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Abstract

In order to reduce reliance on fossil oil, and it’s associated problems, there is a need to develop new
platform chemicals, fuels and products, in a sustainable way, from biomass. In this thesis the
catalytic upgrading of fatty acids, derived from the lipid fraction of biomass, through deoxygenation

reactions is studied.

Chapter 1 reviews the general area of catalytic upgrading of biomass into biofuels and
bioproducts. The history and motivation for alternative sources of fuels and materials are
introduced, followed by a summary of the reaction processes currently utilised for biofuels and
bioproducts production. It is shown that the demand for alternative fuel sources initially led to the
mass commercial production of ethanol, via fermentation of sugars, and biodiesel, through trans-
esterification of lipids present in vegetable and algal oils. A selection of the catalysts and
mechanisms for trans-esterification reactions is reviewed and, following an outline of the fuel
properties and processes, an evaluation of “green diesel” production is given, whereby fatty acids
are converted directly into hydrocarbons through decarboxylation reactions.  This review
culminates in an analysis of alternative conversion of fatty acids into long chain ketone bioproducts,

namely ketonic decarboxylation, which details the catalysts and processes involved to date.

Chapter 2 describes the analytical methods utilised in this thesis to investigate
heterogeneous catalysis of biomass conversion, along with the relevant background theory and
describes the type of data that can be obtained using the techniques. The techniques include powder
X-ray diffraction, thermogravimetric analysis, scanning electron microscopy, inductively coupled
plasma optical emission spectroscopy, surface area analysis, Hammett basicity, elemental analysis,
Fourier-transform infra-red spectroscopy and gas chromatography.

Chapter 3 introduces a class of materials known as layered double hydroxides (LDHs) of
general formula M*; ;M**x (OH)2]™ (X" )gn-yH20. The ease with which these mixed oxide
materials may be prepared offers significant scope for the variation of the metal cations; the
M?*:M** ratio (denoted R-value); the counter anion(s); and crystal morphology. These LDHs
consist of positively charged layers, with negatively charged counter-anions and water residing in
the interlayer. A review of the commonly used synthesis methods for LDHs is given, along with
the advantages and disadvantages associated with each method. Following this, the synthesis of the
Mg-Al LDHs and their calcined counterparts, mixed metal oxides (MMOs) (for R-values 1-6) via a

readily scalable co-precipitation (CoP) and a more environmentally-friendly co-hydration (CoH)
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route is described. A range of techniques, outlined in chapter 2, are utilised to study the LDH and
MMO crystal and chemical structures, surface topography, surface area, pore volume and relative
basicities. The crystal structures of two of the CoP-LDHs were refined to the 3R-polytype using
DICVOL,* however the other LDHs were not significantly ordered and could not be refined. Upon
calcination from LDHs to MMOs, the interlayer counter-anions and water are lost, along with the

layered structure, leading to a commensurate increase in surface area and pore volume.

In chapter 4, investigations undertaken to deoxygenate stearic acid, a free fatty acid model
biomass compound, are described. As a catalyst, 5 % Pd/C was used, adapting a method found in
the literature.? These reactions were undertaken at 230 °C, with decarboxylation of stearic acid
producing straight-chain n-heptadecane at up to 58 % conversion by gas chromatography analysis.
However, in this study, issues arose due to catalyst instability and an ensuing loss of catalyst

activity was observed.

In chapters 5 and 6, to increase catalyst stability and recyclability, while also reducing costs
relative to the Pd/C catalyst used in chapter 4, (due to the use of precious metals), LDHs and their
calcined derivatives, MMOs, were utilised for deoxygenation of the model stearic acid biomass.
Thermal reactions of stearic acid controls, without catalyst, were not observed to occur, however,
stearic acid conversions between 83-97 % at 250 °C were observed to occur with both LDH and
MMO catalysts. However, unlike the Pd/C reaction, no decarboxylated product was evidenced and,
instead, a waxy solid formed, which was subsequently analysed and found to be the ketonic
decarboxylation product, stearone. A protocol was developed to separate the stearone from the
catalyst. Gas chromatography analysis showed the LDH and MMO materials catalysed the
conversion of stearic acid to a similar degree, allowing for the error within the extraction and
analysis processes employed. The reasons for similarity in reactivity are discussed, and it is
suggested that an intermediate state of catalyst is present in the reactor.

Comparing synthesis methods, the CoH materials were as effective as their CoP
counterparts, despite the presence of Mg(OH), secondary-phases. Within the LDH phases, an
indication of catalytic dependence on pore size was also recorded, with the smaller pore-sized
materials leading to lower conversions of stearic acid, resulting from the bulky size and required
head alignment of the long-chain fatty acid molecules. In terms of control reactions, calcined MgO
led to 90 % conversion of stearic acid to stearone, however very little reaction occurred with
uncalcined MgO (0.5 %) and zero reaction with the acidic Al,O3 (both uncalcined and calcined).

Hence activated MgO is also an effective catalyst for ketonic decarboxylation.



Chapter 7 summarises the results and discussion given within this thesis, highlighting the
milestones achieved such as the first ketonic decarboxylation reactions involving MMO catalysts
and concluding that LDHs and MMOs catalyse the conversion of stearic acid via ketonic
decarboxylation of free fatty acids to high value ketones, to a similar degree, within the associated
errors. In addition the LDH synthesis method employed does not play a significant role in the
degree of catalysis, resulting in the recommendation that the more environmentally-friendly co-
hydration synthesis method should be employed for the catalyst involved in the conversion of
stearic acid derived from biomass. The MMO catalysts were found to behave akin to the calcined
MgO material during the ketonic decarboxylation of stearic acid, while the catalytic reactions
involving LDH catalysts were potentially involving the interaction of their interlayer anions and

cations. Finally, a summary of additional work for further developing this process is discussed.
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1 Catalytic upgrading of biomass into valuable bio-products

1.1 Introduction

The discovery and use of fossil-based hydrocarbons has transformed the economies and
infrastructure of societies and nations. Until recently, the cost of oil had decreased, so supplies were
readily available and inexpensive; no longer was it the rich-few who could afford to use this energy
source and the technology required to access it. However with the consumption of crude oil
increasing by around 1 million barrels (bbl) of oil daily,®and known reserves estimated to last only
another 120 years,* prices have rapidly escalated over the last decade. In 2011, globally, 83.6
million barrels of oil were produced daily at an average cost of £72 ($111) per barrel, which equates
to a market of £6 billion/day for 509759 TJ of equivalent energy.* Owing to crude oil being a finite
resource there is a pressing need to develop alternative fuels and products that are compatible with
existing technology, rather than develop wholly new materials that require the costly and time-
consuming complete replacement of current infrastructure.” Alongside the challenge of sourcing
alternative-to-fossil materials, are the issues of the production processes required for these and the
manufacturing-sustainability.® Within this context, the processes and catalysts utilised to produce
alternative materials and feedstocks also need to be environmentally friendly, as well as the final
products.” ® The energy required for a chemical reaction can be reduced through use of specific
catalysts, which provide alternative, lower energy, reaction pathways. The energetic advantages of
using an effective catalyst in a chemical process are illustrated using the generic catalysed-reaction

energy-profile shown in Figure 1.1.

1.1.1 Alternative feedstock sources for chemicals - history and motivation

The use of bio-products and biofuels are by no means a modern idea, with over a century ago,
Rudolph Diesel inventing an engine which initially ran on peanut oil.° It was not until many years
later that crude oil-based diesel, being at the time cheaper, became the preferred alternative.

Biofuels have historically been used in times of shortage, for example during periods of conflict and
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civil unrest. During the first half of the 20" century a great deal of research was carried out into
renewable and bio-based materials, these studies were collectively known as “chemurgy”.'® In the
past, ethanol was blended with petrol, however as bio-based materials and their associated
processes were more expensive than their fossil counterparts, this was not pursued on a large
commercial scale. In more recent times, the cost to the environment has also been taken into

consideration, as well as the short- and long- term availability of feedstocks.

Transition state

Activation energy, E,
without catalyst

Activation energy,

Energy E, with catalyst

AG, the overall energy
released during reaction

Reactants

Products

Reaction progress

Figure 1.1 Generic energy-profile for a reaction involving conversion of reactants to products, showing the
lower activation energy, E,, required for the catalysed reaction over the uncatalysed reaction, due to the lower-
energy transition state involved.

Currently, industry and transport infrastructure across the developed world are inherently
based on fossil fuels derived from crude oil. Crude oil is becoming a costly and increasingly
unsustainable source of energy, which is linked to the phenomenon of global warming, where
carbon dioxide acts as a ‘‘greenhouse gas’’ in the atmosphere, raising global temperatures.* For
example, globally, 2005 was the warmest year on record, to then, throughout all 12 months.*?
Rising levels of greenhouse gases have equated to a 30 % increase in radiative forcing (the
difference between radiant energy received by Earth and radiant energy exiting Earth) since 1990.
There is an increasingly recognised need to slow down this warming trend for the wellbeing of

future generations, and to reduce the warming effects on Earth.**
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Using natural, biological resources, solar energy can be captured by plants, via
photosynthesis, to convert atmospheric carbon dioxide to biomass, from which biofuels and bio-
products can be produced. These sources are regarded as ‘‘environmentally friendly’’ since they
are carbon neutral - “‘recycling’’ carbon dioxide from the atmosphere, rather than releasing long-
term entrapped carbon as occurs with fossil fuel combustion. Although plants are not as efficient at
converting light as photovoltaic solar cells, their cost of production is significantly less and, unlike
photovoltaic electricity, they can be converted into feedstocks that are compatible with a
petrochemical based society. To put this into numerical context with existing petrochemical

expenditure, 31 billion bbl of oil was produced in 2011, with consumption per region shown in

Figure 1.2.
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Figure 1.2 Daily world barrels of oil consumed by distillate fraction per region in 2011. Data taken from the BP
statistical review of world energy 2012.*

Recently there has been a push towards growing biomass for biofuels and bio-products
across the world. There are various reasons for this, not least the potential for perceived
“‘reduction’” of greenhouse gas emissions and sustainability.™ Biofuels are also lower in sulphur
content compared to their fossil counterparts.® However, recently biofuels have received much

negative press with studies suggesting that many of them, rather than being carbon neutral, may in
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fact lead to greater carbon dioxide and other greenhouse gas emissions, due to changing land use
during their production.'” *® Conversely, other research has shown that certain biofuel sources can
be described as carbon negative in that they lock up more carbon dioxide than is released during
their production.”® Clearly, the type of biomass used as a resource is an important consideration.
There is also ever increasing concern about the use of agricultural land for chemical/energy
generation, rather than food production, for an increasing world population.”® As a potential
solution to this issue, the use of algae (aquatic photosynthetic microbes) as a bioenergy resource has
been suggested since algae does not compete with food for land use or water resources, have highly
efficient yields of oil compounds and it is estimated that such biofuels can be produced for around
$50 bbl,?* with a whole range of high value co-products also delivered such as pigments, health
foods and nutraceuticals.?

Legislation is also a driver of bio-product manufacture. The European Union (EU) set a
target of 5.75 % biofuel content in its member states’ fuels by the close of 2010, and also
recommended that emissions were monitored on non-adapted vehicles.”® The United Kingdom
(UK) government set its own biofuel target of 5 % by volume of total road transport fuel sales by
2010, however it is only achieved 3 % by the period 2012-2013.2* The total estimated amount of
UK agricultural land was 17272000 hectares in 2005, of which 10 % was available for biofuel
growth without adversely affecting food supplies (based on grassland less than 5 years old). To
reach the UK target of 5 % by 2010 1200000 hectares of land were required, which was achievable,
whereas the EU target of 5.75 % would have required 1750000 hectares which was greater than that
currently available.”® Countries producing their own bio-products would have reduced reliance on
other states to provide crude oil, resulting in supply security. Reliance on other nations for supplies
can increase international tensions, and drive up prices through speculation owing to uncertainty of
supply. Bio-product manufacture can also lead to increased support and employment for rural

communities.?
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The world production of biofuels was estimated to be 69 billion litres of fossil based
equivalent in 2011.* The transport sector, including aviation, produces about one quarter of the
UK’s total carbon emissions.”® Road transport contributes 85 % of this, with passenger cars
accounting for approximately half of all carbon emitted by the transport sector. The use of bio-
products has previously been limited due to the high cost of production relative to fossil-based
sources. This is partly due to high feedstock costs, though with rising crude oil prices, biofuels are
becoming an increasingly viable alternative. To mitigate the cost of production the concept of a
biorefinery has been developed, where the losses from one product (e.g. biofuels) can be offset by
the gains of high-value lower-volume co-products, for use in the cosmetics industry for example.?’
This diversification principle could also help to reduce waste in production since a greater
proportion of the biomass would be utilised, if whole biomass is not converted to fuel. For
instance, glycerol is the main byproduct of current biodiesel manufacturing processes. If suitable
processes/conversions of glycerol could make it into a useful commodity, then it would cease to be
just a byproduct, resulting in reduced overall production costs for biodiesel. Example processes
include steam-reforming of glycerol to form hydrogen,®® and pyrolysis of glycerol to produce
syngas, methane and ethane.” Also, glycerol can be used to produce 1,3-propanediol which is a
precursor for fibre synthesis, usually obtained from petrochemical origins.*® With the projected
increase in market demand for bio-based materials, conventional infrastructure would need to be
transformed and as such, some areas such as the seaports of Antwerp and Rotterdam have already
made changes to their infrastructure producing “bio-hubs” to cope with this expected expansion.31

An alternative path to refining parts of biomass not suitable for fuel conversion is to modify
the organism such that more parts can be converted to fuel. Savage et al. recently looked at how
synthetic biology can help the production of modern biofuels. With the current methods of ethanol
production, a great deal of plant biomass (cellulose) is not utilized during refining. Engineered
plants could be used to overcome this, previously resistant to fermentation, utilising new chemical

processes and enzymes to break down carbohydrate sources. Novel fatty acid synthases could be
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produced to build up fatty acid groups via addition of -COCH3 to a chain until the required length
is obtained.*

The remainder of this chapter will focus on reviewing the existing literature for converting
the lipid and fatty acid fractions of biomass feedstock to oxygenated fuels, deoxygenated fuels and

deoxygenated products.

1.1.2 Current transport biofuel sources

Biofuels can be produced from a wide variety of biomass sources, with bioethanol and biodiesel

being the main biofuels currently in commercial production (Figure 1.3).

Ethanol 2001 .
W Ethanol 2011
Biodiesel 2001

Biodiesel 2011
20
I |

North America S. & Cent. America Europe & Eurasia Rest of World Q

Figure 1.3 Ethanol and biodiesel production in 2001 and 2011, measured in tonnes of oil equivalent x 10%. 1
tonne of oil = 1165 litres of oil. Taken from the BP statistical review of world energy 2012*

First generation biofuels are those fuels derived from existing food-based crops. Producing
these fuels leads to competition between food and fuel crops for arable land.®* With nearly 870
million people classed as undernourished worldwide between 2010-2012, this is a source of
potential concern.®* First generation biofuel crops are: sugar crops for bioethanol, such as sugar
cane and sugar beets; starch crops for bioethanol, such as corn and wheat; oilseed crops for
biodiesel, such as rapeseed, soybeans and palm. It has been estimated that biofuels such as ethanol

and biodiesel yield 25 % and 93 % more energy than the energy required in their production,
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respectively, along with 12 % and 41 % reductions in greenhouse gases released during their use,
respectively.®® However, if all current USA corn and soybean farmland were used to produce
ethanol and biodiesel it would only satisfy 6 % of the USA’s petrol and 12% of USA’s diesel
domestic requirements.®> Another key problem is that these crops are also required for food
production. Large quantities of fertilisers are needed, which have environmental impacts in their
own right. As biofuels become more utilised, further sources of biomass are required, such as
Switchgrass,®® which can grow in less productive farming environments and with lower inputs
required, e.g. fertiliser.

Efforts have been made to yield the maximum amount of energy from biomass sources,
rather than just using the accessible oils, and thus reducing waste. Singh et al. have demonstrated
the use of not only the oils of Jatropha curcas to produce biodiesel, but also the use of seed husks,
seed shell and oilcake, resulting in a 300 % increase in the amount of energy released, compared to
using just the oil for biodiesel alone.*” This is an important issue which must be addressed during
biofuel production to ensure that all resources are used effectively, since there is limited land set-
aside for bioenergy production, the process efficiency is of the utmost importance.

There is an emerging interest in use of advanced biofuels derived from non-food based
crops, consisting of cellulosic biomass made up of cellulose, hemicellulose and lignin.®® The
sources of these include Switchgrass, Miscanthus, Willow and also crop residues. These specific
energy-crops do not compete with land explicitly destined for food crops and can be grown in low
quality environments. The main challenge with advanced biofuels is that the initial capital
investment costs are a great deal higher than for first generation biofuels, which can be processed

via more conventional methods.*°

1.1.2.1 Carbohydrate derived products — ethanol

Ethanol produced by fermentation of carbohydrates can be used as a petrol (gasoline) substitute or
can be blended with it. A problem with ethanol as a fuel is that it absorbs water, making it difficult
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to store and transport before use. Ethanol also has a relatively low energy density compared to
petrol and efforts have been made to produce branched higher carbon number alcohols, with higher
energy density, using the microorganism Escherichia coli*® Presently, bioethanol production
equates to 86 % of the total world biofuel production, having nearly doubled in output in the years

2002-2007.°

Table 1.1Conversions for the measurement of oil. ® varies slightly according to oil source and density.

Quantity Equivalence
Barrel 1
Litre 159
Imperial gallon 35
US gallon 42
Metric tonnes ~0.139%

In 2005, Brazil was producing 282 000 bbl of ethanol a day from sugarcane,** and the
United States of America (USA) was producing 260 000 bbl a day from corn (see oil conversion
Table 1.1 for alternative units), although corn requires increased inputs of fertiliser (compared to

sugarcane) and a greater amount of biomass feedstock per bbl.*2

Achieving this output required 3.5
% of the total USA water consumption.”® In view of water and fertiliser requirements, some
countries are beginning to change the energy crops they grow.** It has been found that wheat,
grown in Europe during winter, was more energy efficient when fertilizer was used, with at least 5
times as much energy returned than used during the fertiliser’s own production, packaging,
transport and spreading energies combined.* Contrary to this, it has been suggested that there may
be an increase in nitrous oxide emissions overall, due to the increased use of fertilisers required to

grow crops in the, sometimes, poorer environments.*® Clearly, for any biomass to bio-product

process, a full life cycle analysis must be considered before production proceeds.’
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1.1.2.2 Lipid derived products — biodiesel

Lipids produced by biomass can be upgraded and used as a replacement for diesel-type fuel. An
advantage of biodiesel over fossil diesel is that it is extremely low in sulphur content, thus during
combustion there is a reduction in the amount of SOx produced, which is an acid rain forming
species and leads to other sulphur-based pollutants. The performance of a range of vegetable oil-
based fuels in internal combustion engines has been reviewed by Ramadhas et al., with overall
results comparable to fossil-based diesel.*” Use of straight vegetable oil (SVO) can cause engine
problems in the long term and viscosity problems in colder climates unless engine modifications are
made to preheat the fuel.*® Biodiesel tends to have greater viscosity compared to fossil diesel due to
the increased polar interactions between fatty acid esters arising from the increased oxygen content,
though biodiesel is lower in viscosity than SVO. Biodiesel can be blended with fossil diesel to
lower the viscosity of the biodiesel, since the polar ester—ester interactions will be in lower

concentration. Blending bio- and fossil-fuels can lead to extended crude oil based fuel supplies.

Table 1.29 Potential oil feedstock yields of various crops.  70% oil (by wt) in biomass ° 30% oil (by wt) in
biomass.*

Crop _ Oil Yield
(Litres/hectare)

Corn 172
Soybean 446
Canola 1190
Jatropha 1892
Coconut 2689
Palm Oil 5950

Microalgae * 136,900

Microalgae ° 58,700

Microalgae are a promising source of biomass for biofuel production, since the growth rates
and oil yields can be very high with certain species containing over 80 % oils based on dry weight
(Table 1.2).>° 1t has been estimated that it would take 61 % of arable farming land in the USA to
meet domestic fuel requirements using first generation biomass, but only 3 % of the same area for
microalgae, which grow extremely rapidly (many species doubling in mass in less than 24 h).

