathway to methanol cannot yet be fully ruled out.

However, it can still be supposed that there are other major pathways for the glycerol to methanol
yield. Based on our proposed scheme, a primary route was suspected to be through the glycerol
defragmentation pathway yielding ethylene glycol. There however may be other unrealised product

routes to methanol occurring simultaneously.

In conclusion, with hydroxyacetone as a substrate there have been several factors identified in
relation to the catalyst’s performance with MgO. Firstly, hydroxyacetone is relatively stable and
once formed is difficult to further convert. This is especially true for the catalyst MgO_650. Over
other catalysts it sees significantly higher but still relatively low conversion. This can increase
dramatically with temperature. The temperature used also significantly effects the product
distribution. Hydroxyacetone produces a lot of detected unknowns, especially at lower
temperatures as well as acetaldehyde. As the temperatures increase the selectivity to the
unknowns decrease along with the CMB. Acetaldehyde is especially prominent and increases with

temperature. It may be linked to CMB and the loss in the glycerol reactions.

4.4.2 Ethylene glycol

Reactions were run with a 50 wt.% ethylene glycol feed over a temperature range of 320 °C to 440
°C. Several significant products were seen which were originally not expected. Ethanol was a major
product accounting for up to 31 % selectivity. This does not occur in significant amounts in the
glycerol experiments and is thought to be sourced from reduction of the acetyl radical. 1,2-
propanediol and hydroxyacetone are also seen to be present. Indicating that C-C coupling reactions
are catalysed under these conditions. 1,2-propanediol was thought to form from a hydrogenation
of hydroxyacetone, but itself can form from dehydrogenation of hydroxyacetone. However, under
these conditions it is not clear whether 1,2-propanediol or hydroxyacetone are produced first or
simultaneously. But the increase in hydroxyacetone paired with a 1,2-propanediol decrease may

indicate 1,2-propanediol forms first.

Reaction temperature increase exhibits an effect on the product distribution, with a similar trend
seen between the catalysts. On increasing the reaction temperature, generally the selectivity to
ethanol and 1,2-propanediol decreases significantly. This is accompanied by a general increase in
unknown products, hydroxyacetone, acids and CO,. With these ethylene glycol substrate
experiments there does seem to be an effect with the radical chemistry stage of the reaction, the

methanol selectivity, at least with MgO_650 is higher with this substrate than with glycerol, but
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other radical products such as 2,3 butanediol are less prevalent. 2,3 butanediol occurs via the
reaction between two acetyl radical fragments, which appears to be not as dominant compared to

the reduction to acetaldehyde.

As shown, hydroxyacetone is a much more stable molecule than ethylene glycol, under the given
reaction conditions. Ethylene glycol therefore under these reaction conditions used results in both
a higher selectivity and yield to methanol. However, it is important to consider in these experiments
the side reactions of the different pathway from glycerol have been removed. This has led to
unexpected chemistry such as the production of ethanol and makes it unclear which under glycerol
conditions is the major pathway to methanol. Due to the observed selectivity and yields the process
of elimination indicates it is the initial homolytic cleavage of glycerol unless there is other

unaccounted for routes.

4.4.3 Cofeeding

Co-feeding of multiple substrates was also performed. It was found that using 5 % or 25 % ethylene
glycol with glycerol did not result in significant amounts of ethanol. Ethanol was only observed
when using the pure ethylene glycol feed. No increase in methanol yield was observed either
compared to glycerol reactions. Indicating having a higher concentration of ethylene glycol does
not promote the formation of methanol. MgO_450 seemed to produce more ethylene glycol from

glycerol than it converted, resulting in more ethylene glycol in the product stream than was fed in.

Some limited tested was performed with acetaldehyde fed into the reactor over the catalysts with
water at a partial pressure meant to mimic the concentration observed in 360 °C 50 wt.% glycerol
reactions. Here MgO_450 converted 30 % of acetaldehyde with a corresponding drop in CMB of 30
%. MgO_650 however did not a significant conversion and maintained a high CMB. This indicates
that conversion of acetaldehyde is undesirable and leads to a loss in CMB, possibly due to higher
molecular weight products not detected easily by GC-FID. MgO_650 does not seem under these
conditions to be active for that reaction. This could help explain its high CMB observed in most

reactions.

4.5.4 Further work

The insight gained from the previous experiments can be further developed. To further investigate
the mechanism of our reaction an important next step could involve the use of labelled compounds.
Use of substrates such as different positioned 3C labelled glycerol could help elucidate the pathway
of individual C atoms in glycerol when identifying them in the products. It should be possible to
identify whether methanol is produced preferentially from the C; or C, position. The

hydroxyacetone pathway may be expected to produce preferentially from a C; position.
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Fragmentation to ethylene glycol may produce one methanol from a C; position, the subsequent

glycolaldehyde fragmentation to give a C; labelled methanol. Using labelled hydroxyacetone it may

be possible to confirm the proposed mechanism to 2,3 butanedione by level of incorporation of 13C.
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Chapter 5

Conclusions and further work

5.1 conclusions

The principal objective of this thesis was to develop a greater understanding of how gas phase
conversion of glycerol to methanol proceeds over MgO. Specific attention was focused on how the
properties of MgO influenced the reaction, and to establish whether they could be modified to
obtain higher methanol yields. Strategies for the synthesis of sustainable, ‘green’ methanol are
required. Methanol is a commodity chemical with a variety of uses and itself is used in the
production of biodiesel.’ Producing green methanol could help improve the sustainability of such
processes. Commercially, methanol is predominantly produced via syngas, derived from fossil fuels.
This proceeds through the hydrogenation of CO/CO; and the water gas shift reaction,? in the
presence of a CuO/ZnO/Al,0s based catalyst.? There is a societal drive to move away from fossil

fuels and therefore, producing methanol directly from a renewable source would be beneficial.