Crucially, algae can be grown in photobioreactors (Figure 1.4), as well as open systems, yielding
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biomass crop continuously year round. The oil fraction can be extracted using a solvent such as
hexane, with the remaining protein and carbohydrate biomass being digested under anaerobic
conditions to make methane, or used as animal feed. Trans-esterification of the oils is then used to
produce biodiesel (Section 1.3).* Use of microalgae is currently on a relatively small scale,
compared to the use of sugar cane and soybeans, but microalgae have the potential to provide
biofuels and various other bio-products that do not compete with domestic food crops in the long

run.

|51

Figure 1.4 Tubular photobioreactor for algae production. Taken from Greenwell et a

1.2 Triglycerides and free fatty acids derived from biomass

Crude vegetable/algae oils consist of mainly triglycerides, which are glycerol molecules esterified
with three fatty acids (Figure 1.5). The three fatty acids can all be the same, two the same or all
different, with the most common carbon chain lengths being evenly numbered and containing either
16, 18 or 20 carbon atoms.®* Various mixtures of triglycerides have been characterised, depending
on the oil feedstock used. Long chain free fatty acids (FFAs) may also be present in the oils, which

may also be saturated or unsaturated.
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The choice of oil feedstock plays an important role in the overall cost of the finished product
since it constitutes up to 6075 % of the process costs.”® Feedstocks are generally area specific, for
example soybean oil in the USA and rapeseed oil in Europe. The oils vary in their physical
properties such as density, viscosity and cold flow as chain length and degree of saturation of
constituent fatty acids alters, with higher quality feedstocks leading to more desirable fuel

properties.>
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Figure 1.5 a) Schematic to show the structure of a triglyceride molecule which is a glycerol molecule esterified
with three fatty acids, of which R, R’ and R’> may all be the same, two the same or all different; b) the
triglyceride of stearic acid (octadecanoic acid).

1.3 Catalytic upgrading of triglycerides: trans-esterification

Biodiesel is a term used to describe “a fuel comprised of monoalkyl esters of long-chain fatty acids

that are derived from vegetable oils or animal fats”,> although some believe it should be used in a

more general nature to describe “a diesel fuel that originates from renewable raw materials”.*®
Irrespective of the definition, biodiesel can be used as a direct replacement for fossil diesel, though
it is an oxygenated fuel rather than being entirely a hydrocarbon like its fossil counterpart. Fatty
acid methyl ester (FAME) or fatty acid ethyl ester (FAEE) products may be used directly as
biodiesel or be blended with fossil-based diesel and some modifications may be required for
engines to run at over 10 % biodiesel content. This is since biodiesel has slightly different
properties compared to fossil diesel, with some of these being given in Table 1.3. The energy

density for biodiesel is 14 % lower than that of fossil-diesel and also the lowest temperature at

which a fuel will flow through a standard filter in a specified time (cold filter plugging point) is
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higher, being at -5 °C compared to -17 °C, leading to problems in colder climates where fuel lines
may need to be heated. Other issues with oxygenated fuels include that they are hygroscopic
absorbing water molecules and attack rubber seals on older engines, which may need to be replaced.

However one advantage is that biodiesel exhibits enhanced lubricity over fossil diesel.

Table 1.3 Comparison of fossil fuels and oxygenated biofuels. * GHG = greenhouse gas *’

Fuel Energy per kg Cold filter Flash point Typical net GHG?
(MJ/kg) plugging (°CIF) (g CO2/ MJ final
point (°C/F) energy)
Gasoline 42.9 - <-40/<-40 125
Ethanol 26.8 - 5/41 -60.9 (with
(sugarcane, (fuel grade bagasse used as
Brazil) 95% ethanol) fuel)
Diesel 43.0 -17/1 >55/>131 14.2
Biodiesel (soy) 36.8 -5.6/22 >130/>266 -50.7, -45.4 (using
glycerol as
chemical, animal
feed)

One of the methods used commercially to produce biodiesel is trans-esterification, shown
schematically in Figure 1.6, where triglycerides present in vegetable oils are esterified, usually with
methanol (methanolysis), to yield the corresponding methyl esters and glycerol.  Trans-
esterification is required to remove the glycerol backbone that links the three long-chain fatty acid
ester groups in triglycerides and replace them with mono-alkyl ester groups, thus significantly
enhancing the properties of the material towards those of fossil diesel. Glycerol, resulting from
trans-esterification, may be sold as a by-product to help make the process more economically
viable. Trans-esterification is usually performed in the presence of a catalyst (acidic or basic,
homogeneous or heterogeneous), although it may also be driven by undertaking the reaction under

supercritical conditions.>®
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which can be used as biodiesel. The by-product glycerol can also be sold to recuperate production costs.

A wide range of catalysts and reaction conditions have been trialled for trans-esterification
and an overview of some of these is shown in Table 1.4. Many of these reactions are acid- and
base-catalysed trans-esterification reactions, with their respective generic mechanisms being shown
in Figure 1.7. In the acid catalysed trans-esterification, the carbonyl oxygen is initially protonated
and the electron pair from the C-O = bond is transferred back to the oxygen atom, forming a
secondary carbocation. The carbocation then undergoes nucleophilic attack from the lone pair on
an oxygen atom in an alcohol molecule, with cleavage, and subsequent protonation of the original
ester alcohol to yield the trans-esterified product. In triglycerides there are three alcohol ester
groups, which are removed in turn following this same mechanistic pathway, forming glycerol. In
base-catalysed trans-esterification, the base first removes a proton from an alcohol molecule, with
the resulting anion nucleophile then attacking the carbon atom of a carbonyl group, followed by
elimination of the one of the glycerol alcohol groups. The departing alkoxide is protonated as an

alcohol leaves the trans-esterified molecule. Base catalysts have been found to be have more than

4000 times higher rates than acid catalysts for trans-esterification catalysis.>

Table 1.4 Selected reactions for trans-esterification of biomass lipid to biofuel conversion.

Author Year Catalyst Reaction Conditions Product R_e ported
yields %
65 °C, 6:1
; 60 methanol:oil. 1%
Vicente 2004 NaOH catalyst (Wt.%) t = 4 FAME 87
h.
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66 °C, 6:1
methanol:oil. 1%

. 60
Vicente 2004 KOH catalyst (WL.%) t = 4 FAME 92
h.
67 °C, 6:1
: 60 sodium methanol:oil. 1%
Vicente 2004 methoxide catalyst (wt.%) t=4 FAME 99
h.
68 °C, 6:1
: 60 potassium, methanol:oil. 1%
Vicente 2004 methoxide catalyst (wt.%) t=4 FAME 99
h.
30 °C, 56:1 molar
ratio of methanol to
Miao® 2006 H,SO0, oil, 100% catalyst FAME >60%
(based on oil weight),
t = 4h.
. 50 °C, 3:1
Zafiropoulos® | 2007 mf;ﬂ(')‘jg;e methanol:oil, 0.3 Wt% | FAME 99
catalyst,t=2 h.
MgAI 60 °C, 30:1 molar
63 Layered ratio of methanol to Methyl
Cantrell 2005 double oil,0.05g calcined butanoate &
hydroxide catalyst,t=3 h.
MgAl ° .
Layered 80 C’_ 6:1 0 Trans-
Macala® 2008 double methanol.on, 1% esterified 38
hydroxide calcined catalyst soypean
with Ee 10% (Wt.%)t=1h. oil
65 °C, 12:1
65 KF/AI,O4 methanol:oil, 4%
Bo 2007 0.331 (wt/wt) calcined catalyst FAME >90
(Wt.%), t=3 h.
70°C, 6:1
EU203/A|203 L 0
Li % 2007 | with Eu0.45- | Methanoloil, 4% FAME 63
9.00 Wi% calcined catalyst
' ' (Wt.%), t =8 h.
TPA/K-10 170 °C, 5:1
67 (dodecatunge methanol:oil, 10%
Bokade 2007 stophosphori TPA/K-10catalyst FAME 84
¢ acid) (Wt.%),t=8h.
50 °C, 6:1
methanol:oil, 1%
Azcan®® 2008 KOH catalyst (wt.%), FAME 94
microwave heating, t
=5 min.
40°C,6:1
methanol:oil, 1%
Azcan®® 2008 NaOH catalyst (wt.%), FAME 93
microwave heating t
=3 min.
200 °C, 6:1
N:gAé'r%gs methanol:oil, 1% 99
Barakos® 2008 dé’uble catalyst (wt.%), high FAME (final FFA
hvdroxide initial FFA content, t = <1 %)
y 3h.
Reflux, 12:1
Kouzu™ | 2008 Ca0 methanol:oil, 14 FAME 93

mmol catalyst, t =1
h.




120 °C, 20:1
.71 methanol:oil, 5%
Garcia 2008 S-ZrO, catalyst (WL.9%), t = 1 FAME 99
h.
60 °C, 6:1
72 sodium methanol:oil, 0.5%
Saydut 2008 hydroxide catalyst (wt.%), t =2 FAME &
. 70 °C, 6:1
Co(ll) ions .
da Silva 2008 | adsorbed in methanol-oil, 20/2 FAME 94
chitosan catalyst (wt.%),t=3
h, pH 8.5.
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Figure 1.7 Schematic of mechanisms for trans-esterification of triglycerides using a) acid and b) base catalysts.
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To make a true biofuel all sources of raw materials need to be derived from biomass. The
methanol used in trans-esterification processes is usually produced from fossil fuel sources.
However, impure methanol may be produced from wood gasification, which can then be used in the

synthesis of biodiesel. For FAEE biodiesel, ethanol can be produced via fermentation of sugars.

1.3.1 Homogeneous catalysis for biodiesel production

Homogeneous (same phase) acid or base catalysis has the advantage of the catalyst being in the
same phase, and in constant contact with the reaction mixture, leading to increased rates, but it
suffers from the requirement of a neutralisation step to remove the catalyst, and thus potential loss

of raw material and increased processing steps.

1.3.1.1 Homogeneous trans-esterification catalysts

Using microalgal oil from C. protothecoides, Miao and Wu used acid catalysed trans-esterification
to produce biodiesel, with methanol and sulphuric acid (preliminary tests suggested that an alkali
catalyst was not suitable possibly due to the high acid value of the microalgal oil which would
neutralise a base catalyst).”® The best combination the authors found was with 100 % catalyst
(based on oil weight), 56 : 1 molar ratio of methanol to oil, 30 °C and a reaction time of 4 h.
Vicente et al. have compared the four most common homogeneous catalysts for trans-
esterification — sodium hydroxide, potassium hydroxide, sodium methoxide and potassium
methoxide.®® At 65 °C, 6 : 1 methanol : sunflower oil ratio, sodium methoxide was found to lead to
the largest yield with 99.3 % with 99.7 % biodiesel purity. The remaining catalysts were found to
be in the yield order: potassium methoxide (98.5 %), potassium hydroxide (91.7 %), sodium
hydroxide (86.7 %). The order is in agreement with trans-esterification of used frying oils with
sodium methoxide (89 %) giving higher yields than both potassium hydroxide and sodium

hydroxide.”
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1.3.1.2 Soap formation in homogeneous catalysis

As discussed earlier, plant and algal oils can contain high amounts of FFAs.* If these are not pre-
treated (esterified) then they can react with homogeneous base catalysts during trans-esterification
and form the corresponding soaps, leading to separation problems downstream in the production
process.”” Lower grade feedstocks may decrease the cost of biodiesel production, but they
generally contain greater numbers of FFAs.”® FFAs may also be formed from water reacting to
hydrolyse FAME (Figure 1.8). Greases (yellow and brown) are relatively inexpensive feedstocks
for biodiesel but are high in FFA content, making it a challenge to trans-esterify via base catalysed
reactions without some form of pre-treatment. The pre-treatment stage usually requires a
homogeneous acid-catalyst which must be further neutralised before esterification, again increasing
the cost of preparation. Zafiropoulos et al. investigated the use of immobilised diphenylammonium
heterogeneous catalysts to successfully pre-treat greases with a FFA content decreased from 11 %
to around 1 %.°2 Following pre-treatment, base catalysed trans-esterification with sodium
methoxide catalyst and methanol at 50 °C for 2 h, gave up to 99 % yield of FAME. Base catalysed

pre-treatment can also be used.”’

O 0

R—C—O0—CH; + H0 —— R—C—0—H <+ HyC—OH

FAME Water FFA Methanol

Figure 1.8 Schematic showing formation of free fatty acids from hydrolysis of fatty acid methyl esters.

1.3.2 Heterogeneous catalysis for biodiesel production

Efficient heterogeneous catalysts offer economic benefits in producing biofuels since, unlike
homogeneous catalysts, they are easily separated after trans-esterification, and so can be readily
recycled, lowering production costs. However this is offset against problems owing to the reaction

being dependent on diffusion of reactants to surface/active site.
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1.3.2.1 Heterogeneous trans-esterification catalysts

Layered double hydroxides (LDHs) are a promising group of compounds which comprise of
positively charged layered materials with charge balancing anions within the interlayer region (See
chapter 3). A wide range of anions may be intercalated including organic ions. For example
Choudary et al. incorporated tert-butoxide, which was found to catalyse a wide range of trans-
esterification reactions,”® including the production of emulsifiers for food products.”® LDH

% over the range x = 0.25—

materials with hydrotalcite composition ([Mg1-xAlx(OH)2]* (CO3)xn
0.55) can be formed by co-precipitation of soluble metal salts.®®* These solid base materials can
have their properties tuned according to the anion intercalated into the layers and the Mg : Al ratio.
The co-precipitation method may be alkali free, leading to no alkaline contaminant in the catalyst.
Using LDHs, Cantrell et al. carried out trans-esterification in a stirred batch reactor for 3 h at 60 °C
with 0.05 g MMO, with glyceryl tributyrate, methanol and hexyl ether, and the reaction was
periodically sampled with gas chromatography (GC).%® Glyceryl tributyrate was converted into
methylbutanoate via di- and monoglycerides. Hydrotalcite, with a Mg : Al ratio of 2.93 : 1, led to
the highest conversion, which the authors attributed to increased intralayer electron density (and
associated basicity) with increasing Mg content. Both Mg®* and AI** can be completely or partially
substituted in the layered structure by other bivalent or trivalent metal ions, respectively.
Calcination of LDH materials leads to the formation of mixed metal oxides (MMOSs), which
are usually more basic catalysts than the corresponding parent layered samples.® In a further recent

1% were tested for

study, calcined LDH samples doped with various metal ions to replace A
biodiesel production.®* 10 % Gallium dopants led to an increase to around 80 % conversion, at 60
°C, of triacetin to the corresponding methyl esters. The use of an Fe based dopant at 5 % and 10 %
led to even greater activity with >95 % yield after 40 min at 60 °C, as compared to 1.0 % weight of
dopant. The surface area for this catalyst was found to be ~50 % greater than the uncalcined MgAl

hydrotalcite, which is typical of hydrotalcite-like or LDH materials. The mixed oxides that derive

from calcination of LDHs at temperatures between ca. 400-550 °C, exhibit significantly higher
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surface area (ca. 200-300m? g-*) compared to the parent LDH samples (ca. 50-100 m® g-'). Upon
regeneration, through rehydration, the catalyst was extracted and re-calcined, giving only 50 % of
the initial activity of the original catalyst, with further regeneration yielding similar results.

LDHs can become contaminated with sodium base used in their synthesis. This is normally
removed by washing at the end of their preparation, however if left entrained can enhance MMO
activity. In a study by Cross et al.*® MMOs were produced from LDHs subjected to varying
degrees of washings, leading to intrinsic sodium contaminant. There was a direct correlation found
between the amount of sodium contained in the samples and catalyst activity for trans-
esterification, with conversion being considerably enhanced with high sodium content. Sodium was
also found to leach from LDH samples containing 2.1 % Na by weight, thereby possibly acting as a
homogeneous catalyst.

A solid-base catalyst KF/Al,O3 has been utilised for the conversion of palm oil to alkyl
esters by Bo et al.®® The catalyst was prepared via impregnation of KF to give a supported catalyst
on Al,O3. This was then dried and calcined at 600 °C. The trans-esterification was carried out at
atmospheric pressure and with an optimum temperature of 65 °C; above this the volatility of
methanol became an issue, leading to a decrease in the methanol : oil ratio from the desired 12 : 1.
A catalyst ratio of KF : Al,O3 0.331 (wt/wt) using 4 % catalyst (wt) over 4 h was found to lead to
triglyceride production of over 90 %. Interestingly, calcination of the catalyst at 600 °C led to a
new phase of K;AlFg as characterised by X-ray diffraction (XRD) and Thermogravimetric Analysis
(TGA).

A superbase (as denoted by the Hammett scale®” ®

) was prepared by calcination of
Eu(NO3)3/Al,O3 for 2 h at 300 °C, 2 h at 550 °C and 8 h at 900 °C forming Eu,O3/Al,03; with an
optimal Eu content of >6.75 %.%° This was used to trans-esterify soybean oil in a fixed bed reactor
at atmospheric pressure. Again the reaction temperature was optimal at around 70 °C due to the

volatility of methanol. Water was removed from the oil and methanol to prevent reaction with the

catalyst. No reaction was observed for the first 30 min, as monitored by GC, with a steady increase
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in rate from 2 h and a final conversion of 63 % at 8 h. The methanol : oil ratio was >4 for the
greatest conversion, although continually increasing the methanol ratio can lead to separation
problems from the prepared methyl esters, so a value of 5-6 was proposed. After 40 h of use,
catalyst activity had decreased, leading only to around 35 % conversion, thought to be due to water
and FFAs. After each subsequent regeneration the catalyst had lost surface area and its associated
activity had decreased.®®

Some potential oils for biodiesel production such as deep frying oils are high in FFA
content, making them unsuitable for base catalysed trans-esterification (section 1.3.1.2). In these
cases a heterogeneous acid catalyst is preferred. Sulphated zirconia catalyst (S-ZrO,) has been
found to catalyse soybean oil to biodiesel with 98.6 % FAME yield.”* Unfortunately the catalyst is
deactivated rapidly. Zinc stearate immobilised on silica gel was found to convert waste cooking oil
of 15 % FFA to 98 % FAME with no loss of activity after four catalytic cycles, though the reaction
temperature was relatively high at 200 °C.** Carbohydrate-derived heterogeneous acid catalysts
have been shown to trans-esterify oils with up to 27.8 wt % FFA content to 92 % FAME after 8 h.*°
These catalysts were found to be exceptionally stable in that they were still around 93 % active after
50 successive uses.

The alcohol used in trans-esterification may lead to fuels with differing properties. Usually
methanol is the alcohol of choice, but Bokade et al. varied the alcohol used from methanol to n-
octanol over 10 wt % of catalyst TPA/K-10.%" The reported percentage conversions were methanol
(84 %), ethanol (80 %), n-propanol (76 %) and n-octanol (72 %) showing a decrease in oil
conversion, possibly due to the increasing number of carbon atoms leading to a lower rate of
reaction. This means less efficiency in the process and so greater costs incurred in the resulting fuel

product.
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1.3.2.2 Novel energy sources (microwaves) for trans-esterification

Trans-esterification rates may also be increased using microwave heating. Using a potassium
hydroxide catalyst and methanol to trans-esterify rapeseed oil, trans-esterification has been
optimised at a temperature of 60 °C and a reaction time of 5 min.®® This is significantly quicker
than previously reported reactions, without microwaves, with a biodiesel yield of 93.7 % and a
purity of 97.8 % (greater than the required 96.5 % set out in EN 14214 — Automotive fuels — Fatty
acid methyl esters (FAME) for diesel engines — Requirements and test methods).?® Using the same
microwave methods, sodium hydroxide performed best at 40 °C for 3 min with a FAME vyield of

90.9 % and purity of 93.7 %.