In 2015 it was discovered by Haider et al.* that methanol could be produced from waste glycerol in
a one step process at atmospheric pressure and temperatures of > 320 °C. It was envisaged that
the methanol produced from waste glycerol could be recycled back into the production of biodiesel
resulting in both an economically and environmentally beneficial cycle. There are other methods of
producing ‘green’ methanol such as CO, hydrogenation,”” however these often use intensive
conditions under high pressure of H,. Hydrogen is generally sourced from steam methane
reforming,® or electrolysis of water. In Haider et al,* the conversion of gaseous glycerol at
atmospheric pressure and no added hydrogen was investigated over MgO and CeO, catalysts. The
process exhibited promising yields of methanol, but it also produced a variety of side products such
as acetaldehyde, hydroxyacetone, acrolein, ethylene glycol, 1,2 and 1,3 propanediol. However, a
limitation with this initial work was that it predominantly used low concentration glycerol feeds. To
obtain higher yields of methanol further work by Smith et al,® explored using higher concentration
of glycerol up to 50 wt.%. The analysis procedure was also improved reporting a larger range of
products. This led to a reevaluation of the selectivity to methanol, where up to 27.9 % was achieved
with 50 wt.% glycerol feed over MgO. However, an incomplete carbon mass balance (CMB) was
observed. 23 % of the glycerol carbon moles, fed into the reactor, were not accounted for in
products or coking. It was concluded that this was likely due to bimolecular reactions occurring

between reaction products, which were not sufficiently volatile to be vaporized in the GC. This
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ultimately provided further motivation for exploring this work. It was important to establish what
physicochemical properties influenced the formation of these undesirable products. If these could
be identified, the potential for significant increases in methanol space time yield (STY) could be
achieved. This is explored in chapter 3. It was also shown in Smith et al.® that the product
distribution was significantly more complex than Haider et al.* had originally identified. Many more
products were identified, and a large range of unknowns detected. This led to a more complete
reaction scheme proposed. This was investigated in chapter 4 via feeding in intermediate substrates
over the various catalysts in hope of seeing how methanol yield correlated with substrate and
catalyst properties. From the scheme it was inferred that the radical fragmentation of glycerol
should result in a higher yield of methanol than via the dehydration route. If this was true, there
may be catalyst characteristics or reaction conditions that promote this route. There are three main
ways for methanol to form from glycerol proposed. First is the initial homolytic cleavage of glycerol,
secondly the cleavage of glyceraldehyde which results from the glycerol cleavage route, and thirdly
the cleavage of hydroxyacetone. The source of hydrogen for formation of methanol from its radical
was also investigated via cofeeding experiments, this was to confer with previous computational
studies conducted in the group where it was proposed the hydroxymethyl radical undergoes a

disproportionation.

5.1.1 Chapter 3: Reactions of vaporized glycerol over different temperature treated MgO catalysts.

The aim of Chapter 3 was to investigate how changing the physiochemical characteristics of MgO
would affect the performance in the gas phase conversion of glycerol. This was done by altering the
preparation procedure of the samples, namely, changing the heat treatment temperature in N,
prior to its application as a catalyst. Initially, a series of MgO catalysts were prepared whereby the
temperature of the final N, heat treatment was varied from 450, to 550, to 650 and finally to 750
°C. These samples were termed MgO_450, MgO_550, MgO_650 and MgO_750 respectively.

The fresh catalysts were then characterized using a variety of techniques. CO, temperature
programmed desorption (TPD) was used to quantify the basicity of the samples. The basic site
concentration (per g) decreased with an increasing N, preparation temperature. However, the basic
site density (per m?) stayed relatively stable due to the proportional decrease in surface area;
Surface area decreased from 187 m? ‘with MgO_450) to 74 m? (with MgO_750). From the curve
observed from the TPD experiments, it was evident that there were multiple peaks present, which
were attributed to different strength basic sites. To further probe this and determine the type and
distribution of basic sites on the samples surface, CO, adsorption diffuse reflectance infrared

Fourier transform spectroscopy (DRIFTS) was employed. Upon CO, adsorption, the bonding
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geometries of the formed adducts could be determined. This would allow for an estimation of the
relative proportion of basic sites. It was deduced from the experiments, and through reference to
previous literature on the subject, that there were three primary types of basic sites on MgQ’s
surface. 2 The strongest sites were attributed to be low coordinate 0% ions, potentially on edges,
vacancies, and corners. The medium-strength sites were proposed to be 0% in Mg -0? pairs, whilst
the weakest sites were hydroxylated sites of OH". It was estimated that the MgO_450, MgO_550
and MgO_750 had a higher proportion of the strong O* sites exposed, while MgO_650 had a more
equal distribution between the strong and medium sites. This conclusion is limited however as a
qualitative analysis. The amount of CO; absorbed or desorbed was not quantified, only the relative
size of absorbances were analyzed. Further work could be done to obtain quantified results by

calibrating the CO; absorption intensity to known amounts.