1.3.3 Life cycle analysis of biodiesel production

A life cycle analysis (LCA) simulation of four trans-esterification plants for biodiesel production
was carried out using the industrial process modelling and simulation program Aspen HYSYS
(HYprotech SYStem).”® HYSYS allows the user to design reactor systems and chemical processes,
which, through using libraries including chemical, thermodynamic and economic data, enables the
simulation of overall costs, efficiencies, waste streams and energy balances for an entire industry
process. The four trans-esterification processes experimented with in HYSYS were: (i) pre-treated,
alkali catalysed (using H,SO,/NaOH); (ii) homogenous acid catalysed (using H,SQOg); (iii)
heterogeneous acid catalysed (using SnO); and (iv) supercritical conditions (at 200 bar, 350 °C).
Each process simulated aimed to convert waste Canola vegetable oil, simulated as triolein and 5 %
oleic acid (present as FFA) to methyl oleate. The ester conversion was 99.9% for (i), (ii) and (iv),
with process (iii) being slightly lower at 98.65 % conversion, with purities of 99 % achieved. Pilot
plants capable of 8000 tonnes/year biodiesel production and with 330 days operation/year with no
water impurities in the feedstock were simulated. Capital investment costs were greatest for the

supercritical process at (US dollars) $2.15 million, with the order (iv) > (ii) > (i) > (iii) being at
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$0.63 million. Incorporating all the running costs for a year and a corporate tax of 50 %, each plant
was evaluated for its net annual after-tax profit. The percentage profits were process: (i) -22.2 %j;
(ii) -8.71 %; (iii) 58.76 %; and (iv) -0.90 %. This indicates that using a heterogeneous acid catalyst
could lead to a plant which is sustainable without any government-based subsidies. Plant (iii) also
had the lowest start-up capital investment. The economics of the four plants were based on
biodiesel valued at a typical $600/tonne. Heterogeneous base catalysis requires a more expensive
catalyst and incurs liquid waste disposal costs leading to a net loss. Homogeneous catalysis
required a great deal of methanol whereas the supercritical conditions in (iv) incurred increased
high pressure costs. This leads to the conclusion that the use of heterogeneous acid catalysts is a
promising area of research for biodiesel production via trans-esterification due to its low start-up
capital investment and relatively higher (positive) percentage profit. This is in contrast to the use of
base catalysts, which have been found to have more than 4000 times a higher rate for trans-

esterification catalysis than acid catalysts.®’

1.4 Catalytic upgrading of free fatty acids: decarboxylation

Petroleum hydrocarbons are believed to have formed in nature, through the decarboxylation of fatty
acids, potentially in the presence of natural clay catalysts present in fossil oil source rocks.?® If the
biofuels can also be deoxygenated, then biomass derived fuels can be produced which could be used
as a direct replacement for fossil sourced hydrocarbons. Such fuels have been termed ‘green
diesel’®®  This is an emerging area, with deoxygenation usually being performed via
decarboxylation/hydrogenation reactions. Figure 1.9 shows a schematic of the decarboxylation of

stearic acid.

41



/\/\/\/\/\/\/\./\)J\OH

C//O
V4

]

P N\ P P N

Figure 1.9 Schematic to show decarboxylation of stearic acid, producing straight chain hydrocarbon n-
heptadecane through the removal of CO,.

Early studies into mineral decarboxylation by various workers, including Almon and
Johns,® were conducted to understand fossil oil formation. The decarboxylation of fatty acids
during fossil fuel formation appeared to be via a free-radical mechanism, with increased reaction
rates when free-radical initiators are present, such as H,O,, and decreased rates in the presence of
oxygen, a free-radical inhibitor. The presence of H,O; led to a 43 % increase in reaction rate (K =
7.84 x 10°%ec™). In the presence of O, this led to a 41 % decrease in rate (with K = 3.23 x 10°sec”
1. The presence of water was found to lead to different product distributions compared to the
anhydrous reaction. However, in recent studies, Geatches et al., via computational simulation,
believe the results are not due to a radical reaction, but via a substitution in the clay sheet, which

1 with reaction

attracts a counter-ion that donates an electron to the reactant-clay system,’
proceeding by means of an alcohol intermediate to the alkane.

Pyrolysis, where biomass is heated in an inert atmosphere, is the normal method for
deoxygenating vegetable feedstocks,? using zeolite catalysts,® but this can lead to a lower energy
fuel. Bertram published work using a homogeneous catalyst over selenium to decarboxylate stearic
acid to heptadecane in 1936.%* Recently, using a commercial activated carbon supported catalyst, n-

heptadecane was found to be the main product when the model compounds stearic acid, ethyl

stearate and tristearin were deoxygenated.”> The decarboxylation of stearic acid resulted in
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production of heptadecenes, which then decreased over the reaction time, suggesting that they were
intermediates. At 300 °C and at a pressure of 17 bar, stearic acid was found to have a higher
percentage conversion with a reaction atmosphere of 5 % hydrogen and 95 % argon (by volume)
when compared to reaction atmospheres of both 100 % helium and 100 % hydrogen. Ethyl stearate
was found to convert into stearic acid before decarboxylating to n-heptadecane, best achieved in a
similar reaction atmosphere of 5 % hydrogen and 95 % argon (by volume), although selectivity to
n-heptadecane decreased on going from 300-360 °C whilst aromatics started to be produced
instead, which are unsuitable in diesel fuel. The reaction kinetics for ethyl stearate and stearic acid
decarboxylation over palladium/carbon (Pd/C) catalyst have been studied.”> With ethyl stearate the
rate of reaction increased from 300-360 °C, with an activation energy of 57.3 kJ mol™ from first
order kinetics (K - 6.27 x 10-** min™ at 300 °C). For the major intermediate product, stearic acid,
the reaction order is almost zero, with the Pd/C catalyst deactivated at high concentrations of stearic
acid.

Further studies into heterogeneous decarboxylation were carried out by Snare et al.*® The
uncatalysed reaction was performed first and found to only lead to a < 5 % conversion. Similarly,
using direct current plasma atomic emission spectroscopy (DCP-AES) with a Pd/C catalyst it was
proved that the reaction was indeed heterogeneous and not homogeneous by catalyst leaching. A
range of catalysts were tested, supported on carbon and metal oxides (Ir, Mo, Ni, Os, Pd, Pt, Rh and
Ru) as well as a Raney nickel catalyst. Side reactions were observed over 6 h of reaction (300 °C, 6
bar, helium) such as isomerisation, dehydrogenation, aromatics and shorter hydrocarbons by
cracking). The initial rate was greatest for 5 % Pd/C (1.9 mmol s™ gmert) with carbon supported
catalysts in general leading to higher rates, possibly due to catalyst structure. It was found that
some side products produced using Ru/C and Rh/C catalysts were selective towards unsaturated
side products, which could have led to their deactivation. 5 % Pd/C was found to be the preferred

catalyst for decarboxylation of stearic acid, with Pt/C giving best performance for decarbonylation,
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followed by Ni, Rh, Ir, Ru and Os. Additional work with unsaturated renewables also led to diesel-
like hydrocarbons.®’

Further work with Pd supported on Sibunit (a porous carbon—carbon composite material
with a high mesopore volume) as a catalyst, using dodecane, at a pressure of 17 bar helium was
carried out.”® This process was trialled in a semi-batch reactor with 300 ml volume. Using 4 wt %
catalyst, stearic acid was deoxygenated with increasing initial reaction rate and decreasing time for
100 % conversion as temperature increased from 270 °C to 300 °C to 330 °C. At 270 °C it was
found that there was a lag time of 60 min before stearic acid conversion progressed.

Green diesel has been produced by catalytic saturation, hydrodeoxygenation,
decarboxylation and hydroisomerisation reactions.®® Using hydrogen at around 1.5-3.8 % in the
reactor produced green diesel yields between 88-99 % depending on the catalyst used. The
resulting product was comparable in its properties to ultra-low sulphur diesel, and superior to
oxygenated biodiesel. Production from palm oil is estimated as feasible at a crude oil price of $52
bbl and soybean oil at $67 bbl. In the study green diesels were found to have positively higher net
energy balances than fossil diesel and biodiesel, which translates to lower fossil fuel inputs during
their production. Green diesel production also leads to considerably lower greenhouse gas
emissions per energy equivalent compared to fossil-diesel, being slightly less than comparable
amounts of biodiesel. These results suggest that green diesel is a superior bio-based energy source,
in terms of sustainability, compared to oxygenated biodiesel. A summary of some of the
decarboxylation reactions trialled is shown in Table 1.5.

Decarboxylation is also of interest in improving fossil oil properties. The value of crude oils
is often reduced if there is a high total acidity number (TAN) due to the presence of naphthenic
acids (NAs). These acidic compounds lead to increased corrosion of pipelines and refinery
equipment. Decarboxylation catalysts, which have been developed to remove these NAs, leading to
a higher quality oil, could also be used for deoxygenating biomass to produce green diesel. In a

study by Goddard,” aimed at reducing TAN in crude oils, various routes for decarboxylation were
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tried. It was found that MgO was effective for converting NAs at 250 °C with some CO,
production, suggesting decarboxylation was one of the methods of conversion. It was thought that
since the relative CO; yield was lower than acid conversion, some of the acid may have been
neutralised by MgO or that stable metal carbonates were formed. Further studies revealed that at 20
% (wt %) MgO loading the CO, yield and acid conversion increased linearly up to 250 °C. Also,
whilst increasing catalyst loading at 250 °C, 20 % (wt%) MgO was found to be the saturation point
for CO, yield and acid conversion. Other carboxylic acid types including succinnic acid and
cyclohexane carboxylic acid were trialled with MgO and measured for their CO, production. CO,
was detected in their reactions, suggesting that decarboxylation occurs irrespective of acid structure.
When small amounts of Ni and Cu were added these showed enhanced decarboxylation which was
not seen when these were added to other oxides. MgO was found to play a role in the adsorption
and decarboxylation of NAs, however ketonic decarboxylation was also occurring, leading to the
lower observed levels of CO, than that of the respective acid conversions (vide infra).

In summary, green diesel, produced by catalysed decarboxylation of fatty acids, is a
promising biofuel since it is fully compatible with existing fossil-diesel infrastructure and also has
reduced levels of sulphur in comparison to fossil diesel. However, greater research and investment

in green diesel is required before full scale production can be attained.

1.5 Catalytic upgrading of free fatty acids: ketonic decarboxylation

An interesting reaction for producing bio-products is ketonic decarboxylation, where free fatty acids
are reacted together to form a long-chain ketone, with the loss of CO, and H,O in the reaction
(Figure 1.10). FFAs are a constituent of biomass and can also be derived from the hydrolysis of
triglycerides. This is a clean reaction, producing the desired ketone, water and CO, (which may

subsequently be captured*®), resulting in a fossil-free feedstock, with varying carbon chain length.
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Table 1.5 Summary of decarboxylation reactions for conversion of fatty acids.

Author Year Catalyst Feedstock Rea'c'tlona Main product Yields /
conditions %
325°C, 28 %
Bertram ** | 1936 selenium stearic acid | catalyst (wt%), n-heptadecane 50
t =900 mins.
Almon % 1975 Ca- behenic | 250 °C excess n-heneicosane -
montmorillonite acid water.
activated carbon 300 °C, 17 bar
. supported . . H, (5 vol%) +
Kubickova® 2005 paIIadiFl)JFr)n (5 Wi%, stearic acid A? E95 volf%)), n-heptadecane 62
Aldrich) 4% catalyst.
300 °C, 6 bar
Snare *° 2006 Pd/C stearic acid | He, 1 g catalyst n-heptadecane 100
t = 360 mins.
330 °C, 17 bar
Lestari 2008 Pd/C (Sibunit) | stearic acid He, 4% n-heptadecane 100
catalyst (wt%) t
=20 min.
101 . . . 350 °C, 45 bar, C11-Cx
Liu 2009 Ni—Mo/SiO, Jatropha oil H, flow. hydrocarbons 83
370 °C,
Imiti hydrothermal
Fu 102 2010 5% Pt/C pa ”.‘g'c water, 400% pentadecane 76
ac catalyst (wt%),
t =160 mins,
Mikulec'® | 2010 NiMo/g—Al,04 rapeseed | 340 °C, 30 bar, hydrocarbons 92.9
oil H, flow.
350 °C, 6.9 bar CoC
Morgan *** | 2010 20% Ni/C soybean oil | Ar, 1% catalyst hvdrosar 92
ydrocarbons

(Wt%)

Ketonic decarboxylation is a reaction that has been studied since the 19™ century'®® and

interest has increased during the 21% century in using ketonic decarboxylation for conversion of

biomass feedstock.’® Currently ketones are produced industrially by means of oxidation of fossil-

based hydrocarbons.’®” Ketones that are produced from the ketonic decarboxylation of free fatty

acids provide a sustainable bio-based product. Long chain ketones may then be used in lubricants

or diesel fuels, or they can be further upgraded into hydrocarbons and hydroxyalkylenes by

cracking/hydrotreatment. An alternative set of compounds, which may be further synthesised from

long-chain ketones are gemini surfactants.'®® These compounds exhibit greater surface-activity than

standard surfactants, with much lower critical miscellar concentrations of around 10-1000 fold.

Using mixed chain length organic acids in ketonic decarboxylation reactions, it is possible to

generate a wide variety of organic chain lengths.
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Figure 1.10 Schematic to show ketonic decarboxylation of stearic acid forming stearone, with removal of CO,
and H,0.

Basic oxide catalysts, which can abstract protons, have mainly been studied for ketonic
decarboxylation and a selection of these reactions are shown in Table 1.6. Heterogeneous MMO
materials have been used for the catalysis of acetic acid to acetone with up to 89 % yield, however
the chain length of this acid is significantly shorter than those typical of FFAs. Lauric acid, as used

by Corma et al.,'*

is more representative of the FFA compounds found in biomass. This study
utilised basic MgO which led to 97 % yield of laurone. Klimkiewicz et al.,”® ™ used an
interesting methodology to convert methyl esters found in rape oil to ketones, using metal oxides at

111

385-390 °C. Methanol, was used to reduce catalysts in the first study,” and as a solvent in the

second study,*

was deemed to be present as an inert species, however when it was substituted with
n-hexane, conversion declined considerably and cracking reactions were predominant. As can be
seen, ketonic decarboxylation reactions require high driving temperatures, which can raise
questions about the suitability of this as a sustainable process.

Renz,*?

studying the mechanism for ketonic decarboxylation, suggested that it occurs in a
concerted fashion involving nucleophilic attack (Figure 1.11). For the dicarboxylic acid, adipic
acid, one of the acid groups is first deprotonated by a base. Following this, elimination of carbon
dioxide occurs and the consequential carbanion attacks the second carboxylic acid group
simultaneously. This forms a ketone hydrate, which then decomposes into the desired ketone and

hydroxide. The hydroxide then either deprotonates further carboxylic acid groups or regenerates

the catalytic base.
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Table 1.6 Summary of selected ketonic decarboxylation reactions for conversion of fatty acids and esters.

Author Year Feedstock Catalyst Reac'u'on Main product Yields /
conditions %
. . aerogel . .
Miller 113 1950 trlmethylacenc thoria 490 °C t-butyl isobutyl 15
acid ketone
catalyst
.14 . . . 400 °C 20%
Glinski 1995 acetic acid Ce0,\SiO, catalyst (wt%) acetone 97
Calcined
Mg4:All
Das '*° 2000 | Acetic acid layered 350 °C acetone 87
double
hydroxide
Calcined
Zn3:All
Das ' 2000 | acetic acid layered 425 °C acetone 89
double
hydroxide
Fe, Si, Cr, K
Rape oil methyl oxides
Klimkiewicz'** | 2001 P y 100:2:1:0.1 | 390 °C Mainly stearone | 56
esters :
reduced in
methanol
Lo Rape oil methyl
EgmkIEWICZ 2001 esters and g)r:i’dg:’ggg’_l 385°C Mainly stearone 63
methanol e
117 -~ . 350 °C, 5%
Renz 2004 adipic acid Ba(OH), catalyst cyclopentanone 90
350 °C, 10%
Nagashima118 2005 propanoic acid Ce0O,—MnO, | catalyst 3-pentanone 72
(mol%)
Corma '* 2008 | lauric acid MgO 400 °C laurone 97
119 . : CeO,/ 3% R
Deng 2009 acetic acid K,O/TIO, 350 °C acetone 99

For reactions involving two different carboxylic acids, isotopic labelling with **C has shown that

the acid group which results in an alkyl group that can more readily stabilise a partial negative

charge is the one that is released as the CO, molecule. The mechanism suggested by Renz also

confirms why acids which do not contain a-hydrogens can also undergo ketonic decarboxylation.*?°
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Figure 1.11 Concerted ketonic decarboxylation mechanism proposed by Renz involving nucleophilic attack on
the non-dissociated carboxylic acid by the dissociated carboxylic acid. Shown for adipic acid. Taken from
Renz.'*?

Through flow reactions and GC-MS studies, the Goddard research group looking into NA
removal from poor quality crude oils,* realised that the CO, yields obtained from these reactions
were lower than their respective acid conversions (section 4.1.2). This was determined to be
because ketonic decarboxylation was occurring where RCOR’ (R and R’ correspond to various
alkyl groups) was being produced and only one equivalent of CO, per two acid molecules, rather
than the expected two for decarboxylation.  Using transition state studies for ketonic
decarboxylation, the authors suggested that one acid molecule is deprotonated and adsorbed onto
the surface, then a second free acid molecule reacts with this in a 6-membered ring transition state
(Figure 1.12). Following this, CO, and H,O are released. MgO, being a strong heterogeneous base,
was found to effectively catalyse this reaction at temperatures below that of the thermal reaction. It
was also found that by using mixed acid cyclic feedstocks, different groups for R and R’ could be
combined in the ketone, leading to desirable products/chain lengths, which could then be used or

reacted.
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Figure 1.12 Proposed ketonic decarboxylation transition state, based on computer simulation studies, taken
from Zhang et al.”

1.6 Summary and Conclusions

Fossil hydrocarbons are a required commodity in the world today, but their sources will eventually
be exhausted, owing, inexorably, to demand exceeding production. Thus, there is a need to develop
renewable replacements, which, ideally can be used with existing infrastructure. Products derived
from biomass present a sustainable alternative, but they in turn have their own advantages and
disadvantages. With the current issues of rising carbon dioxide levels and associated global
warming, on an environmental scale, the cycling of carbon from the atmosphere into biomass and
then returning to the atmosphere upon combustion, which has no net gain effect, is of great
importance.

First generation biofuels are currently in commercial production, utilising energy from food-
based crops, either by fermenting sugar to form bioethanol or extracting oils for conversion to
biodiesel. There are ethical issues with using bio-products whose feedstocks are food derived or
that take up land required for food crops or rainforests. Alongside this there is a need to develop

next generation biofuels to meet biofuel targets.'*

Extracting energy from the whole crop, for
example including the stalks of biomass, is also required, thus potentially leading to the highest
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levels of efficiency and sustainability. Algae are a promising source of oils for upgrading to a range
of products as a biorefinery. They are capable of doubling their mass multiple times per day, they
photosynthesise more efficiently than terrestrial crops and they take up far less land to produce
comparable amounts of lipids. Life cycle analysis of any process is critical to ensure economic
feasibility.

Biodiesel is an oxygenated fuel and there is a need to develop decarboxylation processes
over the current trans-esterification processes to produce deoxygenated fuel, the so-called green
diesel. Green diesel can be used as a fully compatible direct replacement for diesel as it is
comprised of hydrocarbons, produced by deoxygenating fatty acids. Green diesel has more
negative CO, footprint than biodiesel, and can be produced at a cost comparable to biodiesel, but it
requires different reaction conditions. Similar catalysts used in the green diesel process can also be
used to upgrade poor quality crude oil which contains naphthenic acids, thereby increasing useable
crude oil supplies. Related processes and catalysts can be used to produce other chemicals required
by society, for example fatty acids can be converted into long-chain ketones which can then be
further upgraded to gemini surfactants.

Breakthroughs in heterogeneous catalysis for decarboxylation and ketonic decarboxylation
reactions that allow the use of existing petrochemical processing and refining infrastructure, and
produce a product that is compatible with the existing technology, are likely to make bio-products a

viable alternative source in the future.