Next, the samples were analyzed by powder X-ray diffraction (XRD). This was used to determine the
MgO phase had been successfully formed and determine crystallite size. In each of the samples, it
was confirmed that MgO existed in a periclase phase. The crystallite sizes increased with
temperature, relatively linearly, until a large size increase was observed of 8.4 to 12.7 nm, when
proceeding from 650 °C to 750 °C. Simultaneously, pore volume decreased with the N, treatment
temperature and interestingly, a significant drop was observed between the MgO 650 and
MgO 750 catalysts. This was hypothesized to be attributed to the pore system collapsing at higher
temperatures, which had been observed previously.’®> However, there was no clear trend between
the N, treatment temperature and average pore radius. SEM investigations revealed that a flake
like morphology existed for all the samples, however, under more resolute inspection via TEM, it
was revealed that the samples treated at 450 °C, 550 °C and 750 °C exhibited an ordered hexagonal
structure. The MgO_650 sample did not, however, exhibit this well-defined structure, the cause for
this was not confirmed. However, through reference to literature, it was suggested that MgO_650
could undergo exfoliation of water from deep within its structure, resulting in intercrystallite
channels forming.’* MgO_750 exhibited a similar structure to MgO_450 and MgO_550. This
indicates that the hexagonal formations somehow reform at higher temperatures, possibly seeded

from remaining crystallites after exfoliation.

The material characterization demonstrated that simply varying the N, treatment temperature did
indeed influence the MgO properties. To evaluate how these different characteristics influenced
catalyst performance, the samples were examined for the gas phase conversion of glycerol. Each of
the samples were initially tested using a 50 wt. % glycerol feed at 360 °C with 0.5 g of catalyst. It

was observed that the catalysts exhibited a decrease in conversion as the treatment temperature
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was increased until 650 °C (MgO_650). However, on proceeding to 750 °C (MgO_750), conversion
increased. The observed conversion was 87 %, 80 %, 75 % and 80 % for the catalysts, respectively.
Conversely, the opposite trend was observed with the associated CMBs. The CMB increased to
MgO_650 (74 % - 78 % - 98 %) and the decreased with 750 °C (79 %). These trends may be related
to the SA and basic site concentration. However, the behavior of MgO_750 indicated that other
factors must be involved. Possibly linked to the proportion of strong sites evidenced by DRIFTS.
Other changes to the catalyst surface (such as the possible exfoliation and recrystallization) are

seen from proceeding to MgO_750 from MgO_650.

The high CMB observed in the reaction over the MgO_650 catalyst is an important result; the
carbon mass balance obtained (98 %) is the highest seen for this reaction when using 50 wt. %
glycerol feeds. Further total organic carbon (TOC) and liquid chromatography mass spectrometry
(LCMS) analysis was performed. This indicated that the lost carbon mass balance over MgO_450
may be due to the formation of HWMP. Evidence indicated that MgO 650 did not produce
significant amount of these products. Incomplete CMB due to HWMP formation was first proposed
in Smith et al.® It is thought that these large molecules form from sequential condensations of
different products formed. This would likely involve condensation reactions of ketones and/or
aldehydes. The condensation of acetaldehyde with itself can produce 3-hydroxy-propenal which
can dehydrate to crotonaldehyde.’® Crotonaldehyde can undergo further condensations, with
itself, acetaldehyde, or other molecules to produce a broad range of larger products.'®*8 The high
CMB obtained over MgO_650 highlights that for some reason, these undesirable side products are
suppressed. Suppressing these undesirable side reactions seems to result in a higher STY to
methanol and other main products. The series sees a similar selectivity to methanol between
catalysts. MgO_650 exhibiting the lowest selectivity and conversion, but the highest methanol STY.
Methanol STY of 85, 74, 93 and 79 g h! kg cat™ are obtained for MgO_450, MgO_550, MgO_650

and MgO_750 respectively. This shows that higher CMB can yield higher STY with similar selectivity.

However, while this is promising, the methanol STY achieved by Smith et al, was significantly higher
at 131 g h* kg cat?, 23.4 % selectivity and 74 % conversion under the same conditions. The
selectivity for MgO_650 was only 9.8 %. This indicates that high selectivity and CMB is crucial for
high methanol yields. High selectivity seems to be linked here to the calcination time, the only
difference between MgO_STD and the MgO_450 preparation is that the calcination for MgO_STD
is 24 hrs rather than 2 hrs. This may result in structural changes that are intrinsic to obtaining high

selectivity. Further research and characterisation are needed. Producing an equivalent of MgO_650
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but with the initial calcination time increased to 24 hrs may produce a more selective to methanol

catalyst.

It seems that if the production of HWMP is linked to basicity, the distribution of site type is likely
more important than the basic site distribution per gram. This may help explain why MgO_750
exhibits a lower CMB than MgO_650. It is noted that the catalyst characteristics and properties
obtained for the catalyst samples are obtained ex-situ and not under reaction conditions. This
means that the catalysts may likely undergo structural and surface changes when under reaction.
This could influence parameters such as the basicity, particularly given that coking is known to occur
in the reaction. Given that under reaction conditions 50 wt.% of the substrate feed is water, it could
induce a degree of rehydration of the catalysts surface to produce OH" groups. Hydroxylation of
oxide catalysts is commonly investigated as it can affect basic catalysts activity.® Hydroxyl groups
on MgO are can occur via the heterolytic dissociation on low coordinate Mg* - 0% pairs by
protonating the 0% and hydroxylating the Mg*".1®* MgO(100) faces are not expected to dissociate

21

water,2%22 corner and edge O% sites are more likely.?! MgO_650 may exhibit less easily
hydroxylated sites due to its differing morphology, this is also indicated by DRIFTS which show a
lower proportion of strong sites (attributed to low coordinated corner and edge sites).
Hydroxylated sites are important as can influence the stabilization of molecules on the catalyst
surface and promote condensation.’®. To investigate which catalysts dissociate water readily upon
their surface, reactions were conducted using D,0 rather than H,O as a feed diluent. Interestingly,
a large kinetic isotopic effect (KIE) was observed over the MgO_450, MgO_550 and MgO_750
catalysts. MgO_650 was only marginally affected. Evidently, water was important for the activation
of glycerol over the MgO catalysts, where KIE were observed. It was hypothesized that this could
be attributed to the ease by which water is dissociated over these catalysts, under reaction
conditions. This may be due to the base site distribution observed via DRIFTS. There seemed to be
a trend between the samples affected by the presence of D,0, morphology, higher proportion of
strong sites on the fresh catalyst and the lower CMBs observed. It is also proposed that OH- species

formed in-situ influence glycerol activation and condensation reactions, possibly by stabilizing

reactants upon the surface.

Coking may also play a part, MgO_650 exhibited a higher degree of coking at 360 °C. Coking may
influence the basicity by blocking sites. During the pre-treatment stage of the reaction MgO_650
coke and CMB increased over time. MgO_450 however saw decrease in CMB with increasing coke.
This may indicate that the sites preferentially blocked over the catalysts vary. Carbon, in the form

of coke, can potentially block basic active sites which in turn, can influence the catalyst surface in-
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situ.> MgO_650 exhibited a higher degree of coking, which was determined by analysis of the post
reaction catalyst by TGA. The blocking of sites by coke could affect the site distribution and result
in MgO_650 having a lower total basicity under reaction conditions than MgO_750. This could help
explain its lower activity and higher CMB. How coke builds up during the reaction and if it blocks
basic sites was investigated. Analysis of MgO_450 and MgO_650 during the first 2 hrs 15 mins was
undertaken. It was found with analysis of the post reaction catalysts, that after the pretreatment,
the main CO, TPD peak indicating basicity was almost entirely removed. This is likely due to
formation of coke on the surface. After the full reaction run a small peak had recovered. This
indicates that the basicity observed in CO, TPD and DRIFTS is likely not representative of the in-situ
conditions during collection. The reason for the higher coking, however, remains unclear. It is
expected that higher initial basicity samples would coke more, especially if they promote
condensation reactions. A higher number of strong sites would more strongly chemisorb
constituents onto it; however, the proposed hydroxylation of the strong sites may inhibit this. It
may be a combination of initial basicity and the morphological differences that cause this. However,
none of this is currently confirmed, further investigation into these characteristics is needed. In-situ

reaction analysis of MgO basic sites would be highly desirable but potentially difficult to perform.

Following this insight, the experimental conditions were changed to analyze the catalysts
performance at different stages of the reaction. Parameters such as temperature and contact time
were changed. The early stage of the reaction was first investigated to see how the intermediate
product distribution varied over the catalysts. Selectivity at low conversion could be important in
understanding why the catalyst behave differently at higher conversion, high levels of certain
products and intermediates may explain why catalyst produce HWMP. Reactions were performed
over the catalyst with a low temperature of 320 °C and 0.1 g of catalyst to try and achieve a low
conversion. The decrease in contact time and reduction of temperature resulted in conversions
below 10 %. MgO_650 exhibited the lowest of only 5 %. Under these conditions there was not a
noticeable difference in CMB. All achieved 100 %, this indicates that higher temperatures, contact
time and conversion may be needed for the promotion of condensation reactions. Interestingly the
product distributions of the samples were significantly different even with similar conversions. This
shows that the samples direct the reaction in different ways. Unknowns were more prominent over
the higher temperature treated catalysts. These are thought to be both a mixture of intermediates
to quantified products and possibly the initial condensation products, before undergoing several

subsequent additions.
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Further reactions investigating catalyst mass and contact time were conducted at 360 °C for both
catalysts. Increasing the contact time with 2 g of catalyst led to a very low CMB with MgO_450 of
40 %, whereas the CMB observed over the MgO_650 catalyst was maintained at 98 %. This indicates
that high contact times are likely to further promote condensation reactions over the MgO_450
catalyst. Evidently, the MgO_650 catalyst does not possess the properties which facilitate these
transformations. Further reactions investigated small amounts of catalyst. It seems that changes in
catalyst mass were not linear with conversion; the conversion of glycerol per gram of catalyst was
the highest at 0.05 g of catalyst. Further increases in catalyst mass increased the conversion but
resulted in a lower efficiency per gram. This could be due to the concentration of glycerol
decreasing as the conversion goes up, this can result in rate of conversion decreasing as there is
less glycerol to convert. Other issues such as with substrate diffusion onto and across the surface
of the catalyst could explain this, but this is difficult to evaluate under the conditions used here,
typically below 30 % conversion would be needed. Other reactions investigating a low wt.% of
glycerol found that water and low concentration of substrate helped inhibit production of HWMP
over the catalysts. MgO_450 achieved a higher CMB (83 %) even with a higher conversion and

temperature used. However, this was still significantly lower than MgO_650.

To see how the MgO_650 product distribution changes with temperature and conversion, reactions
were performed over MgO_650 at a range of temperatures. Temperatures used were 320, 360, 400
and 440 °C. A main aim was to see if MgO_650 could achieve a high CMB through a range of
conditions. This could deduce whether the high CMB was a consistent characteristic of the catalyst
or condition specific. CMB remained high, there was a small drop at 440 °C to 94 % which may be
due to increased fouling. Products changed with temperature. Acetaldehyde increased from 10.6
% to 27.4 % over the range. Acrolein also increased to 16.4 % from 11.7 %. Intermediates decreased
with temperature increase. Hydroxyacetone selectivity decreased from 31.5 % to 16.5 %.
Interestingly methanol gave the best yield and selectivity of 13.4 % and 122 g h kg h™ at 400 °C.
This decreased at 440 °C to 9.7 % and 105 g h™ kg h™*. Potentially due to decomposition over
MgO.24%

Ultimately, the MgO_650 exhibited higher product yields (including methanol) compared to the
other catalysts in the series. This indicates that higher yields to useful products can be obtained by
improving the CMB. While the STY to methanol is not as high as previous experiments using MgO,
the overall yield of all useful products is high. The removal of catalyst features that promote the
unwanted side reactions does not detrimentally impact the methanol yield. It is thought that this is

likely related to the distribution of basic sites on the fresh MgO surface and their preference for
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coking or hydroxylation under reaction conditions. Catalysts that initially exhibit a higher proportion
of strong sites seem to dissociate water more prominently. This may result in more hydroxylated
sites. Hydroxylated sites may help stabilize reactants leading to higher activity and condensation
promotion as Fan et al, suggests.’ Hydroxylation of the stronger sites may lead to them not coking
as much . More coking also seems to lead to a decrease in sites that promote condensation
reactions. The responsible initial basic site distribution seems to be linked to morphology, the
samples with the hexagonal platelets yielded a higher degree of initial strong sites, possibly due to

less exposed (100) plane on the surface.