1.7 Aims of thesis

Sustainable bio-based model fatty acid feedstocks are examined as a feedstock for reactions in this
thesis, involving non-precious metal based catalysts. The catalysts selected were LDHs and their
calcined counterparts, MMOs. These comprise a family of heterogeneous catalysts whose
composition, morphology and basicity can be readily tuned to catalyse a variety of reactions.'?? As
it has been pointed out, when producing an environmentally friendly and sustainable product it is
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also of importance to use a correspondingly green process.” The traditional preparation method for
LDHs - co-precipitation - requires large amounts of alkali base and also produces a highly basic
supernatant which must be disposed of post-reaction. Greenwell et al.'”® have recently prepared
LDHs via an environmentally friendly co-hydration route from metal oxide and organic acid pre-
Cursors.

In an attempt to synthesise valuable bio-products, LDHs and MMOs were trialled, for the
decarboxylation reaction of stearic acid. This reaction is akin to the possible production of crude oil
in clay-catalysed systems.® However ketonic decarboxylation was found to be the dominant
reaction with these catalysts leading to long-chain ketones. It is hypothesised that LDHS/MMOs,
bearing sites of low basicity (OH’), medium-strong Lewis base O*-M" pairs and strong basic sites
relating to secluded O? ions, will result in high catalytic activity to the desired decarboxylated

products.
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2 Analytical methods used in the study of heterogeneous
catalysis for biomass conversion

2.1 Introduction

In this thesis layered double hydroxides (LDHSs), and their calcined counterparts, mixed metal
oxides, MMOs, will be prepared and used as catalysts for decarboxylation and ketonic
decarboxylation reactions of stearic acid. Layered double hydroxides are based on the structure of
naturally-occurring Hydrotalcite, which has the general formula (MgsAlo(OH)16COs5-4H,0)%. In
addition to natural LDHs, a range of synthetic LDH compounds with multiple synthesis variables
including: choice of metal cation variety; M*:M** ratio (denoted R-value); choice of counter
anion(s); and crystal morphology (Figure 2.1) can be prepared. The LDHs all have a positively

charged layer structure, along with charge balancing anions and water residing in the interlayer.*?*

OH
Brucite M(11), M(111)
layer
v OH
N
Gallery A" H,0
height
v
OH
M(11), M(111)
OH

Figure 2.1 Schematic illustrating a typical layered double hydroxide structure, where M'" and M"' ions are
coordinated in an octahedral fashion to OH groups in brucite-like layers, along with charge balancing counter-
anions and water residing in the corresponding interlayer galleries.
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Synthetic LDHs are invariably polycrystalline, however naturally-occurring LDHs can be
crystalline with regular repeating layer units such as the 3-layer repeat rhombohedral (3R-
polytype)**® form and 2-layer repeat hexagonal (2H-polytype)?® form (Figure 2.2). The
rhombohedral form is more common naturally than the hexagonal form, though some crystals
contain both forms, for example pyroaurite.*?” Aspects relating to LDH preparation and crystal

structure will be discussed and described in Chapter 3.
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Figure 2.2 a) Schematics illustrating the 2-layer repeat hexagonal and b) 3-layer rhombohedral forms of layered
double hydroxides. Taken from Khan and O’Hare.””

2.2 Structure determination of layered double hydroxides

Owing to the fact that LDH materials are polycrystalline, where they contain many microscopic
crystallites rather than a periodically ordered single crystal, it is not possible to fully determine their
structure by single crystal x-ray diffraction. As such, LDHs are a challenging group of materials to
analyse, because they cannot be analysed by one single process alone.

Poly-crystallinity in LDHs arises due to a number of factors, such as water content in the
interlayer being affected by atmospheric humidity, the effects of temperature and that the water

127
K.

molecules are in a continuously fluctuating hydrogen bonding networ There is rarely long

range order in the interlayer gallery and anion content may be inhomogeneous due to competing
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carbonate impurities forming, owing to the carbonate anion’s high affinity for the interlayer. Also,
Al,O3 impurities may be present on LDH surfaces from synthesis of the MgAI-LDHs, that are
undetected by powder x-ray diffraction (PXRD), but which may be detected by other methods such
as X-ray fluorescence or chemical analysis.”®® Generally, LDH layers stack with regular interlayer
distances, however they may be stacked in different orientations leading to various polytypes
including hexagonal and rhombohedral.*® Stacking faults can arise from interstratification (varying
water/anion content in successive interlayers) and interlayer disorder, meaning that the
superposition can be mis-oriented and exhibit turbostratic disorder, where basal planes are
randomly orientated and misaligned, about the c-axis.® 1%

These are among some of the factors which contribute to the complexity of solving the
structure of LDHs. Thus multiple methods need to be employed in a logical manner to determine

the LDH structure based on the collective partial nature of the information that can be obtained

from each.

2.2.1 Powder X-Ray diffraction

X-Ray diffraction is the most commonly used analytical technique for gaining structural
information about crystalline and polycrystalline, but not amorphous, materials. When an X-ray is
incident on, and interacts with, an atom’s electrons Rayleigh scattering occurs. In a crystalline
structure, the regular repeat distance between atoms is in the angstrom region, similar to the
wavelength (A) of X-rays and thus their electron clouds can be used as a diffraction grating for
Rayleigh scattering of a monochromatic source. Bragg’s law is defined in (1) where dyq is the
distance between two adjacent parallel planes and & is the Bragg angle between the incident wave
and the atomic planes. When the increased path length of diffracted incident waves (Figure 2.3) is
equal to a multiple of the X-ray’s wavelength, A, then constructive interference will occur, whereas
when this is not the case then destructive interference will occur, with the overall result of these

reflections leading to a diffraction pattern. When the diffracted X-rays interfere constructively, then
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Braggs’ Law is been satisfied, whereas if the diffracted X-rays interfere destructively then Braggs’
Law is not been satisfied.

nA =2d,,, sin@ 1)

If a sample is crystalline and single crystals can be grown then single crystal X-ray diffraction may
be employed to determine the samples exact crystal structure (excluding hydrogen atoms, which are
approximated). During single crystal X-ray diffraction, a sample is placed in a monochromatic X-
ray beam and oriented through multiple angles in 3-dimensional space to obtain the full diffraction
pattern, enabling structure determination. For an ideal polycrystalline material, every orientation of
the crystal will be present equally in a sample and so full 3-dimensional data collection is not
possible as there is a loss in reciprocal space from 3-dimensional to 1-dimensional. Consequently,
powder X-ray diffraction is utilised to record diffraction patterns for polycrystalline materials that

can be then refined using methods such as Rietveld refinement,®

which uses a least squares
approach, to identify the crystal structure. Some polycrystalline materials, which have crystals with
large aspect ratios, where one dimension is significantly larger than the other dimensions, may lead
to a preferred orientation in powder samples due to the crystallite anisotropy. This subsequently
broadens the peaks in the diffraction pattern and without rectification, will prevent accurate analysis
of crystallite size.™®* A transmission-mode diffraction analysis may be able to overcome this, as
described below. When X-rays are incident on a sample with only some crystals aligned in the
correct orientation then cones of diffracted rays are produced. Using a detector perpendicular to the
incident X-ray beam can detect these cones and build up a more detailed diffraction pattern in 3-D,

rather than reflection mode which only orientates within a single plane at varying angles (Figure

2.4), however data collection time is much greater.
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Figure 2.3 Schematic illustrating monochromatic rays incident on adjacent parallel planes at an incident angle 0
having a difference in path length equal to 2d;, sin@.

forward dlffractlog/

point detector P

backward diffraction

Figure 2.4 Comparison of conventional (black) and transmission (blue) x-ray diffraction. In conventional XRD
reflection mode is used with the X-ray beam and detector orientated in a diffractometer plane, whereas in
transmission XRD a detector is used which can detect in the z-plane. Taken from He et al..**?

Naturally occurring LDHs can be ordered enough to form single crystals,™** however
synthetic LDHs are invariably polycrystalline and thus powder X-ray diffraction must be employed
rather than single crystal X-ray diffraction. The instruments used in this X-ray diffraction analysis,
diffractometers, can be used in reflection and transmission modes. The X-ray diffraction in this
thesis only uses the more common reflection mode. This work was carried out using an instrument
at the Department of Chemistry, University of Cambridge.

Dried LDH (in an oven at 80 °C overnight and re-equilibrated in atmosphere) and calcined

MMO (at 500 °C for 3 hours) materials described herein were finely ground with an agate pestle
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and mortar, and then pressed onto a ground glass sample holder. Following this preparation the
materials were characterised by powder X-ray diffraction (PXRD) using a Philips X’pert PW3710
diffractometer with Cu Ka radiation (A = 1.5418 1&) at 15 °C. Cu Kp radiation was removed
through the use of a Ni filter. Diffraction patterns were acquired using a 26 range of 3.00 to 80.00
degrees in 0.02 degree increments, with each step being held for 20.00 seconds. The divergence slit,
which removes X-rays with large divergence angles, was fixed at 0.5 ° and the anti-scatter slit,
which is to ensure that only X-rays corresponding to the divergence slit arrive at the detector, was
fixed at 1 °. The X’Pert HighScore Plus software package™* was used to interpret the XRD data
collected and indexing was attempted using the DICVOL automatic indexing algorithm,* with the
data obtained shown in Appendix 1 and Appendix 2. The DICVOL method locates the unit cell
parameters from the radial d-spacing by searching solutions in the parameter space for crystal
systems of decreasing symmetry order. DICVOL indexing was carried out first through a search
and match from the obtained peak list for each sample, then refining this cell, which was limited to
rhombohedral/hexagonal systems. Despite the disordered nature of LDHs, various information can
be obtained from the PXRD pattern, notably the cell parameters. The ¢ parameter can be used to
give the interlayer spacing and the a parameter can be used to find the divalent/trivalent cation ratio
(vide infra). Both parameters are unaffected by stacking disorder, however the a parameter is

I** substitution in the

indirectly connected with the stacking disorder since it accounts for the A
LDH lattice, which can contribute to lack of order in the stacking. LDHs are of
hexagonal/rhombohedral symmetry where the a parameter equals the b parameter. This
determination allows the cell to be defined. A typical LDH PXRD pattern is shown in Figure 2.5.
For rhombohedral systems the ¢ parameter can be calculated from the (00I) reflections
(Figure 2.6a) using equation (2). The interlayer spacing is equal to one third of this value when

taking into consideration a three-layer repeat. The thickness of one hydroxide layer is 4.8 A, thus

subtracting this from the interlayer spacing, the gallery height can be determined.
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The lattice parameter a can be determined using the (110) reflection (equation (3)) (Figure
2.6b), found around 60 ° 26 for Cu Ka radiation (equating to ~3 R), since it is related to the average
cation-cation distance for the hydroxide layer in LDHs. Equation (3) is derived from the fact that
rhombohedral lattices can be split up into equilateral triangles, as shown in Figure 2.7, with lengths
which are equal to the unit cell a parameter, being bisected by the di10 plane, giving the average
cation-cation distance.
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Figure 2.5 Powder X-ray diffraction pattern of MgAI(COs) layered double hydroxide of Mg:Al 2:1, prepared by
co-precipitation as described in section 3, illustrating the characteristic peaks of LDHs.

c= nd(OOn) + an(002n) (2)
2
ao = 2d(110) 3)
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Figure 2.6 a) 003 and b) 110 planes shown in silver for a layered double hydroxide 3R polytype.’** Colour
scheme: M(I1) and M(III) ions purple; oxygen red; hydrogen white; carbon grey.
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Figure 2.7 Schematic of a repeating rhombohedral unit cell. Splitting the yellow rhombohedron into equilateral

triangles gives the relationship oa=az=0z. The new length oz is bisected by the 110 plane and so, through
symmetry, leads to the relationship a=2d,,.
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As M3 exhibits a different cation radius to M?" this results in a different cation-cation distance.

Through empirical measurement of the range of cation ratios M**“M?>* a ratio relationship has been

135

proposed by Kaneyoshi and Jones™ (equation (4)) which can be utilised for nitrate and carbonate

containing LDHs.

a(A) =3.1203-0.2346x (4)
Where x = Al
Mg + Al

The crystallite size in the a and ¢ directions can be determined from the Scherrer equation
(5). K is a constant (~1) which varies with the breadth taking method, A is the incident wavelength
of X-rays, Bnw is full width at half maximum height (FWHM) for a specific peak and 6y is the
reflection angle at the specific peak centre. The Scherrer equation is only applicable to nano-scale
particles and gives a lower limit for crystallite size. It follows that large line broadening occurs for
small crystallites, but further line broadening in LDHSs is uneven due to anisotropic bonding from
structural disorder and preferred orientation during sample preparation.

KA )

As LDHs can form different polytypes by stacking in a variety of ways, the hOl and Okl
reflections can be broadened. Polytypes do not affect the 00l or hkO peaks since they are related to
the cationic sheet and interlayer spacing. Turbostratic disorder, where basal planes are randomly
orientated and misaligned, along the c-axis, can affect the 113 and Okl reflections to a certain
degree.*® 00l peaks can also be broadened by interstratification where there is an irregular repeat
of two different interlayers.

Impurities and by-products present from synthesis may also identified by PXRD to confirm
if the LDH is a pure-phase. MgO or similar compounds may be present and identified, however
amorphous aluminium oxides will not be observed in the PXRD as it has no atoms with regular

spacing to diffract X-rays in such a way that a pattern forms.
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2.2.2 Thermogravimetric analyses

Thermogravimetric analyses (TGA) involve a sample being heated in an atmosphere, typically an
inert gas, and associated weight losses recorded as a function of temperature. Weight losses can be
attributed to desorption, dehydration and decomposition though weight gains may be attributed to,
for example, oxidation if a non-inert atmosphere is employed. TGA can also be combined with a
mass spectrometer (MS) leading to TGA-MS analysis so gases can be identified during weight loss.
In TGA-MS the inert gas is used as a carrier gas to transport any evolved gases through the
instrument.
For LDHs, prominent weight loss regions during TGA are:*3"
a) Up to 100 °C leads to loss of adsorbed surface water
b) 100-250 °C leads to loss of interlayer water
c) >250 °C leads to organic interlayer species decomposition and CO, evolution
d) 400-600 °C M**/M*" layer dehydroxylation.
Often the latter two steps (c) and d)) overlap.'*®
For the work reported here, TGA was performed using a Perkin Elmer Pyris 1 instrument.
Samples were heated from room temperature to 1000 °C in a Nitrogen atmosphere at flow rate of 20
ml/min and a heating rate of 10 °C / min and cooled back to room temperature at a rate of 10 °C /
min, with mass changes for the various LDH materials being monitored throughout. TGA-mass
spectrometry was also used to examine the evolution of CO, and H,O as a function of temperature.
TGA was carried out by the thermal analysis service within the Chemistry Department, Durham

University.

2.2.3 Scanning electron microscopy

The wavelength of light limits optical microscopy to around 0.2 micrometres before diffraction
effects occur, so electromagnetic wavelengths shorter than this are required for surface image and

topography on a nanometre scale. Electrons exhibit a de Broglie wavelength, owing to the wave-
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particle duality of matter, which is much shorter than that of light (400 — 700 nm) and so leads to
images with high resolution. In scanning electron microscopy (SEM) a beam of electrons is
directed onto a sample to produce an image of its surface at very high magnification (greater than
500 000) times (Figure 2.8), although individual atoms themselves cannot be seen. The wavelength
of light limits optical microscopy to around 0.2 micrometres before diffraction effects occur, so
electromagnetic wavelengths shorter than this are required for surface imaging and topography
analysis on a nanometre scale. Electrons exhibit a de Broglie wavelength, owing to the wave-
particle duality of matter, which is much shorter than that of light (400 — 700 nm) and so leads to

images with high resolution.
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Figure 2.8 Schematic of a typical scanning electron microscope, with the electron beam show in yellow and
sample in red. Taken from Sutton et al..**

SEM was used to study the surface topography of LDHSs during the work undertaken in this
thesis and to determine sample crystallite size. Figure 2.9 shows a scanning electron micrograph of
a representative LDH sample (as prepared in Section 3), and allows sub-micron resolution images
to understand morphological differences in LDHs. Energy dispersive X-ray (EDX) spectroscopy

was used for quantitative and qualitative elemental analysis. This work was carried out with the
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assistance of Mr Leon Bowen, Department of Physics, Durham University. A Hitachi SU70 (SEM)
with a Schottky Field Emission Gun (FEG) was used to produce high resolution surface images.
This type of FEG has a thermionic emitter utilising a tungsten tip coated with zirconium oxide,
which has greater electrical conductivity at higher temperatures, which leads to a lower surface
barrier when in a high electric field. Thermionic emitters usually employ a filament, commonly of
tungsten, which is heated to over 1000 K in a vacuum. Due to the large amounts of thermal energy
generated, the electrons have greater energies than the work function of the metal, W, and leave the
filament. With a Schottky FEG comprising a sharp tip rather than a filament, this results in a more
intense beam of electrons with greater electron brightness. Brightness refers to the number of
electrons directed at a certain area per second. Also, with FEG the energies of electrons are more
coherent leading to increased signal to noise ratio. The beam undergoes acceleration as it passes
through a high potential difference, then is focused by electromagnetic lenses in a vacuum chamber
onto the surface of the material being studied. Secondary electrons are then emitted by the coated

sample and scattered to a detector, from which the image can be constructed.

5.0kV 8.2mm x40.0k SE(M)

Figure 2.9 Scanning electron micrograph of MgAI(CO3) layered double hydroxide of Mg:Al 3:1, prepared by co-
precipitation, as described in Section 3. The LDH particles are composed of rose des sables structures, with
inter-crystal growth.

For samples analysed in this thesis, where only imaging was required, a cotton bud was used to

sprinkle LDH/MMO sample onto a double-sided sticky carbon pad mounted on an aluminium stub.
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The sample was then coated with a 15 nm thick layer of Pt using a Cressington 328 UHR sputtering
system.

For SEM-EDX sample preparation, where elemental analysis was needed, a cotton bud was
used to sprinkle a LDH/MMO sample into a mould, which was filled with epoxy resin and catalyst
mixture in the ratio 5:1 then left to harden. The resulting epoxy was then subject to grinding and
polishing to expose the solid sample, which was then coated in 40 nm of carbon. This sample was

then mounted on an aluminium stub.

2.2.3.1 Element quantification by scanning electron microscope energy dispersive X-

ray spectroscopy

For quantitative and qualitative analysis of element composition of the samples, SEM-EDX was
used. This technique involves high energy electrons being focused onto a sample, causing
secondary electrons to be expelled from the atoms, leaving electron holes. The atom shifts from the
ground state to an excited state, but then proceeds to return to the ground state. This results in an
electron from a higher energy level filling the electron hole and the energy difference between the
higher and lower shell is then emitted as radiation. If this involves an inner energy level, it results
in the energy being in the form of a secondary x-ray. As each atom has a discrete set of energy
levels between which electrons can transfer, this results in characteristic wavelengths of x-ray being

emitted for each atom.

N 6
Cspec = ﬂCstd = kCSw ( )

std

For quantitative data the number and energy of X-rays can then be measured relative to a standard.
For this work a pure cobalt standard was used to calibrate the in-built virtual standards of the
instrument. The number of counts from a specimen, Ngpec, is compared to the number of counts for

a standard, Ngq, (both minus the background count) in a specified time, then multiplied by the
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concentration of the standard, Cqq (6). ZAF corrections are then applied for: atomic number
correction (Z) of atomic stopping power and backscatter terms; absorption (A) of X-rays by the
atom; and X-ray induced excitation fluorescence (F) effects prior to obtaining the composition.**!
Thus a percentage of elements can be determined for a sample, either at a specific point or over

areas of the sample. A typical SEM-EDX analysis is shown in Figure 2.10.
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Figure 2.10 Typical analysis using scanning electron microscope energy dispersive X-ray spectroscopy showing
a) MgAI(COgy)-layered double hydroxide of Mg:Al 3:1, prepared by co-precipitation as described in section 3,
with area of analysis marked and b) EDX analysis element plot.