5.1.2 Chapter 4 Mechanistic studies using intermediate products of the valorisation of glycerol over

MgO

The primary aim of Chapter 4 was to explore the different reaction pathways which occur over
MgO. This was done by conducting reactions from significant reaction intermediates which are
formed in the reaction from glycerol. It was thought that to achieve higher yields of useful products
such as methanol, a better understanding of the reaction pathways was required. Understanding
which characteristics favored the promotion of certain routes could lead to improved catalyst
design. From our previous work, several primary reactions pathways have been confirmed over
MgO catalysts.*® The double dehydration of glycerol can lead to acrolein. Two routes have been
proposed which can yield methanol. Firstly, dehydration followed by a tautomerization to
hydroxyacetone, followed by a subsequent radical fragmentation (Figure 1). This may be significant
as hydroxyacetone is a major product, usually seen with 20 — 30 % selectivity in reactions from

methanol.
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Figure 1. Glycerol to methanol through dehydration to hydroxyacetone proposed pathway. Red

arrows: route to methanol. Black arrows: side reactions.
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The second primary route is more direct and proceeds through the C-C cleavage of glycerol,
resulting in the formation of a methanol radical and an ethylene glycol radical (Figure 2). The latter
can proceed via loss of a hydrogen atom, resulting in enediol and its tautomeric pair;
glycolaldehyde. Glycolaldehyde can undergo fragmentation to an acetyl and another methanol
radical. Therefore, this route could lead to the formation of two methanol radicals. Therefore,
understanding how this second homolytic C-C cleavage occurs, has the potential to significantly

impact the yield of methanol which can be produced from glycerol.
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Figure 2. Glycerol to methanol radical fragmentation to ethylene glycol proposed pathway

For this reason, hydroxyacetone and ethylene glycol were used as substrates in reactions over MgO.
The catalysts used for these experiments, were the same as those produced and characterized in
the previous results chapter (Chapter 3). The reactions were carried out with 10 — 50 wt.% of the

substrate in water, under comparable reaction conditions.

Firstly, experiments were conducted using hydroxyacetone as an intermediate. Previous work,
presented in Chapter 3, indicated that hydroxyacetone was relatively stable. At 50 wt.%, 440 °C,
there was still a selectivity of 16.5 % to hydroxyacetone over 0.5 g MgO_650. This was only reduced
to low levels when using a low concentration of glycerol of 10 wt.% and 440 °C to give 1.8 %. When
using 50 wt.% hydroxyacetone over the MgO_450 catalyst, the conversion was higher (16 % - 33
%). In the contrary, the MgO_650 catalyst was far less active; it converted less than 1 % of the feed
at 320 °C, 1 % at 360 °C and only 21 % at 400 °C. Of the catalysts tested, the MgO_750 catalyst was
the most active overall; it achieved hydroxyacetone conversions of 18 % at 360 °C and 64 % at 400

°C. There was no trend between hydroxyacetone conversion and basic site concentration, or SA
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observed. In all reactions, acetaldehyde was determined to be the most dominant product. The
catalysts exhibited 45 — 47 % selectivity to it at 400 °C. Unknowns were also very prominent at low
temperatures, with the MgO_450 catalyst exhibiting a selectivity to unknowns of ca. 44.9 %.
Selectivity to methanol was negligible remaining below 2 %. This indicated that the formation of
methanol from hydroxyacetone was unlikely to be a prominent pathway for methanol formation
from glycerol. Interestingly, a similar trend in the CMB over the different catalysts was observed in
these reactions, compared to the reactions conducted from glycerol. The MgO 450 catalyst
exhibited the lowest CMB, which decreased with temperature. In the contrary, over the MgO_650
catalyst, a CMB of 98 % was observed at 400 °C. This could suggest that the losses in CMB, observed
in the reactions from glycerol, could originate from the formation of hydroxyacetone, and the

subsequent reactions it undergoes.

Acetaldehyde has been a suspect for undergoing the proposed condensation reactions to HWMP
which can result in loss of CMB. It was the dominant product in the hydroxyacetone experiments
and high selectivity was associated with low CMB. To investigate this acetaldehyde in He was tested
in the presence of water over MgO_450 and MgO_650. The key parameter here was the CMB. The
partial pressure of acetaldehyde was made up to be representative of the concentration observed
in typical 360 °C 50 wt.% glycerol reactions. MgO_450 exhibited a CMB of 70 % and conversion of
30 %. MgO_650’s activity was negligible with no drop in CMB. Under these circumstances this may
indicate that MgO_450 can produce at least some of its condensation HWMP from acetaldehyde
self-condensation. This further indicates that MgO_650 is inactive for this kind of reaction. Of
course, again this is an extreme simplification, a significantly lower concentration and restricted

range of chemicals are present compared to the glycerol reactions.

To see if ethylene glycol would preferentially convert to glycolaldehyde and undergo
fragmentation, reactions using Ethylene glycol as the substrate were subsequently conducted. This
was done at temperatures between 320 °C to 440 °C. The conversion of ethylene glycol was
generally higher than that observed for hydroxyacetone. Again however, there was not a clear
trend between substrate conversion and catalyst properties. At lower temperatures of 320 - 360
°C, the MgO_650 catalyst exhibited the highest activity. However, at 400 °C and 440 °C, the
MgO_750 and MgO_450 were determined to be the most active, respectively. Conversion was low
at 320 °C but increased to 31 — 36 % over the MgO_450 and MgO_650 at 360 °C. At 400 °C, a
marginal increase in activity to 40 % and 47 % was observed. Further increases in conversions are
occurred at 440 °C, where 78 % and 68 % were observed over the MgO_450 and MgO_650 catalysts,
respectively. The observed CMBs in these reactions was determined to correlate with reaction

temperature. At 320 °C the MgO_450 and MgO_650 both exhibit a CMB of 99 % +. This decreased
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significantly to 76 % over the MgO_450 catalyst but was less influenced by the MgO_650 catalyst
(95 %). Conversion of ethylene glycol can be associated with drop in CMB. This may be due to the

higher production, and subsequent reaction, of its products such as acetaldehyde.

There were also several unexpected products in the ethylene glycol reactions. Ethanol was a
significant product. Selectivity was 14.6 % - 31.1 % over the catalysts. This was unexpected as
ethanol is only seen in negligible quantities from glycerol. Ethanol may form through
hydrogenolysis. This would require a source of H,, possibly from in-situ from aqueous phase
reforming,??’ or methanol decomposition.?#?> Hydroxyacetone and 1,2-propanediol were also
produced. This would require a C-C coupling reaction. The selectivity to methanol increased from
9.5 % - 14.2 % with MgO_450 and decreases from 14.7 % to 11.8 % with MgO_650 over the
temperature range. This selectivity was significantly higher than with hydroxyacetone and
comparable to glycerol experiments. However, if this was the primary route to methanol it would
be expected to be significantly higher. The STY is also still low compared to the glycerol
experiments. This indicates that it is also not the primary route to methanol. Therefore, the initial

homolytic cleavage of glycerol is expected to yield the majority of the methanol.

5.2 Further work

Insight on the complex chemistry that takes place in the gas phase valorisation of glycerol has been
achieved. It has been deduced that decreases in CMB are likely due to formation of HWMP. It is
proposed that this is due to the basic site distribution effecting things such as in-situ hydroxylation
and coking. Coking seems to block sites responsible for HWMP formation. It is theorized that
hydroxylation seems to help promote glycerol activation, prevent coking, and stabilize potential bi-
molecular reactions. This hydroxylation may occur more prevalently over strong edge and corner
sites which are expected to be basic enough to dissociate water. Avoiding these HWMP forming
condensation reactions to obtain high CMB is of paramount importance; as the results for MgO_650
indicate; that high CMB results in higher yields over the range of products. It is also proposed from
the experiments using intermediate substrates that the preferential route to methanol is likely the
initial cleavage of glycerol more so than the cleavage of glycolaldehyde. Hydroxyacetone cleavage

is not expected to be responsible for significant amounts of the obtained methanol over MgO.

Despite this, much more development is still required if the glycerol to methanol process is to be
considered viable at an industrial level. The conversion of gaseous glycerol to methanol over MgO
is a complex reaction. It requires several steps and can proceed down multiple pathways; this
results in many opportunities for side reactions and by-products. One of the primary undesirable

side reactions is the formation of HWMP through condensation reactions. While some progress has
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been made on suppressing these reactions, a more detailed understanding of the catalysts
physicochemical properties which promote these are required. A priority going forward would be
develop a further understanding of what the currently detected unknown products are. A first step
here is investigating possible candidates of early-stage condensation reactions. These could include
initial molecules from acetaldehyde or aldol condensation discussed in chapter 3, that would be
detectable via our GC method. Acetaldehyde self-condensation is expected to yield initial products
such as 3-hydroxybutanal, crotonaldehyde, 2,4 hexadienal, 2,4,6 octatrienal and tolualdehyde.
These could be injected into GC and/or GCMS and compared to the chromatograms to see if they
match any of the unknown peaks. Solutions of known quantities could then be used to calibrate for
them. If these are a significant proportion of the detected unknowns at low conversion reactions,
it may help reinforce that condensation reactions are responsible for HWMP. For larger potential
products further analysis of the mass spectrum from LCMS could be performed to try and identify

major constituents.

The selectivity and STY to methanol is still fairly low and there is significant room for improvement.
Currently the product range is extensive, consisting of many identified and unidentified products.
On an industrial scale, this would make separation and purification difficult and likely costly. If the
products could be concentrated into a few major desirable compounds such as lower alcohols, the
reaction mixture could possibly be used as a fuel blend.?® Of the catalysts prepared in the study,
the MgO_650 catalysts achieved a higher CMB and higher yields of methanol. Despite this, it still
compares poorly, in terms of methanol STY, to the previously established MgO and CeO,
catalysts.>?932 Further work should focus on improving the methanol STY while maintaining the
high CMB. While not explored within this thesis, significant work has been performed on the use of
Ce0; as a catalyst within the research group.?32 The best performing CeO, was found to yield up
to 201 g h* kg?, at 400 °C and 15 mL! min? Ar.?® The CeO, sample exhibited a polyhedral
hydrothermally produced nanostructure quite different to what we have seen with MgO. However,
it only exhibited a CMB of 67 %. The MgO_STD used 400 °C and 50 mL*min* Ar gave 205 g h™* kg*
with 77 % CMB.° This is significantly higher than seen with the MgO catalysts that have been
discussed here. When using 0.5 g, up to 122 g h'* kgt at 400 °C and 50 mL* min Ar was achieved
but with 98 % CMB. It would be interesting to investigate into mixing the polyhedral CeO, or MgO
catalysts with high CMB achieving MgO_650 or producing mixed metal oxides. MgO_STD is made
similarly to MgO_450 but with a 24 hr initial calcination. This produces a catalyst that is significantly
more selective to methanol resulting high yields. An important step would be to make this catalyst

but with a higher heat treatment temperature of 650 °C. This would hopefully combine properties
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obtained from the long calcination time with the properties obtained from a 650 °C treatment

temperature.