2.2.4 Inductively coupled plasma optical emission spectroscopy

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is comprised of two parts.
The plasma is created using a coil with a current of varying frequency, which in turn creates a
varying magnetic field. This creates charged particles in a rarefied gas (such as argon), which flows

in a rotationally symmetric pattern towards the magnetic field, resulting in inelastic collisions with
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neutral atoms creating a plasma of around 7000 k. A peristaltic pump is then used to pass the
sample into a nebuliser, prior to it being injected directly into the plasma and colliding with ions
and electrons, breaking down into charged ions and atoms. These atoms constantly lose electrons,
form ions, and then reform as atoms again, emitting characteristic wavelengths during this process.
The materials in this thesis were analysed using a Perkin Elmer Optima 3300RL instrument,
which was calibrated with Mg/Al standards (2 ppm, 5 ppm, 10 ppm) made from Romil 1000 ppm
stock solutions. Multiple wavelengths (aluminium: 396.193 nm, 308.215 nm, 394.401 nm, 237.313
nm; magnesium: 285.213 nm, 279.077 nm, 280.271 nm, 279.552 nm) were measured to confirm
that these were interference/error-free and the standards were analysed every ten samples to confirm
instrument calibration (Table 2.1). 0.1 g of each sample to be analysed was dissolved in 2.5 ml

concentrated HNOj3 for 24 hours and then diluted 100-fold with high purity water prior to analysis.

Table 2.1 Standards analysed every ten samples to reconfirm ICP-OES instrument calibration, showing the
calculated ppm values for each solution according to the elemental characteristic wavelengths. Figures in
parenthesis are the standard deviation.

Stock solution X ppm
Element Wavelength
(nm)
2 (ppm) 5 (ppm) 10 (ppm) 2 (ppm)
396.153 2.0470 5.3780 10.4000 2.0720
' (0.0160) (0.0188) (0.0300) (0.0164)
308.215 2.0700 5.2950 10.2200 2.0860
Al (0.0158) (0.0248) (0.0632) (0.0150)
394 401 2.0700 5.2790 10.2400 2.0830
' (0.0096) (0.0424) (0.0616) (0.0238)
237 313 2.0660 5.2860 10.2300 2.0860
' (0.0297) (0.0425) (0.0803) (0.0462)
285.213 2.0220 5.5830 10.1300 2.0400
' (0.0153) (0.0251) (0.0310) (0.0154)
279.077 2.0230 5.5330 10.0600 2.0410
Mg (0.0280) (0.0441) (0.0722) (0.0199)
280.271 2.0200 5.5590 10.1000 2.0380
' (0.0212) (0.0294) (0.0289) (0.0107)
279.553 2.0270 5.5870 10.1000 2.0450
' (0.0233) (0.0298) (0.0293) (0.0113)
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2.2.5 Surface area analysis

Exploiting the phenomenon of adsorption, surface area analysis can be carried out. Surface
adsorption is where atoms adhere to a sample, most commonly gas atom substrate adsorbing onto a
solid adsorbate, due to chemisorption (covalent/ionic bonding) or physisorption (van-der-Waals
bonding). As the gas atoms are accommodated, this leads to a reduction in pressure. The surface
area analysis instrument measures changes in pressure from which it computes the volume of gas
adsorbed. According to Brunauer-Emmett-Teller (BET) theory the specific surface area can be
determined by altering the pressure of a system and creating an isotherm of gas adsorption.*** BET
theory was developed as a multilayered variant of Langmuir theory,** the latter stating that the
adsorbate only contains a monolayer of adsorbed atoms at equivalent adsorption sites. In the BET
equation (7) V is the adsorbed gas quantity, Vy, is the adsorbed monolayer gas quantity, p is the
equilibrium pressure of adsorbates at the adsorption temperature, Py is the saturation pressure of
adsorbates at the adsorption temperature and c is the BET constant. A plot of 1/(V[(Po/P)]-1)
against P/P, (called a BET plot) enables V, and ¢ to be calculated, which can be further used to
determine the specific surface area, Sger (8), where Sger wtal (9) IS the total surface area , N is
Avogadros number, s is the adsorption cross-section of the adsorbing species and a is the mass of
143

adsorbate.
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BET theory has some disadvantages due to the assumptions it encompasses, which are not entirely

valid for all, for example, the adsorbate surface is not always energetically homogeneous, which
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results in deviations at low pressure.***

Similarly, it is also assumed that monolayer coverage
occurs before multilayer coverage, which is not always the case in microporous solids where
capillary condensation occurs readily in pores before monolayer coverage, leading to an
unrealistically high surface area measurement.'*®

The various types of physisorptions obtained from surface area analysis are shown in Figure
2.11. Type | isotherms result from microporous solids with small external surfaces. Type Il are
observed with non-porous/macroporous materials. Type Il are a rare case and caused by

adsorbent-adsorbent interactions, for example with Br, adsorption on silica gel.**®

Type I-lI
adsorptions are reversible. In contrast, type IV isotherms exhibit a hysteresis loop due to capillary
condensation in mesopores. Point B in Type Il and Type IV isotherms indicates where the
monolayer adsorption is complete and from where multilayer adsorption commences. Type V
isotherms are rare and are related to Type Ill, but occur with certain porous materials, e.g.

phosphorous on NaX.'* Type VI isotherms show multilayer adsorption on a uniform non-porous

surface.'*3
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Figure 2.11 Type I-VI gas physisorption isotherms obtained from surface analysis, as identified by IUPAC.
Taken from Sing et al..'*?

The method of Barrett-Joyner-Halenda (BJH)' is a procedure for calculating pore size
distributions from experimental isotherms using the Kelvin equation (10), but applying the fact that

there will already be condensed multilayers on the pore walls which must be added to this value
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(11). The Kelvin equation (10) predicts for a particularly-sized cylindrical pore, the specific
pressure at which adsorbed gas will condense and evaporate, where ry is the mean radius of
curvature of the liquid meniscus, vy is the liquid surface tension and 6 represents the contact angle
between solid and condensed phases. To calculate the actual radius of the pore, the statistical layer
adsorption thickness for each experimental P/Py value must first be calculated by comparing the
isotherm obtained for the sample to that of N, adsorption on a non-porous reference sample of
similar surface characteristics, obtaining the increased thickness (t) of the layers. Using this value
the actual pore size (r,) can be calculated (11). Upon desorption for some materials a “spike” is
sometimes observed in the pore width results after the end point of hysteresis has been reached.
This is due to a large release of the adsorbed gas at the end of hysteresis and should be omitted

when calculating the average pore width.**®

i =- 21V coso (10)
P rRT
where r (A) = 4.15
log()
P
rp =T, +t (12)

Specific surface area, pore volume and average pore size measurements were performed in this
thesis by N, adsorption and desorption at —196 °C, using a Micromeritics ASAP 2020 system. For
each sample analysed, 0.5 g of finely ground sample was placed in a pre-weighed analysis tube (m;)
which was connected with a de-gas port and heated at 80 °C (LDH) or 200 °C (MMO) for 4 h under
a vacuum of 200 um Hg to remove any volatile materials adsorbed on the surface. After this, the
sample was cooled to room temperature and then the tube with degased sample was re-weighed
(my), with the accurate mass of the sample being the mass difference (m; - m;). An isothermal
jacket was placed over the tube and it was connected to an analysis port, cooled under liquid N, and

degassed. The sample then underwent nitrogen adsorption/desorption at various pressures.
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2.2.6 Estimation of basicity

LDHs prepared via co-precipitation and co-hydration and their calcined MMO derivatives were
analysed semi-quantitatively for basicity with the assistance of Dr Louise Gildea using appropriate
solutions of the Hammett base indicators: bromothymol blue (pH range 6.0 — 7.6), m-cresol purple
(pH range 7.6 — 9.2), phenolphthalein (pH range 8.0 — 10.0) and indigo carmine (pH range 11.5 —
13.0) (Table 2.2). according to a previously-reported protocol.*** These indicators can probe the
lateral crystal faces and outer crystal surfaces of the insoluble LDH materials, where catalysis is
believed to occur, measuring the strength of basic sites present, with often more than one type of
basic site strength being found to exist in any given sample.**® However it must be noted that there
may be entrained acid or base resulting from LDH synthesis which may affect these results.®
Similarly, the solvent may be interacting with the indicators. Jinesh et al., using Hammett base
indicators, found that carbonate-containing LDHSs had 15 > pK, > 11.**° Similarly, Chisem and co-
workers found a pK, > 12 for both pre- and post-calcined LDHs heated at 400 °C for 2 hours.™™
Other studies have found calcined Mg-AL carbonate LDHs to have basicity in the region 11 > pK,
> 9.9, with pKj as high as 12.2 for rehydrated samples.®* Xie et al. found basic sites in the range of
9.8 > pK, > 7.2 and 15.0 > pK, > 9.3 to exist in calcined carbonate LDHs of R-value 2-4.2° In
summary, a range of different pKa values have been obtained in the literature for LDHs which
demonstrates the tunability of their catalytic applications depending on their starting materials and

synthesis methods.

Table 2.2 Hammett indicators used to probe basicity in this thesis.?

Indicator pK, range Colour in acid Colour in base
Bromothymol blue 6.0-7.6 yellow blue
M-cresol purple 7.6-9.2 yellow purple
Phenolphthalein 8.0-10.0 colourless magenta
Indigo carmine 11.5-13.0 blue yellow
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Limitations associated with the use of Hammett base indicators for measurements of basicity
with insoluble LDHs and MMOs include that the testing requires visual inspection of colour
changes, which may be weak and unreliable. Thus, these semi-quantitative results are now more
often looked at in conjunction with quantitative tests such as CO, titration and temperature
programmed desorption (TPD)'*3,

Adapting a method used by Brito et al.***, 5 mg of the solid sample to be analysed was first
added to a test tube, followed by 2.5 mg indicator and 2.5 ml methanol. The test tube was then
sealed and left for 5 minutes before being placed in a sonicator for 1 hour to equilibriate. After 1
hour the colour of the solution was noted. Each indicator was added in succession to test tubes

containing separate samples of each solid until there were no further colour changes associated with

increasing basicity.

2.2.7 Elemental analysis

C, H and N analysis on the LDH samples prepared in this thesis was carried out by the
Microanalysis service within the Chemistry Department, Durham University. Approximately 3 mg
of sample was placed in a tin capsule which is exposed to a high oxygen environment at 950 °C
using an Exeter analytical CE-440 elemental analyser. This leads to combustion of the sample and
tin oxide formation, which elevates the internal temperatures to over 1800 °C and forms CO,, H,0,
N, and NOx. NOy is then reduced to nitrogen and the sample passes over a thermal conductivity

detector (TCD) allowing calculation of the percentage composition in the solid sample.

2.2.8 Fourier transform infra-red spectroscopy

Fourier transfom infra-red (FTIR) spectroscopy can be used to explore the absorption of specific
wavelengths in the infra-red region of the electromagnetic spectra (400 — 4000 cm™) by functional
groups within a molecule. Absorption of these wavelengths occurs, for atoms where a change in

dipole moment can occur, when they equal the resonant frequencies of their natural bending and
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stretching vibrational modes. These can then be used in structure determination, allowing the
changes in the cationic sheets associated with changing M?* and varying the M** content which in
turn also affects OH™ and H,O adsorption bands.**> FTIR is mainly used to determine the functional
groups present in organic molecules with characteristic frequencies absorbed and can thus be used
to study LDH interlayer anions™°. Impurities of the M?* and M** metal hydroxides such as brucite
and gibbsite, with their strong adsorption bands at ~3700 cm™ due to OH can also be detected via
this method.” A typical infra-red spectra of MgAl—carbonate LDH before and after thermal
activation is show in Figure 2.12, with loss of carbonate (1300-1550 cm™) and hydrogen bonding
OH groups (3300 cm™) upon decomposition to a MMO.**®

Within this thesis FTIR was used on pre- and post-calcined samples to check for the
decomposition of LDHs to form MMOs through removal of carbonate, which is FTIR-active and
thus should not appear in the MMO spectra. FTIR spectra were recorded from 1000 to 4000 cm’

! on a Perkin Elmer 1600 Series instrument with 8 cm™ resolution over 16 scans.
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Figure 2.12 A typical infra-red spectra of MgAl-carbonate LDH a) before and after thermal activation at b) 483
K and c) 823 K. Taken from Kagunya et al. Characteristic carbonate symmetric and anti-symmetric stretching
vibrational modes are in the region 1300-1500 cm™, along with polymeric hydrogen-bonding at 3300 cm™.
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2.3 Analysis of organic liquid reaction products in this thesis

Owing to the complexity of possible products and co-products resulting from catalytic reaction
trials within this thesis, complimentary analysis methods are required. Therefore a combination of
gas chromatography and mass spectrometry is utilised to qualitatively and quantitatively evaluate

the organic solid and liquid phase components.

2.3.1 Gas chromatography

Gas chromatography (GC) is a technique used for both qualitative and quantitative analysis of
mixtures that have boiling points typically below 300°C and that do not decompose upon
vapourisation. GC can be used to check, for example, components in a mixture, purity of a sample
and completeness of a reaction. If components to be separated are in liquid or solid phase at room
temperature, then these must be dissolved in a solvent and both solvent and sample vapourised in
the gas chromatograph (GC), whereas gaseous samples do not require this step. In the work
described in this thesis, gaseous samples were not analysed so only solid and liquid analysis will be
described. A solid or liquid sample to be analysed is prepared at a known dilution in a solvent,
often with a reference standard, which does not interact with the system. A small volume of this
sample (typically 5 pl) is injected manually or automatically by an autosampler into the GC
injector, which is commonly a split/splitless type. In this chamber the sample is vapourised without
undergoing decomposition and a carrier gas such as helium carries some, or all, of the sample onto
the column. For very dilute solutions the injector is set to splitless mode where 100 % of the
sample transfers onto the column, whereas for high concentrations the split mode is used where
only a portion of the sample is carried onto the column and the rest goes to vent. The components
then flow through a narrow column, which contains a stationary phase that is chosen for, and used
to, separate specific components in the mixture. Capillary columns (which can be several tens of

meters long) are coated with the stationary phase and as the components travel along it some are
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more strongly adsorbed than others (due to polarity, for example) thus leading to separation.
Separation is also affected by temperature, the higher the temperature of a column the faster the
analytes will flow through it. The GC column is housed in an oven and during a typical GC
analysis the temperature may be constant (isothermal) or ramped up to speed up elution time on the
column and/or held to separate components, eluting very close to each other. Following this, the
sample passes through a detector, which, in this work, was a flame ionisation detector (FID). These
detectors are ideal for analysis of organic molecules and have high sensitivity. In a FID, hydrogen
is combusted in air to create a high temperature flame, with electrodes either side of it. As organic
sample passes through the flame it is pyrolysed, creating cations and electrons, which creates an
electric current between the electrodes and is recorded as an electronic signal. The time taken from
injection to detection is known as the retention time and using reference standards the material can
be identified. Calibration curves of known concentrations must be constructed to perform
quantitative analysis of a mixture. A schematic illustrating the processes involved in gas

chromatography is shown in Figure 2.13.

2.3.1.1 Analysis of liquid reaction products by gas chromatography

The samples were analysed with a gas chromatograph (GC, HP 5890 Series Il) equipped with a
nonpolar column (VF-5MS, with dimensions 30 m x 0.25 mm x 0.25 pl) and a flame ionisation
detector (FID). Each sample was injected (5 pl) into the GC with helium as the carrier gas at
pressure of 2.07 bar. The injector and detector temperatures were 250 and 275 °C respectively.
The GC was kept at 200 °C throughout the whole run. Chemical standards of n-heptadecane (99
%), eicosane (99 %), stearic acid (97 %) (including the silylating agents pyridine [analytical grade]
and BSTFA [98" %]) and the solvent dodecane (99 %) were purchased. Quantitative calculations
were performed using the internal standard (eicosane) method to produce calibration curves for the
reactants stearic acid and the product n-heptadecane. Data analysis and peak integration were

performed by Clarity software.'*®
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Figure 2.13 Schematic illustrating the processes involved in gas chromatography.

2.3.1.2 Analysis of Solid Reaction Products by Gas Chromatography

The solid samples produced were analysed after Soxhlet extraction using ethanol at reflux. Solid
product calibration samples were analysed with a gas chromatograph (GC, HP 5890 Series II)
equipped with a Thermo Scientific Trace-simulated distillation capillary column (length 10 m, ID
0.53 mm and film thickness 2.65 um) and a flame ionisation detector (FID). The injector and
detector temperatures were 250 and 350 °C respectively. Each sample was injected (5 pl) into the
GC with helium as the carrier gas at pressure of 2.07 bar. The GC temperature program was based
on ASTM D6584 10ael Standard Test Method for Determination of Total Monoglyceride, Total
Diglyceride, Total Triglyceride, and Free and Total Glycerin in B-100 Biodiesel Methyl Esters by
Gas Chromatography.’® The GC was held at 50 °C for 1 min, then ramped at 15 °C /min up to
180 °C, followed by ramping at 7 °C /min up to 230 °C, then increasing up to 350 °C at 10 °C /min

where it was held for 5 mins. Chemical standards of eicosane (99 %), stearic acid (97 %) (including
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the silylating agents pyridine [analytical grade] and BSTFA [98" %]), stearone [95 %] and the
solvent tetrahydrofuran (THF) were purchased. Quantitative analysis to produce calibration curves
were performed using the methods described in section 5.2.4. Data analysis and peak integration

were performed using Clarity software.™®

2.3.2 Mass spectrometry

Mass spectrometry is a technique which analyses a sample and produces a spectra based on the
mass/charge ratio. Samples are admitted to the mass spectrometer and ionised, typically by
bombardment with electrons. The ions then pass through a mass-to-charge analyser which, if the
ions all have the same charge, separates them according to their mass. Time of flight (TOF)
analysers make use of an electric field for this purpose, where lighter ions pass through to the
detector first, whereas quadrupole analysers use an oscillating electric field to create an oscillating
mass-selective filter. A detector is then utilised to detect electric current produced or charge
induced when the analyte reaches it.*®*

Mass spectrometry was performed by the Durham University Chemistry Department Mass
Spectrometry Service. Soxhlet extracted solids were analysed using a Xevo QToF mass
spectrometer (Waters Ltd, UK) equipped with an Agilent 7890 GC (Agilent Technologies UK Ltd,
UK) and an atmospheric solids analysis probe (ASAP) solid handling sample introduction port.
Solid samples were introduced into the spectrometer from a heated melting point tube (ramp from
100 °C to 600 °C over several minutes), previously dipped into neat sample. Mass spectrometry

data were processed using MassLynx 4.1'%%. Exact mass measurements were recorded using a lock-

mass correction to provide < 3 mDa precision.
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2.4 Combined analysis of layered double hydroxides and catalysis

The techniques outlined in this chapter offer complimentary data to each other, therefore, these

techniques must be utilised in combination in order to gather accurate data on the systems involved.
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Figure 2.14 Schematic illustrating the techniques utilised in this thesis for analysis of LDHs and MMOs.

An overview schematic for the analysis of the LDH and MMO samples is shown in Figure
2.14. For the inorganic components PXRD was used to measure the various cell parameters of the
LDH, interlayer distance and crystallinity. The formation of crystalline by-products can be
determined and the Mg:Al ratio for the sample determined, both from XRD and ICP-OES.
Following this, SEM can be used for surface imaging and elemental composition of specific sites
and areas to complement the data from PXRD and ICP-OES. The latter technique can also be used
to detect for trace impurities in the materials. TGA and elemental analysis can be used in

conjunction to determine the gallery ion and water contents. BET studies can give information on
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the specific surface area and pore size distribution, which are important when studying active sites
for catalysis. Finally MMOs, a noted difficult group to study due to their rapid reaction with
oxygen and moisture from the air post-calcination, however TGA can be used to study the
calcination reaction and FTIR can further check for decomposition of hydroxyl groups, bonded
water and interlayer anions from the LDH parent material.

An overview schematic for the liquid and wax sample analysis is shown in Figure 2.15. For
the organic components GC analysis is the major tool for catalytic reaction data, post-reaction,
however this relies upon reference standards being available for both quantitative and qualitative
analysis. Mass spectrometry, or other structure probing techniques, must be utilised for unexpected
or unknown reaction products to initially determine their structure. Following from this, GC
standards may then be sought to allow full quantitative and qualitative analysis of reaction products

to be undertaken.
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Figure 2.15 Schematic illustrating the techniques utilised in this thesis for liquid and wax phase analysis

2.5 Analysis of error

There exists the potential for error in all analytical techniques. For each described here, calibrations
will be carried out in replicates, along with calibration checks performed during analysis to ensure

consistency and minimise error, as well as carrying out replicates on the samples being analysed.
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2.6 Uncertainty in characterisation methodology

Within this body of work there exists the potential for errors incurred from the methods involved
both experimentally and analytically. LDH samples were prepared in bulk for this thesis, with
samples produced in duplicate to ensure consistency. A number of areas of LDH and MMO
structure chemistry are challenging to characterise with only a limited amount of information being
realised. A characterisation strategy has been outlined above, however this may have its own
limitations as to the real structures and properties of the materials involved.