Other preparations of MgO could be explored, heat treating at 650 °C but changing the initial steps
could be experimented with. As mentioned, it has been demonstrated by Smith et al.?® that the
morphology of CeO, was important and could significantly change catalyst performance for this
reaction. Previously discussed in Chapter 1 there is a variety of established ways to produce
morphological controlled samples of MgO such as nanorods, cubes,®* and trapezoid samples.>

1,26 hydrothermal

There are many different techniques to explore with MgO synthesis such as sol ge
surfactant controlled,?”® supercritical methods.3* and simple decomposition of different
precursors.3 Changing the morphology can affect the reaction in many ways, for example it could
change the degree of different crystal planes exposed. As mentioned, the MgO (100) plane is
unlikely to be dissociate water compared to edges and corners, which can influence the activity.
This may be tuned by trying different morphologies. This wide range of ways to produce MgO

means that other characteristics such as basic site distribution and porosity could potentially be

significantly changed and investigated.

Characterization of the catalyst and product analysis under reaction conditions is likely hugely
important for development of this process. As demonstrated catalyst characteristics can change
under reaction conditions but are only analyzed ex -situ and as such much of the characterization
performed may not be representative of the catalysts in the reaction. This has resulted in difficulty
defining direct trends between the physiochemical properties of the catalysts and the reaction
results. In-situ analysis would be crucial to define definitive trends. It is noted in previous chapters
that basicity is important, but it is indicated from coking results, D,O experiments and post reaction
TPD that the basicity of the samples change under reaction conditions. However, it is difficult to
perform in-situ analysis of the catalyst surface due to the reaction conditions and products. In-situ
XRD could potentially be used. Analysis of diffraction peaks under reaction conditions could
potentially reveal if the catalyst is hydroxylated to a high degree and how coking changes over time.
The changes of diffraction peak intensity may show on what planes the coke may preferentially
adsorb t0.%° Post reaction catalyst coking could be further investigated by Raman spectroscopy.*
Solid state nuclear magnetic resonance (SSNMR) spectroscopy has applications in acidic and basic
site analysis as well.*? With use of the right apparatus, in-situ continuous flow conditions can be
performed in SSNMR with probe molecules under temperature. Organic species can be
differentiated by their characteristic resonances. 1*C magic angle spinning (MAS) spectra has a large
chemical shift range of more than 300 ppm.*® This allows for many species to be identified.

Klinowski et al.** investigated the methanol to gasoline reaction and identified 29 species and
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monitored their progress on ZSM-5 surfaces. NMR can be used quantitatively so the concentrations
of compounds throughout the reaction period can be determined.* This process does require *C

enriched reagents however.

The analysis of products in this thesis was done post reaction and collection. It could be possible to
arrange onstream analysis of products, where samples could be taken directly from the reactor
periodically during reaction and analyzed by GC. Online mass spectrometry could also be employed
to analyze HWMP in the reaction stream. This would allow for a better understanding of the

chemistry and how it changes over time.

Chapter 4 helped elucidate how the different intermediates may react over MgO, it indicated that
the ethylene glycol pathway via C-C cleavage may result in more methanol than they dehydration
to hydroxyacetone route. However, it also showed how complex the reaction is, there is likely
interchange between the pathways and unexpected interactions. Carbon labelling experiments
could play a role in further elucidation of the mechanism. Use of substrates such as different
positioned 3C labelled glycerol could help analyze the pathway of individual C atoms in glycerol
when identifying them in the products. It should be possible to identify whether methanol is
produced preferentially from the C1 or C2 position. The hydroxyacetone pathway may be expected
to produce preferentially from a C1 position. The homolytic fragmentation to ethylene glycol may
produce one methanol from a C1 position, the subsequent glycolaldehyde fragmentation to give a
C2 labelled methanol. Using labelled hydroxyacetone it may be possible to confirm the proposed
mechanism to 2,3 butanedione by level of incorporation of 13C. As the conversion of ethylene glycol
and hydroxyacetone only yielded low amounts of methanol, glycolaldehyde cleavage is not
expected to be the primary route. Therefore, in accordance with our reaction scheme it is likely
obtained through the initial homolytic cleavage of glycerol which would appear as C1 labelled. If
this is the case designing catalysts that could promote this type of reaction may be the next step.
The use of cracking catalysts could be used, however in previous studies this has not yielded
methanol from glycerol. Primarily acetaldehyde and acrolein are produced from acidic zeolite

catalysts.*®

The results presented in this thesis and other work within the research group indicate that glycerol
to methanol over MgO is a highly complex process. The reaction mechanism exhibits a wide range
of possible side products. MgO catalyst characteristics have been shown to be very important in
directing the reaction. However, there is many competing factors, with basicity, conversion,
morphology, and crystallinity possibly producing different effects. This makes it difficult to discern

the exact properties that are desirable for productive catalysis. The ability of MgO_650 to obtain a
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high CMB is of significant benefit, it reduces the production of unusable side reactions significantly
compared to other catalysts. This behavior is observed over a wide range of reaction conditions.
The ability for a catalyst to obtain a high CMB over all conditions is a significant advance in this
reaction over MgO. This is crucial and results in an overall high yield of usable products such as
methanol, acetaldehyde and 1,2-propanediol and hydroxyacetone compared to reactions which
obtain a lower CMB. These could possibly be separated for use. Reaction conditions can have
significant impact on catalysis results and are key along with catalyst characteristics to obtain high
yields. The results may be of use in understanding the chemistry that occurs with glycerol over other

catalysts and how other polyols may interact with MgO.
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Chapter 6

Appendix

6.1 Norrish type 1 like radical fragmentation
Haider et al, stated that the type of radical fragmentation hydroxyacetone and glycolaldehyde can
undergo are similar to a Norrish type 1 process. This reaction involves a C-C bond cleavage between

the a carbon of either ketones or aldehydes. 13

6.1.1 Hydroxyacetone
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6. 2 Chapter 2

6.2.1 GC organic species example calibration curves
Examples of GC calibration curves are shown below. All analytes were calibrated for using the same
method.
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Figure 1. GC calibration for glycerol using cyclohexanol as an external standard.
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Figure 2. GC calibration for acetic acid glycerol using cyclohexanol as an external standard.
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ethylene glycol
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Figure 5. GC calibration for ethylene glycol using cyclohexanol as an external standard.
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Figure 6. GC calibration for methanol using cyclohexanol as an external standard.
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6.1.2 CO; TPD calibration curve

3000

y = 274.65x
R? =0.9999

2500

2000

[y
w
o
o

peak area a.u

iy
o
o
o

500

0.0 2.0 4.0 6.0 8.0 10.0 12.0
CO2 p moles

Figure 7. CO; calibration curve for TPD experiments. Peak areas obtained by injecting different

quantities of reactant gas. TCD set to 180 mV.

6.3 Chapter 3

6.3.1 Isotherms of Heat treatment temperature varied MgO.
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Figure 8. N, sorption isotherm for MgO_450
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Figure 9. N, sorption isotherm for MgO_550.
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Figure 10. N, sorption isotherm for MgO_650.

215

1.2

1.2



MgO_750

70

w BN vl
o o o

volume @ STY (cm3 g1)

N
o

10

0 0.2 0.4 0.6 0.8 1 1.2
P/P,

Figure 11. N, sorption isotherm for MgO_750.

6.3.2 XRD patterns of different stages of catalyst preparation
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Figure 12. XRD patterns for (a) commercial Mg(OH),, (b) MgO after calcination at 450 °C for 2 h,
(c) Mg(OH), after refluxing in water and drying at 110 °C for 16 h.
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6.2.3 Mass spectrums from MgO LCMS
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Figure 13. LC-MS mass spectrums selection corresponding to the post reaction solution of a
reaction run over MgO_450. Detection parameters are fixed at 100 - 1000 m/z. Retention time
mins; (a) 1.016 (b) 1.113 (c) 1.622 (d) 2.148 (e) 3.036 (f) 3.939 (g) 4.536 (h) 4.734 (i) 4.897 (j) 5.537
(k) 5.931 (l) 6.037 (m) 7.803. Reaction conditions: 360 °C, glycerol flow (0.016 mL min-1), 0.5 g
MgO, 50 mL min-1 Ar, 3 hours.
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6.3.4 Coking of post reaction catalyst - TGA
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Figure 14. Thermogravimetric analysis of MgO_450 showing mass loss (black) and heat flow (red

dashed line) after reaction at 360 C with 50 wt.% glycerol.
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Figure 15. Thermogravimetric analysis of MgO_550 showing mass loss (black) and heat flow (red

dashed line) after reaction at 360 C with 50 wt.% glycerol.
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MgO_650
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Figure 16. Thermogravimetric analysis of MgO_650 showing mass loss (black) and heat flow (red

dashed line) after reaction at 360 C with 50 wt.% glycerol.
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Figure 17. Thermogravimetric analysis of MgO_750 showing mass loss (black) and heat flow (red

dashed line) after reaction at 360 C with 50 wt.% glycerol.
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6.4 Chapter 4

6.4.1 Unknown GC peaks hydroxyacetone
Table 1. Number of separate unknown GC peaks. Reaction conditions: 320 - 400 °C, 50 wt.%

hydroxyacetone, 0.016 mL min, 0.5 g catalyst, 50 mL min?Ar. 3 hours.

320°C 360 °C 400 °C

MgO_450 | 31 39 28

MgO_650 | 34 38 22

6.4.2 Unknown GC peaks ethylene glycol

Table 2. Number of separate unknown GC peaks. Reaction conditions: 50 wt.% ethylene glycol in
water, 320 °C - 440 °C with 0.5 g catalyst. 0.1 mL min* 15 mins, 0.016 mL min™2 hours, 0.016 mL

min 3 hours collect. 50 mL min Ar flow.

320°C 360 °C 400 °C 440 °C
MgO_450 20 24 31 68

MgO_650 16 22 54 67
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6.4.3 25 %/25 % Ethylene glycol/ glycerol reaction results

Table 3. Reaction conditions: 25 wt.% ethylene glycol 25 wt.% ethylene glycol in water, 400 °C -

°C with 0.5 g catalyst. 0.1 mL min115 mins, 0.016 mL min12 hours, 0.016 mL min 3 hours collect.

50 mL min Ar flow.

6.5 References
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acetaldehyde 27.7
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allyl alcohol 1.2
cyclopentanone 0.8
hydroxyacetone 19.8
3-ethoxy-1-propanol 0.0
acetic acid 1.8
Glycidol 0.6
propionic acid 0.2
1,2-propanediol 4.3
unknown(s) 7.8
ethylene glycol 0.0
1,3-propanediol 0.7
phenol 0.0
co 2.8
co2 2.9
Glycerol conversion 87
Carbon balance 49
MeOH carbon selectivity 16
MeOH STY g hl kg h! 77
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