A small number of LDH/MMO materials may be of low crystallinity resulting PXRD patterns
with broad reflections being obtained, which may not refine to give cell parameters. Following this,
these materials would then have to be assigned according to prior literature, leading to uncertainty
in their determination. In addition the interlayer for LDHs cannot readily be probed for most
anions, with only information on gallery height being obtained from the PXRD pattern.

In the calcining of LDHs to MMOs, variables include temperature, atmosphere and time of
reaction, leading to complications between inter-study comparisons. There may be further effects
of calcination conditions impacting on certain analysis methods more than others resulting in
misrepresentation. The exact surface/structure of MMOs is hard to establish due to it being
notoriously difficult to study, and with MMOs readily hydrating to LDHSs this further hinders study.

Errors may be incurred in BET theory since it assumes that the adsorbate surface is
homogeneous, the heat of adsorption is also assumed to be the same from the 2nd layer upwards
and any intra-layer interactions between adsorbed molecules are disregarded, however these
assumptions are not always true. Also, the BJH method for measuring pore size assumes that the
pores are cylindrical, which is not always true for all surfaces and edges in the LDH structure.

Hammett base indicators require visual inspection of colour changes for measurements of
basicity, which may be subtle and difficult to quantify. With the Hammett indicators being tested in

154

a polar solvent,™ and the possibility of methoxide ions being formed then these may also be

interacting in the system. Thus the semi-quantitative Hammett indicator results could be looked at
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in conjunction with quantitative tests such as CO, titration and temperature programmed desorption
(TPD), though the information from these techniques is still limited in that they will not probe the
LDH interlayer.

To account for these errors, analyses were recorded in duplicate and, where possible,
complimentary data was sought between techniques to confirm the data obtained. Analyses were
also compared and contrasted to literature studies for similar materials to qualitatively and
quantitatively ascertain the suitableness of the obtained data, resulting in further analysis or

techniques if large discrepancies occurred.

81



3 Synthesis and characterisation of Mg-Al layered double
hydroxides and mixed metal oxides

3.1 Review of layered double hydroxide synthesis methods

Layered double hydroxides (LDHs) (MgsAl2(OH)16CO3-4H,0) are a diverse set of materials
containing multiple cations of varying valencies, along with hydroxide groups and also anions,
located within the interlayer.®® With such a wide range of materials possible there exist a multitude
of synthetic methods by which these materials may be prepared. Some of the more commonly
encountered methods in the literature will be reviewed in the following section 3.1, along with the
preparation methods utilised within this thesis (section 3.2) and subsequent material analysis

(section 3.4).

3.1.1 Layered double hydroxide synthesis via co-precipitation

The most commonly encountered method in the literature for synthesising LDHs is via co-
precipitation, an approach that can be further sub-classified according to whether the reaction is

H," or at variable pH method, as both studied by Crepaldi.'®® Co-

undertaken at constant p
precipitated LDHs may be prepared with the anion of interest, (direct synthesis) or with a labile
anion to be replaced subsequently in anion exchange synthesis.

Co-precipitation of metal salts takes place under conditions of supersaturation. Initially, a
solute is dissolved in a solution at a higher concentration than is normally possible at equilibrium.
Crystallisation of a super-saturated solution may be brought about by changes in temperature, pH,
addition of co-solvent or application of pressure, each of which result in crystal nucleation, which in
turn, triggers subsequent growth into crystals. Carrying out co-precipitation to form LDHSs at
conditions of low supersaturation leads to more crystalline products than those obtained at high
supersaturation, since the rate of crystal growth is greater than the rate of crystal nucleation for the

latter. 4
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The constant pH co-precipitation method at low supersaturation has been found to lead to LDHs
of higher crystallinity compared to the variable pH method, since the crystals are formed under
similar conditions throughout the entire precipitation rather than varying conditions, which would
lead to formation of a heterogeneous product.’®® In addition this method yields highly reproducible
and reliable results.!*> 1

In constant pH co-precipitation, stoichiometric solutions of soluble salts of M?* and M** are
precipitated into a solution containing the desired counter-anion. The reaction mixture is
maintained at constant pH by the simultaneous addition of base such as NaOH 4q), either manually
or via automatic titration. Under high supersaturation conditions the reaction metal solutions are
added over a much shorter time period. After precipitation the solutions undergo Ostwald
ripening,'® where smaller particles that are less energetically favourable, redissolve in solution and
deposit onto the surfaces of larger particles that are more energetically favourable.’®” This leads to
increased particle size homogeneity. The co-precipitation method has been further modified by the
use of microwave irradiation during the ageing step, leading to smaller, homogeneous particle sizes,
in shorter reaction times.*® Following synthesis, the co-precipitated products are then filtered,
washed with copious amounts of hot water and then dried in an oven.

Co-precipitation is generally only possible over an M*:M*" range of 2-4. Electrostatic
repulsion occurs for ratios lower than this as M*" must occupy adjacent sites.® If M**:M** <2 then
this would require M"-0-M"' connections, which have been argued to be unfavourable due to
charge repulsion, something referred to as the cation avoidance rule.!®® In addition, high M?*:M**
ratios have been suggested to lead to a high-density of Mg-octahedral sites, which act as nucleation
sites for the formation of Mg(OH),.*° M?*:M** ratios outside of the 2-4 range have been reported,
though the resulting homogeneity of the LDH sample can come into question.*”

An alternative method of co-precipitation was developed by Zhao et al., whereby a colloid

mill was used for initial mixing and nucleation of reactants at 3000 rpm under high pressure,

intensive vibration and hydraulic shear forces.'”* An advantage of this method is that the mixing
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step is complete in 2 minutes which is subsequently followed by a separate ageing step at 100 °C,
resulting in small crystallites of lower aspect ratio and a narrower particle size distribution than
those produced in the much slower conventional co-precipitation.

The constant-pH co-precipitation method, however, is not perfect for an industrial
scale-up due to a variety of reasons:

e High pH supernatants are created at the end of the process, as the stability range of product
requires pH ~10, mainly due to the required filtering and washing to remove counter-anions.

e An inert atmosphere is required to prevent inclusion of carbonate ions within the interlayer,
resulting from atmospheric carbon dioxide, which readily enters solution at high pH,? ***

e Competing effects can occur between the desired counter anion and the competing metal salt
counter-anions, present in high concentrations in the synthesis. This leads to the requirement
of up to a 20-fold excess (relative to needed for charge balancing) of the desired counter
anion during direct synthesis, further increasing costs.***

e Generally, low mass/charge anions are difficult to intercalate. This necessitates other

synthetic methodologies.*"

Another method of co-precipitation from a homogeneous solution employs the two-step
thermally-induced hydrolysis of urea (equation(12)), which leads to a solution pH of around 9,
precipitating metal hydroxides.*** An advantage of this synthesis method is that it also avoids the
use of alkaline metals which may become entrained in the final LDH product. The urea co-
precipitation method is predominantly used for the synthesis of LDHs with counter-anions of high
charge density. The rate constant for urea hydrolysis increases 200-fold when the temperature of
solution is increased from 60-100 °C and rates of reaction can be controlled. For Mg:Al ratios 2:1
and 10 times excess urea:Al at 90 °C, this method gave LDHs with very good crystallinity after

ageing for 48 h, with 90 % of particles formed were found to have a diameter between 0.5 — 10

& Carbonate ions have a very high affinity for the LDH interlayer. If carbonate is not the desired counter-anion then co-
precipitations must be carried out under inert atmosphere to avoid incorporation of this resulting from the absorption of
atmospheric carbon dioxide.
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um.*** Microwave-hydrothermal treatment has been used to reduce reaction times considerably for
the thermally induced hydrolysis of urea method, from that of conventional-hydrothermal

treatment.!”®

CO(NH,), — NH,CNO (12)

NH,CNO + 2H,0 — O\IH4)2C03

3.1.2 Hydrothermal LDH synthesis

Larger anionic molecules of low-charge density can be directly incorporated into LDHs by using
hydrothermal methods, where co-precipitation syntheses have proved unsuccessful.!”?  This
approach is especially useful for organic anions, such as deoxycholate that have a very low affinity
for the interlayer and are thus typically precluded in co-precipitation synthesis. Ogawa and Asali
were able to incorporate deoxycholate into LDH-type materials, using brucite and gibbsite
(insoluble at room temperature), by combining the three materials in a sealed Teflon-lined
autoclave, along with water, and heating at 150 °C for 24 h under autogeneous pressure.*’?
Greenwell et al. used hydrothermal methods to effectively intercalate terephthalic acid (TA)
into the interlayer of an MgAI-LDH. This methodology resulted in an LDH-type material with
smaller particle size distribution, lower defects and a high degree of crystallinity in comparison to
materials obtained from other LDH synthesis methods, something that can clearly be observed in
Figure 3.1.Y* The average crystal size obtained from the hydrothermal method (1 pum) is clearly
smaller compared to the other methods, but has a higher degree of structural integrity. A large
excess of TA was not required in this method unlike the (stoichiometric) co-precipitation method,
which required 20-fold excess to avoid incorporation of nitrate anions.*”* Hydrothermal methods
can also be employed for LDHSs produced by other techniques to improve crystallinity, however this

is generally for low charge to mass ratio ions.
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Figure 3.1 Scanning electron micrographs of Mg-Al terephthalates a) R2 and b) R5 prepared from the metal
hydroxides using a hydrothermal technique; ¢) R2 and d) R5 prepared by the direct synthesis co-precipitation
method; e) R2 and f) R5 prepared by a sol-gel method; g) R2 and h) R5 prepared by an urea hydrolysis method.
The hydrothermal method leads to crystals of smaller particle size distribution and average crystal size, with less
surface defects. Image taken from Greenwell et al.*"

3.1.3 Layered double hydroxide synthesis via co-hydration

An alternative, environmentally-friendly, method of producing LDHs with organic interlayer anions

(as opposed to inorganic interlayer anions), namely organo-LDHSs, has been suggested by Greenwell
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et al., namely via a co-hydration route.*? In this method the metal oxides are co-hydrated in water,
and the organic acid-derived counter-anion is believed to be incorporated into the interlayer through
an insertion mechanism, with the pH being kept low so atmospheric CO, does not dissolve in the
solution forming carbonate-LDHs.'?* The main advantage of this method is that the use of bases
such as NaOH;q and KOHgq used in standard co-precipitation methods is avoided and their
respective counter-cations do not need to be washed from the final product. This then avoids the
need for disposal of the high pH, basic, co-produced supernatants. Another advantage for industrial
scale-up of this method is that Mg and Al oxides are used since they are cheap, readily available
and easily hydrate to their corresponding hydroxides in aqueous solution.

In the co-hydration LDH synthesis method a stoichiometric ratio of MgO:Al,Os is dispersed
in stirred deionised water pre-heated at 60 °C to give a 1 weight % slurry, followed by, after 10
min, the addition of a dicarboxylic acid such as adipic acid. The M*":acid molar ratio is 1.2 and an
inert atmosphere is not required. LDHs of R-value 1 were observed to be phase-pure by PXRD,

however SEM-EDX showed amorphous alumina was present, resulting from this being an

123 |3+

unfavourable ratio for LDHs,™ whereby AI°" ions would necessarily have to be located next to
each other in the structure. Contrarily, LDHSs prepared with greater than 2:1 Mg:Al precursor ratios,
all had SEM-EDX measured ratios in the range 2-3, along with poorly crystalline brucite phases
present. It was suggested that this was due to either R-value 2 being the more thermodynamically
favoured LDH or that with increasing basic MgO quantities, the higher pH slurries involved

resulted in Mg(OH), formation being favoured and formed in addition.

3.1.4 Secondary layered double hydroxide synthesis methods

3.1.4.1 Layered double hydroxide synthesis via ion exchange

Anionic exchange is possible within the interlayer of an LDH that possesses a weakly interacting

interlayer anion such as nitrate.®® This is achieved by suspending the parent LDH in a solution
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containing the desired counter-anion of higher interlayer affinity. Thermodynamics control the ion
exchange and depend on electrostatic interactions between the positively LDH charged layers and
the anions and to a lesser extent, the corresponding changes in hydration energies of the LDHs.'"
lon exchange may be carried out in aqueous medium favouring inorganic anions, or an
organic solvent which promotes exchange with organic ions.'’”® An advantage of this amenable
preparation method is the vast range of ion-exchange reactions available, which can lead to
successive expansions of the interlayer, not otherwise possible in a single step. For example, a
sulphate-containing LDH can be exchanged with dodecyl sulphate to expand the interlayer,
increasing the interlayer separation from 11.1 A t0 262 A allowing further exchange,'’” as

exemplified by the work of Tseng et al. who were subsequently able to intercalate

buckminsterfullerene.’®

3.1.4.2 Rehydration of calcined layered double hydroxides

Subjecting LDHs to calcination at up to 550 °C leads to the removal of interlayer water, interlayer
anions and hydroxyl groups, resulting in a collapse of the interlayer to form a highly-basic
homogeneous mixed-metal oxide (MMO).%° Calcination of Mg/Al LDHs to temperatures of around
450-550 °C has been observed to lead to 30 % of the AI** ions changing from adopting octahedral
to tetrahedral coordination in the resulting MMO.*"

Following calcination to MMOs at temperatures between 450-550 °C, LDHSs can be readily
reconstructed by rehydration, yielding similar structures to the parent-LDH, a process that has been
dubbed the “memory effect”.’*® However since some of the AI** remains in tetrahedral
coordination, as observed by solid-state NMR, then this produces and inhomogeneous LDH.*®
Aqueous solutions containing the desired anions are required for the rehydration, along with water
reconstructing the hydroxyl layers and the anions plus water intercalating into the interlayer.'®?
Advantageously, the anions are incorporated into the LDH structure without competing with the
undesired counter-ions present from the original LDH synthesis method, although an inert
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atmosphere is still required to prevent inclusion of carbonate ions. Rehydrated LDHs have been

183 184

prepared with guests such as peptides and amino acids, surfactants, and organic

chromophores.'®®

3.2 Layered double hydroxide synthesis methods employed in this
thesis

In this chapter MgAI-LDHs will be synthesised using two methods: the co-precipitation method
using magnesium nitrate and aluminium nitrate in the presence of sodium bicarbonate at constant
pH 10 and the co-hydration method as demonstrated by Greenwell et al.'*® These materials will be
characterised using various experimental techniques, such as PXRD and ICP, and then compared to
each other prior to their calcination to yield MMOs which will similarly be analysed, compared and

contrasted.

3.2.1 Nomenclature of samples prepared

The LDH and MMO materials prepared in this thesis are described by:
a) Initially their method of preparation — CoP for co-precipitation and CoH for co-hydration;
b) Whether they are in the LDH form or have been calcined to give the MMO form;

c) Mg:Al stoichiometry during preparation, also known as the R-value.

Thus, by way of example, a mixed metal oxide produced via co-hydration with an R-value of 2
would be denoted as CoH-MMO-2. A list of samples prepared, their preparation method and target

compounds are shown in Table 3.1.
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Table 3.1 Sample ID, synthesis method and target compounds of the materials synthesised in this thesis, where
OA represents the organic acid adipate dianion.

Sample ID Sr)r/]r:tf;]eos(js Target compound
CoP-LDH1 Co-precipitation ([Mgo.5Alp5(0OH)2]1(C0O3)0.25.yH20
CoP-LDH2 Co-precipitation ([Mgo_65A|OI33(OH)z](CO3)0_155.yH20
CoP-LDH3 Co-precipitation ([Mgo.75A|o.25(OH)2](003)0.125.yH20
CoP-LDH4 Co-precipitation (IMgo.sAlg2(OH)2](CO3)0.1.yH,0O
CoP-LDH5 Co-precipitation (IMgo.83Al0.17(0OH)2](CO3)0.09.YH20
CoP-LDH6 Co-precipitation ([Mgo,86A|0.14(OH)2](CO3)0,07.yH20
CoH-LDH1 Co-hydration [Mgo.sAlp5(OH)2](OA)g 25.yH.0O
CoH-LDH2 Co-hydration [MgolﬁeAlolgg(OH)z](OA)0.165.yH20
CoH-LDH3 Co-hydration [Mgo_75A|o.25(OH)z](OA)0_125.yH20
CoH-LDH4 Co-hydration [Mgo.sAlg.2(OH)2](OA)o.1.yH20
CoH-LDH5 Co-hydration [Mgolg3Alo_17(OH)2](OA)o.og.szo
CoH-LDH6 Co-hydration [MgOI86A|0.14(OH)2](OA)0.07.yHZO
Co-precipitation,
CoP-MMO-1 o [Mgo.5Alo501.25]
Co-precipitation,
CoP-MMO-2 cglcingtion [Mgo.6Alo.3301.17]
Co-precipitation,
CoP-MMO-3 cglcingtion [MGo.75Alo2501.15]
Co-precipitation,
CoP-MMO-4 calcination [MGosAlo201.4]
Co- ipitation,
copamo-s | CFprechiaton (Moo 0101
Co- ipitation,
CoP-MMO-6 oczﬁifr:z'niﬁon [Mgo.86Al0.1401.07]
Co-hydration,
CoH-MMO-1 galc%n;?i(;%n [MGo.5AlosO1.26]
Co-hydration,
CoH-MMO-2 c?alc);n;?icl)?qn [Mgo.66Al0.3301.17]
Co-hydration,
CoH-MMO-3 calc);natitl)n [Mgo.75Alp.2501.13]
Co-hydration,
CoH-MMO-4 calcination [MGosAlo201.4]
Co-hydration,
CoH-MMO-5 calc);natitl)n [Mgo.sAlo.1701.08]
Co-hydration,
CoH-MMO-6 calc):natitl)n [MQo.g6Al0.1401.07]

3.2.2 Synthesis of layered double hydroxides via co-precipitation

The carbonate LDH samples prepared were composed of the theoretical formula [Mg®" ..
AP (OH),] (COs% )wa.yH.0. Co-precipitated LDHs were prepared using stoichiometric ratios of
Mg/Al (denoted R-value) to give R-values of 1-6. Reagents were used as supplied: magnesium

nitrate hexahydrate (Sigma-Aldrich, ACS 99 %), aluminium nitrate nonahydrate (Sigma-Aldrich,

90



ACS 98 %), deionised water (Purelab 7000, 18.2 MQ), sodium bicarbonate (Sigma-Aldrich, ACS
99.7 %), NaOH,q (Fisher Scientific, AR).

An example preparation for R-value 2 is given below, for exact masses of each chemical used
in each R-value preparation see Table 3.2.  For synthesis of the target compound
(IMgo.66Al0.33(OH)2](CO3)0.165.YH20 (R-value 2), magnesium nitrate hexahydrate, Mg(NO3),.6H,0
a colourless crystalline solid (2.3120g, 9.0 mmol) and aluminium nitrate nonahydrate, Al
(NO3)3.9H,0 a colourless crystalline solid, (1.6880g, 4.5 mmol) were readily dissolved in 100 ml
deionised water. This metal nitrate solution was then added drop wise over a period of 1 hour to a
stirred 100 ml excess (COs* : AI** = 10:1) sodium bicarbonate (3.770g, 44.9 mmol) solution at 65
°C. Instantaneous precipitation of a white solid was observed. Simultaneous addition of 1.5 mol
dm™® NaOH,q) was used to maintain pH 10 + 0.1, measured using a Jenway 3510 pH meter. The
resulting reaction mixture, a white suspension, was then aged in situ at 65 °C for 5 hours, while
stirring.  After aging, the suspension was filtered under vacuum and the white crystalline solid
product was washed on a Buchner vacuum funnel with 1 L of hot deionised water to remove any

remaining Na* ions. The white powder product sample was then dried overnight under air in an

oven at 80 °C until there was no further mass loss.

Table 3.2 Masses, moles and ratios of the reactants used for each R-value LDH co-precipitation preparation.

Mass / concentration per 100 mL solution (g / m mol dm™) Ratio
Sample

Mg (NO3),.6 H,O | AI(NOs)3.9H,0 NaHCO; Mg:Al | CO5”Al
CoP-LDH1 1.6240, 6.3 2.3760, 6.3 5.320, 63.3 1 10
CoP-LDH2 2.3120, 9.0 1.6880, 4.5 3.770, 44.9 2 10
CoP-LDH3 2.6884, 10.5 1.3112, 3.5 2.930, 34.9 3 10
CoP-LDH4 2.9290, 114 1.0712,2.9 2.400, 28.6 4 10
CoP-LDH5 3.0944,12.1 0.9056, 2.4 2.028,24.1 5 10
CoP-LDH6 3.2152, 125 0.7844, 2.1 1.756, 20.9 6 10

The powder was finely ground using an agate pestle and mortar prior to analysis and use in

catalysis (Chapter 5). Samples were analysed using powder X-ray diffraction, thermogravimetric
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analysis, scanning electron microscopy, inductively coupled plasma optical emission spectroscopy,
surface area analysis, Hammett basicity measurements, elemental analysis and Fourier transform

infra-red spectroscopy (Section 2.2).

3.2.3 Synthesis of layered double hydroxides by co-hydration

Co-hydrated LDHs were prepared following a synthesis method developed by Greenwell et al.,*?
composed of the theoretical formula [Mg® 1A (OH),]** (OA)x»2.yH-0, where OA represents the
adipate dianion. Co-hydrated LDHs were prepared using stoichiometric ratios of Mg/Al to give R-
values of 1-6, and adipic acid (Figure 3.2), which was previously used by Greenwell*? to generate
the required counter anions. Reagents were used as supplied: CP5 aluminium oxide (BASF), adipic
acid (Sigma, 99 %), magnesium oxide (Sigma-Aldrich, ACS 98 %) and deionised water (Purelab
7000, 18.2 MQ). In this current procedure CP5 aluminium oxide (BASF, CP = catalyst precursor
particle size 5 um, 6.7 % mass loss on ignition) was used instead of the CP3 (Alcoa, catalyst
precursor particle size 3 um, 5.8 % mass loss on ignition) stated in the article due to CP3 grade no
longer being available from the supplier. The CP5 aluminium oxide will therefore require a longer
hydration time in comparison to that described by Greenwell,** owing to the hydration time for
186

larger alumina particles increasing with their lower surface area per unit weight.

(@)

HO
OH

0]

Figure 3.2 Structure of adipic acid, used in the preparation of LDHSs via co-hydration in this thesis.

An example preparation for R-value 2 is given below, for exact masses of each chemical
used in each R-value preparation see Table 3.3). For synthesis of the target compound
[Mgo.66Al0.33(OH)2](OA)0.165.yH,O (R-value 2), aluminium oxide (1.0100g, 19.8 mmol), a white
powder, was added to 250 mL of deionised water at 65 °C followed by adipic acid (1.737g, 16.9
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mmol), a white crystalline solid, after 10 minutes and finally magnesium oxide (1.4900g, 37.0
mmol), a white powder, after a further 50 minutes to give an overall 1% slurry weight based on the
metal oxides. The reaction mixture was then covered to prevent water loss and aged at 65 °C for 5
hours, while stirring, producing an LDH product which was filtered under vacuum. The white
powder sample was then dried overnight under air in an oven at 80 °C until there was no further
mass loss, followed by fine grinding using an agate pestle and mortar prior to analysis and use in
catalysis (Chapter 5). Samples were analysed using powder X-ray diffraction, thermogravimetric
analysis, scanning electron microscopy, inductively coupled plasma optical emission spectroscopy,
surface area analysis, Hammett basicity measurements, elemental analysis and Fourier transform

infra-red spectroscopy (Section 2.2).

Table 3.3 Masses, moles and ratios of the reactants used for each R-value LDH co-hydration preparation.

Mass per 100 mL solution, concentration (g, m mol dm'3) Ratio
Sample MgO AlLOs Adipic acid Mg/Al | coo Al
CoH-LDH1 1.0610, 26.3 1.4386, 28.2 2.474,16.9 1 1.2
CoH-LDH2 1.4900, 37.0 1.0100, 19.8 1.737,11.9 2 1.2
CoH-LDH3 1.7220, 42.7 0.7775, 15.3 1.337,9.2 3 1.2
CoH-LDH4 1.8993, 47.1 0.6006, 11.8 1.033,7.1 4 1.2
CoH-LDH5 1.9952, 49.5 0.5047, 9.9 0.868, 5.9 5 1.2
CoH-LDH6 2.0647,51.2 0.4353, 8.5 0.749,5.1 6 1.2

3.3 Preparation of mixed metal oxides from layered double hydroxides

Following the preparation of LDHs by co-precipitation and co-hydration, these were subsequently
calcined to produce mixed metal oxides (MMOs). Calcination at 500 °C results in the
decomposition of the LDH through the loss of surface water, intercalated anions and water, and
dehydroxylation of the hydroxide layers. Following the collapse of the layered structure, the
formed materials are highly-basic homogeneous MMOs.

MMO materials (CoP-MMO and CoH-MMO) were prepared by calcining the white powder
parent-LDH (CoP-LDH1 to CoP-LDH6 and CoH-LDH1 to CoH-LDH6) of each material

immediately prior to their analysis and further use. For each sample, 1 g of LDH was ground in an
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agate pestle and mortar and then placed in a high-temperature-silica crucible in an oven at room
temperature and then heated at a rate of 16 °C/min to 500 °C, where the sample was then held for 3
hours in air.*¥” The crucible containing the sample was removed from the oven at 500 °C and
placed in a desiccator under vacuum, containing anhydrous cobalt chloride desiccant, to cool over
30 mins before the resulting white powder was analysed and further used in catalysis reactions
(Chapter 6). Samples were analysed using powder X-ray diffraction, inductively coupled plasma
optical emission spectroscopy, surface area analysis, Hammett basicity measurements, elemental

analysis and Fourier transform infra-red spectroscopy (Section 2.2).

3.4 Results and discussion

LDHs have been prepared according to two different synthesis methods and the resulting materials
transformed into the corresponding MMOs by calcination. Prior to use in catalytic reactions the

structure and composition of these LDH and MMO materials is characterised and reported.

3.4.1 Layered double hydroxides prepared by co-precipitation

3.4.1.1 Structure of the layered double hydroxide crystals

The PXRD patterns of LDHs synthesised by co-precipitation (CoP-LDH 1 to CoP-LDH®6) are
shown in Figure 3.3. For each material of a specific R-value prepared, characteristic LDH patterns
were observed with distinctive LDH basal reflections (00l) being present at low 26 angles,
indicative of a layered structure, along with broader reflections in the (111) and (10I) regions. An
impurity phase corresponding to gibbsite is observed for CoP-LDH1, and an additional impurity is
also detected in CoP-LDHS attributed to magnesium hydroxy carbonate.*®®

After smoothing the diffraction pattern data for CoP-LDH1 to CoP-LDHS6, followed by

subtracting the background, attempts were made to index the PXRD data using the DICVOL

automatic indexing algorithm (Section 2.2.1).! CoP-LDH2 and CoP-LDH4 were both successfully

94



indexed as 3R rhombohedral polytypes (Appendix 1 and Appendix 2). The refinements for CoP-
LDH2 and CoP-LDH4 are in line with the single crystal refinements for hydrotalcite carried out by
Allman and Jepsen.'®® The other CoP-LDHs unfortunately do not show patterns with strong enough
reflections to fully index. Previously refined synthetic COs* containing LDHs have all been shown
to be of the 3R polytype,**” so following from this it is assumed that the remaining CoP-LDH can

be indexed similarly.

9000
——CoP-LDH1
8000 CoP-LDH2
—CoP-LDH3
_ 7000 —CoP-LDH4
%’ 5000 ——CoP-LDH5
S —CoP-LDHB
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Angle (° 268)
Figure 3.3 PXRD patterns for Mg,Al — carbonate LDHs synthesised by co-precipitation, with X = 1-6. * denotes

impurity. The vertical lines show the corresponding hkl reflections obtained and how these vary with the value
of X.

A summary of the PXRD data for the CoP-LDH samples is shown in Table 3.4. The
average cation-cation distance in the layer, ao, calculated from the distinct di;9 peak (see Section
2.2.1), gives very similar values for all of the prepared CoP-LDHs and lie between 3.02-3.08 A.
This value can then be used to calculate the percentage of Al in the sample using the equation (4)
put forward by Kaneyoshi and Jones,™*® giving good correlation for CoP-LDH2 to CoP-LDHS5,
which only vary from the expected values by up to 1.6 %. CoP-LDH1 and CoP-LDH®6 vary by 9.3
% and 3.7 %, respectively, from the expected percentages. These values can be similarly
determined for b, since a = b in hexagonal systems. Co-precipitation is reported as generally only

being possible over an M**:M*" range of 2-4.%°
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The ¢ parameter, corresponding to a three-layer repeat, can be calculated from the dgos and
doos reflections and from this, the interlayer spacing, co, which is equal to one-third of this value.

126 and Constantino and Pinnavaia,'®’ carbonate-containing LDHs

According to Bookin and Drits,
have a ¢, of 7.6 and 7.7 A, which is in agreement with the values determined for CoP-LDH1 and
CoP-LDH2 at 7.61 A and 7.65 A respectively. The value of coincreased with R-value up to 7.94 A
for both CoP-LDH 5 and CoP-LDH6. As Mg:Al ratio (R-value) increases, the cationic charge of
the hydroxide layer reduces, hence this leads to less affinity for interlayer anions and also less
interlayer anions overall. Thus these 2 factors may be competing in an increase and decrease,
respectively, of the value of cq as the Mg:Al ratio increases, with the lower anion affinity leading to
the greater effect. Subtracting the thickness of one LDH metal hydroxide layer ( which are 4.8 A
thick) gives a gallery height of around 3 A (see Figure 2.2).2° The average crystallite size has also

been calculated in the a and ¢ directions using the Scherrer equation,*®

(see equation (5)). CoP-
LDH1 has an average crystal size of 2.07 nm in the a direction, with the average crystal size of
CoP-LDH2 being higher at 3.86 nm. The remaining CoP-LDHs then follow a general decrease
down to 1.59 nm for CoP-LDHG, (excepting CoP-LDH4 which is slightly higher than that for CoP-
LDH3).

These calculated average crystal sizes, however, are smaller than the crystal sizes
determined from SEM imaging of the same samples; SEM images for CoP-LDH1 to COP-LDHG6
are shown in Figure 3.4, and highlight a rose des sables structure typical of LDHs.**" These images
are of varying magnifications due to the effects of charging hindering the analysis, with the highest
resolution images possible for a particular sample being shown. Electron charging is due to non-
conductive samples, which are being irradiated with electrons, building up a negative charge which
results in intense white areas being present on the image produced. To circumvent this, samples are

coated in carbon, however with the non-conductive LDHSs, charging still occurs. The crystallite size

can be estimated from the micrographs to be of the order of 200 nm for CoP-LDH3, with similar
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values for the other co-precipitated samples. These crystallite sizes are in a similar range to those
calculated using the Scherrer equation (5) for the c-direction (91 — 221 nm).

ICP-OES data of the various LDH materials (Table 3.5) shows that, generally, Mg:Al ratios
increased, as the expected Mg:Al ratios increased (i.e. Mg:Al 1-6), although, with the exception of
CoP-LDHL1, the ICP-OES Mg:Al values were all underestimating Mg by of 10-20 %. For Mg-Al
carbonate LDHSs prepared by co-precipitation at pH 8, it is proposed that only Mg:Al ratios in the
range 1.0-3.0 are possible,™*” however the data obtained here suggests R-value 1.0-6.0 are feasible,
although these LDHs are prepared at pH 10, which will enhance the formation. In comparison, the
Mg:Al content from analysis of the d110 peak (section 2.2.1) show much less variation (except for
CoP-LDH1). This would suggest that some amorphous alumina has formed which is interspersed
throughout the LDH product.

SEM-EDX was used to obtain bulk Mg:Al ratios for particles, with the results being shown
in Table 3.5. Analysis on a number of individual areas in CoP-LDH1 showed 4 different material
types: LDHs of R-value 3.1, 0.3, MgO and Al,O3. This SEM-EDX analysis at a microscale
confirms the presence of amorphous alumina and hence why the PXRD data for the LDH indicated
less Al was present than expected on the basis of R-value. However, the ICP-OES Mg:Al value for
the bulk R1 material was still 1. As such, a second sample of CoP-LDH1, which was not washed
with hot deionised water during filtration was also sampled. Again, SEM-EDX showed this
contained LDH material of R-value 3.1, along with the desired R-value 1.1 material, however Na,O
was also found to be present. This suggests that if effective washing is not carried out then residual
sodium compounds will invariably remain in the sample.?* Using SEM-EDX, CoP-LDH2 was
found to have an Mg:Al-value higher than that obtained by ICP-OES, suggesting amorphous MgO
may be present. CoP-LDH3 to CoP-LDH5 all contained material of R-value 3.1 by SEM-EDX,
suggesting they have similar structures within the proposed optimal range of 1.0-3.0.*" A second
area of CoP-LDH4 was also analysed, which, however had R-value 8.8 suggesting a second phase

is present and that these samples are not very homogeneous at SEM-EDX level.
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Table 3.4 Parameters extracted from the PXRD patterns for CoP-LDH1 to CoP-LDHBS. ? calculated by subtracting 4.8 A (the width of one brucite layer) from one third of
the value of the ¢ parameter. Estimated standard deviations shown in brackets.

Galler Average crystal | Average crystal | Calculated Theoretical /

sample | doos (A) | doos (A) | duo (A) | a(h) | A | o) | BT e | TS () size & () Al©) | ideal Al (%)
3.02 22.84 7.61

CoP-LDH1 7.63 3.80 1.51 (0.15) (1.14) (0.38) | 2.81(0.14) 119 (6) 227 (11) 40.7 (2.0) 50.0
3.05 22.94 7.65

CoP-LDH2 7.65 3.82 1.52 (0.15) (1.14) (0.38) | 2.85(0.14) 221 (11) 255 (13) 31.9 (1.6) 33.3
3.06 23.42 7.81

CoP-LDH3 7.81 3.90 1.53 (0.15) (1.17) (0.39) | 3.01(0.15) 129 (6) 198 (10) 25.1 (1.3) 25.0
3.07 23.65 7.88

CoP-LDH4 7.88 3.95 1.54 (0.15) (1.18) (0.39) | 3.08(0.15) 133 (7) 254 (13) 20.2 (1.0) 20.0
3.08 23.83 7.94

CoP-LDH5 7.94 3.97 1.54 (0.15) (1.19) (0.40) | 3.14(0.16) 114 (6) 168 (8) 18.3 (0.9) 16.7
3.08 23.82 7.94

CoP-LDH6 7.95 3.97 1.54 (0.15) (1.19) (0.40) | 3.14(0.16) 91 (5) 161 (8) 18.0 (0.9) 14.3

Table 3.5 Expected and actual, ICP-OES and SEM-EDX Mg:Al data for CoP-LDH1 to CoP-LDHS6, prepared by co-precipitation, with errors given in parentheses.

Ratio of Mg:Al
Sample .
Expected ICP-OES SEM-EDX Main
(+0.03) phase SEM-EDX Other components

CoP-LDH1 1.0 1.0 3.11 (0.04) 0.32 (0.06) MgO Al,O3
CoP-LDH2 2.0 1.7 2.71 (0.10)
CoP-LDH3 3.0 2.7 3.08 (0.17)
CoP-LDH4 4.0 3.3 3.07 (0.02) 8.77 (1.56)
CoP-LDH5 5.0 4.0 3.12 (0.19)
CoP-LDH6 6.0 5.2 Not recorded
CoP-LDH1
unwashed 10 i 1.07 (0.04) 3.13 (0.07) Na,O
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Figure 3.4 Scanning electron micrographs of a) CoP-LDH1, b) CoP-LDH2, ¢) CoP-LDH3, d) CoP-LDH4 e) CoP-
LDHS5 and f) CoP-LDH6. The samples all exhibit a rose des sables structure, typical for an LDH, with inter-
growth between crystallite plates and the crystallite size for each sample being ~200 nm.

From the IR spectral analyses presented in Figure 3.5, the co-precipitated LDH samples
show some of the characteristic carbonate symmetric and anti-symmetric stretching vibrational
modes in the region 1300-1500 cm*, as expected.’®* The intensity of carbonate stretches decrease

as Mg:Al ratio increases since less charge balancing carbonate anions are intercalated, however,
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CoP-LDHG6 does exhibit an unexpected increase in carbonate stretching intensity over the other co-

precipitated samples.

~=CoP-LDH1

CoP-LDH2
——CoP-LDH3
—CoP-LDH4
——CoP-LDH5
—CoP-LDH6

Transmittance (%)

Polymeric
hydrogen
bonding
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Figure 3.5 FTIR spectra of synthesised LDHs prepared using the co-precipitation method.

The presence of polymeric hydrogen-bonding (shifted to 3300 cm™) is evident in CoP-LDH1 to
CoP-LDH3, however not CoP-LDH4 to CoP-LDH6 suggesting less water is present in the
interlayer. Or another possibility is that since the interlayer spacing is larger for CoP-LDH4, this is
too large for the H-bonding to form in a polymeric fashion.

Thermal analysis via TGA of the CoP-LDHSs showed the expected distinct mass losses: a)
evolution of water initially from loss of intercalated interlayer water; b) carbon dioxide arising from
interlayer carbonate decomposition, along with dehydroxylation of the hydroxide layers; upon
calcination from room temperature to 500 °C (Figure 3.6).1%2 TGA data for water loss, in
conjunction with the determination of the percentages of C and H via elemental analysis allowed
the determination of possible sample compositions (Table 3.6). The Mg:Al ratio determined from
ICP was used to determine the amount of OH™ and interlayer COgZ_ counter anion in the LDH
structure. With the calculated OH™ and CO3> values fixed, the percentage of water was then varied

to determine possible compositions when the percentage of H,O, C and H were individually
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matched to the actual experimental TGA data. However, it was not possible to match all variables
simultaneously, which may be due to the percentage attributed to H,O in TGA being
over/underestimated due to adsorbed surface water and/or overlapping of the loss of interlayer
water with interlayer carbonate loss. Another possible reason for less elemental hydrogen being
observed in elemental analysis than the corresponding elemental hydrogen from water/hydroxyl
loss in TGA is that, prior to combustion, the elemental analysis sample is kept in a pure oxygen
stream and this may result in dehydration of the sample prior to analysis and so less observed

percentage hydrogen.

100
——CoP-LDH1
9 ~ 10 -15 % mass loss attributable CoP-LDH2
90 to adsorbed and interlayer H,O ==CoP-LDH3
\ —CoP-LDH4
85 —CoP-LDH5
—_ —CoP-LDH
= 80 Co 6
:m 75 ~ 20 % mass loss
‘o attributable to interlayer CO,
= 70
65
: N
55 —
\
50 . ‘ ‘ ‘
0 100 200 300 400 500 600

Temperature (°C)

Figure 3.6 Thermogravimetric analyses (TGA) profiles of CoP-LDH1 to CoP-LDH6 samples, showing the mass
loss against temperature..

3.4.1.2 Catalyst properties of the layered double hydroxides

Nitrogen adsorption/desorption isotherms for the co-precipitated LDHs are shown in Figure 3.7a.
All samples exhibit type 1V isotherms characteristic of mesoporous materials (see Section 2.2.5). In
each case, the hysteresis loop is narrow, with almost parallel adsorption and desorption branches,
something that is indicative of pores with regular geometry, while the steep desorption behaviour

indicates that the pore size distribution is narrow for CoP-LDH2 to CoP-LDH6 (Figure 3.7b).*®
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Table 3.6 Analytical data and possible calculated chemical formulae for co-precipitated LDHs. Analytical data: 2
from TGA analysis; ® from elemental analysis.

Sample H,O (%) | C (%) H (%)

CoP-LDH1 - analytical data 13.41* | 5.07° 4.20°
[Mg1 06Al(OH)4 0](CO3)050.1.28H,0 | 13.41 3.48 3.84
[Mg1 06Al(OH)4 0](CO3)050.1.78H,0 | 17.67 3.31 4.20
CoP-LDH2 - analytical data 16.31* | 2.38" 3.86"
[Mg; 7AI(OH)5 4](CO3)0.50.2.06H,0 | 16.31 2.64 4.22
[Mg1 7AI(OH)5 4](CO3)050.3.45H,0 | 24.62 2.38 4.91
[Mg1 7AI(OH)5 4](CO3)050.1.44H,0 | 11.98 2.78 3.86
CoP-LDH3 - analytical data 14.90° | 2.37° 3.80°
[Mgs 7Al(OH)7 4J(CO3)050.2.41H,0 | 14.90 2.06 4.22
[Mg. 7AI(OH)7 4](CO3).50.0.28H,0 | 1.98 2.37 3.16
[Mg. 7AI(OH)7 4](COs)o.50.1.49H,0 | 9.75 2.18 3.80
CoP-LDH4 - analytical data 15.33% | 2.47° 3.84°
[Md sAl(OH)g 6](CO3)0.50.2.85H,0 | 15.33 1.79 4.30
[Mgs 3Al(OH)g 6](CO3)050.1.67H,0 |  9.61 1.91 3.84
CoP-LDHS5 - analytical data 9.83° 2.85° 3.78°
[MJ4.0AI(OH)100](CO3)0.50.1.96H,0 |  9.83 1.67 3.90
[MJa.0AI(OH)100](CO3)050.1.63H,0 |  8.31 1.70 3.78
CoP-LDH6 - analytical data 9.66° 413" 3.52°
[Mgs »AI(OH)154](CO3)0.50.2.34H,0 |  9.65 1.38 3.94
[Mgs »Al(OH)15.4](CO3)0.50.1.00H,0 | 4.35 1.46 3.52

The BET analysis showed the surface area of the CoP-LDH decreased with increasing
Mg:Al ratio for CoP-LDH1 (115 m?/g ), CoP-LDH2 (91 m?/g) to CoP-LDH3 (82 m%/g) (Table 3.7),

values that are in line with the typical 100 m%/g cited for hydrotalcites.'*

In contrast, the surface
areas for CoP-LDH4 to CoP-LDH6 were significantly lower (17-39 m?/g), however this is not
uncommon, with an increase in surface area being found for these three samples, with increasing
Mg-Al ratio.’®® The average pore sizes were found to generally increase with decreasing Al-content
over the range ~3 to ~22 nm. The pore volume was greatest for CoP-LDH3 at 0.42 cm®/g, with
average pore width increasing from CoP-LDH1 to CoP-LDH2 and being very similar for CoP-
LDH4 to CoP-LDH6. LDHs are deemed microporous solids with interlayer spacings of typically in
the range 1-2 nm being reported,'**, far smaller than the average pore sizes established here, which

3

are considered mesoporous.** The average pore size results for the co-precipitated LDHs are
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presumably due to inter-particle voids rather than internal porosity of the interlayer nanostructure,
since only the external surface is probed,'*” so the adsorption isotherms need to be treated with this
in mind. Overall it can be seen for CoP-LDH1 to CoP-LDH6 that, as the surface area decreases, the
pore volume increases. The surface area and average pore size follow this general pattern for CoP-
LDH1 to CoP-LDH3, however for CoP-LDH4 to CoP-LDH5 as the surface area increases the
average pore size decreases marginally and from CoP-LDH5 to CoP-LDHG6 increases by
approximately 10 %. The values obtained from surface area measurements did not show any
correlation with the average crystal sizes obtained from the Scherrer equation (equation (5)),
presumably due to the multiple variables that can affect the line broadening used to calculate this
value (vide supra). Ageing of LDH samples at elevated temperatures during preparation has been
shown to lead to lower measured surface areas in prior studies,’*” and here all of the CoP-LDH
samples prepared in this study were aged for five hours at 65 °C. However, the samples prepared
for the work described in this thesis were washed with 1 L of hot deionised water to remove
remaining Na" ions, and this step may have had an effect on particle size and surface properties. It
has been previously observed that as ageing temperature increases so does the particle size.'”" 1%
The CoP-LDH materials were analysed semi-quantitatively for basicity, with the assistance
of Dr Louise Gildea, using appropriate solutions of the Hammett base indicators: bromothymol blue
(pK, range 6.0 — 7.6), m-cresol purple (pK; range 7.6 — 9.2), phenolphthalein (pK; range 8.0 — 10.0)
and indigo carmine (pK, range 11.5 — 13.0).'* These indicators can probe the lateral crystal faces
and outer crystal surfaces, where catalysis is believed to occur in LDHs, measuring the strength of
basic sites present, with often more than one type of site found to exist.**® Hammett basicity (Table
3.7) was measured as between pK, 7.6-9.0 for CoP-LDH1 and CoP-LDH3, lower than all the other
CoP-LDH, which were in the 9.0-10.0 range. The higher measured basicity values for CoP-LDH4
to CoP-LDH6 may be attributed to the fact that as the Mg:Al ratio increases then the composition
tends toward larger domains of highly basic Mg(OH), as the Al content reduces. Jinesh et al., using

Hammett base indicators, found that carbonate-containing LDHs had 11 < pK, < 15,*° higher than
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those observed in this present study (7.6 < pK, < 10.0). This is possibly due to subtly differing
testing methods used by Jinesh et al.,**® who assessed Hammett basicity using different indicators
and also titrated the final solutions against 0.02 M benzoic acid in dry methanol.

Similar to surface area analysis with BET, the Hammett base measurements only probe
external crystal surfaces and do not probe the interlayer surfaces of the LDH. The LDH layers are
strongly bound together by electrostatics, with carbonate anions already occupying the interlayer
space, prohibiting access of the bulky indicator molecules. Hammett basicity tests are carried out
under different conditions to those the catalysts are often used at, and so are often deemed to be
inapplicable methods of distinction of actual catalytic performance.**® ¥’

In summary, carbonate containing LDHs have been prepared by co-precipitation under
conditions of low-supersaturation at constant pH, with Mg/Al ratios of 1-6. Crystallographic
parameters, and possible chemical compositions have been elucidated as well as properties relating
to the bulk materials such as surface area and external maximum basicity. The crystal structures,
TGA and elemental compositions for a series of co-precipitated Mg-Al carbonate LDHs shows

135 showed

general agreement with literature data. The percentage of Al calculated from PXRD data
CoP-LDH4 to CoP-LDHE6 to all have similar values between 18-20 % rather than the 14-20 % they
should span. These three materials also showed very similar bulk properties of pore volume, pore
width, surface area and Hammett basicity in comparison to CoP-LDH1 to CoP-LDH3. However,

ICP-OES, SEM-EDX, TGA and elemental analysis did not show such discernable trends between

CoP-LDH1 to CoP-LDH3 in comparison with CoP-LDH4 to CoP-LDHB6.
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Figure 3.7 a) Nitrogen adsorption/desorption isotherms showing typical hysteresis behaviour of type 1V
mesoporous solids and b) associated pore width distributions for CoP-LDH1 to CoP-LDHS6.
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Table 3.7 Nitrogen adsorption analysis and Hammett basicity data for CoP-LDH1 to CoP-LDH6. Surface area
standard deviations shown in brackets.

surface area | pore volume | average pore Hammett
Sample (m?/g) (cm®lg) size (nm) | Basicity (pKa)
115.1841 0.25 3.1 7.6-9.0
CoP-LDH1 (0.5242)
90.6542 0.32 8.7 9.0-10.0
CoP-LDH2 (0.1754)
82.3775 0.42 14.4 7.6-9.0
CoP-LDH3 (0.1007)
17.1988 0.12 20.5 9.0-10.0
CoP-LDH4 (0.0388)
24.0750 0.17 20.2 9.0-10.0
CoP-LDH5 (0.0257)
38.5149 0.25 22.3 9.0-10.0
CoP-LDH6 (0.1106)

3.4.2 Layered double hydroxides prepared by co-hydration

3.4.2.1 Structure of the layered double hydroxide crystals

The PXRD patterns of the LDHs synthesised by co-hydration (CoH-LDH 1 to CoH-LDHG6) are
shown in Figure 3.8. For CoH-LDH2 to CoH-LDHG6 characteristic LDH patterns have been
recorded with distinctive LDH basal reflections (001) being present at low 26 angles, indicative of a
layered structure, along with broader reflections in the (11l) and (10l) regions, suggesting lower
crystallinity.® % However, these samples all show varying levels of impurity as previously

reported by Greenwell et al.,'*®

with significant quantities of brucite (Mg(OH),) being detected for
materials with Mg:Al > 2, on the basis of relative peak intensity within the PXRD patterns in Figure
3.11. The PXRD analysis also suggests there is a degree of unreacted MgO present in CoH-LDH4,
CoH-LDH2 and CoH-LDH6. As observed here, Greenwell also reported that the LDHs containing
adipate as the charge-balancing interlayer anion showed expanded phases (at 6° 26) for CoH-LDH2
and CoH-LDH3, where the adipate anion is perpendicular to the plane, and collapsed phases present
(at 12 ° 26) for CoH-LDH4 to CoH-LDH6, where the adipate anion is parallel to the plane.

In the present work, unlike Greenwell however, synthesis of CoH-LDH1 was unsuccessful,

with the PXRD analysis not showing any reflections corresponding to LDH. Owing to the
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amorphous nature of the PXRD pattern, CoH-LDH1 was believed to be mainly composed of

alumina.t®®

In this case, the Mg-containing components used in the preparation of this material
could possibly have reacted to form soluble Mg adipate and, hence, been lost in the supernatant
following washing and filtration. The reason for the difference to the report of Greenwell et al.,

where successfully synthesised LDHs of R-value 1 are described,'?®

may in addition, possibly arise
owing to the alumina used here being of larger particle size and thus possibly, in retrospect,

requiring far longer reaction time.
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Figure 3.8: PXRD patterns for the prepared LDHSs synthesised by co-hydration. * shows the brucite impurities.

Attempts were made to index the PXRD data collected for CoH-LDH2 to CoH-LDH®6 using
the DICVOL automatic indexing algorithm (Section 2.2.1),* however these proved unsuccessful. As
CoP-LDH2 and CoP-LDH4 were both successfully indexed as 3R rhombohedral polytypes, it is
assumed from these results that the CoH-LDH can be indexed similarly, but the PXRD patterns in
these systems did not contain sufficient reflections to allow successful indexing. A summary of the
PXRD data for the CoH-LDH samples is shown in Table 3.8. The average cation-cation distance
within a layer, ap, calculated from the distinct d;1p peak, gives the same value for all CoH-LDH,
3.14 A. This value cannot be used to calculate the percentage of Al in these systems using the

equation put forward by Kaneyoshi and Jones,***, equation (4), as the correlation fit is dependent on
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the counter-anion involved being either carbonate or nitrate, rather than the adipate used here. The
c parameter, corresponding to a 3 layer repeat, can be calculated from the dgoz and doos reflections
and from this the interlayer spacing, co, which was between 7.83-8.09 A for CoH-LDH2 to CoH-
LDH®6. Subtracting the thickness of one brucite-like layer gives the gallery height, around 3.03-
3.29 A, greater than the corresponding gallery height of 2.81-3.14 A for the CoP-LDHs, owing to
the size of the intercalated adipate dianion. Using an axial length of the adipate anion of 7.432 A

obtained from the literature,**®

the angle of tilt of the adipate anions in the interlayer, relative to the
plane of the LDH sheet, was calculated as being between 24-26 °. The average crystallite size has
also been calculated, using the Scherrer equation, in the a and c directions with the results being in a
similar region to those of the co-precipitated LDHSs (see section 3.4.1).

ICP-OES data showed general correlation with the expected Mg:Al ratio on the basis of R-
value, with the exception of CoH-LDHS5, which had a lower ratio than CoH-LDH4 (Table 3.9).
SEM-EDX was used to obtain Mg:Al ratios across the samples at a microscale, with the results
shown in Table 3.9. This also showed a general correlation with the expected Mg:Al ratio, although
again, with the exception of CoH-LDHS5, which has a significantly lower ratio, below that even of
CoH-LDH3, suggesting this sample to be impure and that some amorphous alumina has formed,
which is interspersed throughout the LDH product and, owing to its amorphous nature, is not
observed in the PXRD spectra.

CoH-LDH2 to CoH-LDH®6 samples, with adipate ions in the interlayer, are carbonate free
according to the FTIR spectra in Figure 3.9 with no corresponding stretches observed at 672 cm™

and 873 cm %" This is in agreement with the work of Greenwell et al.,*?

who developed the co-
hydration method as a carbonate free way to prepare LDH. CoH-LDH1 shows the characteristic
carbonyl symmetric and anti-symmetric stretching vibrational modes in the region 1300-1500 cm .
However, as detailed above, CoH-LDH1 is not an LDH since it only contains aluminium by

elemental analysis. When comparing the FTIR spectra recorded in this project with the literature, it

was found that no C-H stretch was present, as expected for adipate at around 2950 cm™. Also no
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Table 3.8 Parameters from the PXRD analysis of CoH-LDH1 to CoH-LDHS. ? calculated by subtracting 4.8 A (the width of one brucite layer) from one third of the value
of the ¢ parameter. Estimated standard deviations shown in brackets.

Gallery Adipate tilt Average Average
Sample doos (A) doos (A) di1o (A) a (A) c (A) Co (A) height ( A) angle (%) crystal size ¢ crystal size a
(hm) (nm)
CoH-LDH1 - - - - - - - - - -
) 13.8 (expanded), 23.50
CoH-LDH2 7.82 (collapsed) 3.93 1.57 3.14 (0.16) (1.18) 7.83(0.39) | 3.03(0.15) 24.1 140 (7) 312 (16)
) 14.0 (expanded), 23.93
CoH-LDH3 | 'o” (collapsed) 3.99 1.57 3.14 (0.16) (1.20) 7.98 (0.40) | 3.18(0.16) 25.3 102 (5) 301 (15)
CoH-LDH4 8.05 4.06 157 | 3.14(0.16) (214'223 8.09 (0.40) | 3.29 (0.16) 26.3 138 (7) 289 (14)
CoH-LDH5 7.95 4.02 1.57 3.14 (0.16) (213'295 7.99 (0.40) | 3.19 (0.16) 25.4 116 (6) 387 (19)
CoH-LDH6 7.94 3.98 1.57 3.14 (0.16) (213'189(; 7.95(0.40) | 3.15(0.16) 25.1 189 (9) 337 (17)

Table 3.9 Expected and actual, ICP-OES and SEM-EDX bulk Mg:Al values obtained for LDHs prepared by co-hydration, with the error shown in parentheses for SEM-

EDX.

Sample Mg:Al ratio

Expected ICP-OES SEM-EDX
CoH-LDH1 1.0 100 % Al Not recorded
CoH-LDH2 2.0 1.3 0.68 (0.14)
CoH-LDH3 3.0 2.3 1.83 (0.26)
CoH-LDH4 4.0 3.7 4.03 (1.63)
CoH-LDH5 5.0 3.2 1.62 (0.43)
CoH-LDH6 6.0 5.0 6.72 (3.49)
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OH structure resulting from brucite is observed for higher R-values,**® suggesting more scans or

alternative IR techniques may be required to observe these.
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Figure 3.9 FTIR spectra of the synthesised layered double hydroxides prepared using the co-hydration method.

Thermal analysis via TGA of the CoH-LDHs showed the expected distinct mass losses
associated with evolution of water, initially from loss of intercalated interlayer water and then from
dehydroxylation of the hydroxide layers, and later from adipic acid decomposition upon calcination
from room temperature to 500 °C (Figure 3.10), further confirming successful intercalation of the

adipate anion.*®

TGA data for water loss, in conjunction with elemental analysis of C and H
content, allowed the calculation of potential sample compositions (Table 3.10). The Mg:Al ratio
determined from ICP was used to determine the amount of OH" in the LDH structure. With these
values fixed the percentages of water, carbonate, hydroxide and adipate were varied to determine
possible compositions when the percentage of H,O, C and H were matched in a pairwise way. No
carbonate was seen to be present from the corresponding PXRD spectra and so any impurity may be
due to incorporation of the hydroxide anion. It was not possible to match the C, H and H,0O

simultaneously to be in agreement with the experimental data, something that may be due to the

percentage attributed to H,O in the TGA data being over/underestimated due to adsorbed surface
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water and/or overlapping of the loss of interlayer water with interlayer anion loss. Another possible
reason for less hydrogen being observed in elemental analysis than calculated is that, prior to
combustion, the elemental analysis sample is kept in a pure oxygen stream and this may result in

dehydration of the sample.
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Figure 3.10 Thermogravimetric analyses of CoH-LDH2 to CoH-LDHS6.

3.4.2.2 Catalyst properties of the layered double hydroxides

Nitrogen adsorption/desorption isotherms for the co-hydrated LDHs are shown in Figure 3.11a. All
samples tested exhibit type IV isotherms, characteristic of mesoporous materials.'** 2% In each case,
the hysteresis loop is narrow, with almost parallel adsorption and desorption branches, indicative of
pores with regular geometry, while the steep desorption behaviour indicates that the pore size
distribution is narrow (Figure 3.11b).

The measured surface area for CoH-LDH2 was 33 m?%g, considerably lower than that
measured for CoP-LDH2 (91 m?/g). The CoH-LDH3 to CoH-LDH6 samples all possess very
similar surface areas, between 42-46 m?/g, which, unlike their analogues prepared via co-

precipitation, show little variation as a function of R-value. All samples have surface areas within
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the range typically cited for LDHs.*?* ** The average pore size distribution was highest for CoH-
LDH5 (13.3 nm) and lowest for CoH-LDH2 (9.7 nm). Pore volume was greatest for CoH-LDH3 at
0.1 cm*g and lowest for CoH-LDH2 at 0.05 cm®g. The average pore widths were found to
generally increase with increasing Mg:Al ratio, over the range ~8.5 to ~11-13 nm, similar to that of
the CoP-LDHSs, however over a much narrower range (cf. 3 - 22 nm). The pore volume was
greatest for CoH-LDH1 at 0.20 cm®/g, however this is not deemed to be an LDH since it only
contains aluminium. CoH-LDH2 to CoH-LDHG6 all exhibit similar pore volumes of between 0.05
to 0.10 cm®/g, with the average pore width increasing from CoH-LDH2 to CoH-LDH3 and then

being very similar up to CoH-LDHS6.

Table 3.10 Analytical data and possible calculated chemical formulae for co-hydrated LDHs. Analytical data: 2
from TGA analysis; ° from elemental analysis. Adip = adipic acid

Sample H,O (%) | C (%) H (%)
CoH-LDH1 - analytical data n.d. 5.57° 2.08°

Not deemed an LDH by PXRD - - -
CoH-LDH2 - analytical data 11.07* | 8.39" 3.64°
[Mg1 sAI(OH)4 6](CO3)0.31Adipo.16.1.26H,0 | 11.07 8.39 4.23
[Mg1 sAI(OH)4 6](OH)o.53AdiPo 24.1.24H,0 11.07 8.39 4.74
[Mg1 sAI(OH)4 6](CO3)o 34Adipo.16.0.45H,0 4.32 8.39 3.64
CoH-LDH3 - analytical data 4.68° 5.73° 3.45°
[Mg».3AI(OH)s 6](CO3)0.36AdiPo.14.0.65H,0 4.68 5.73 3.65
[Mg.3AI(OH)s 6](OH)o.61AdiPo 16.0.64H,0 4.68 5.73 3.45
[Mg».3AI(OH)s 6](CO3)0.37Adipo.15.0.32H,0 2.36 5.73 3.45
CoH-LDH4 - analytical data 7.02° 3.19° 2.89°
[Mgs7AI(OH)g 4](CO3)0.42AdipPo 0. 1.31H,0 7.02 3.19 3.79
[Mgs 7AI(OH)g 4](OH)0.70Adipg 15.1.30H,0 7.02 3.19 4.20
CoH-LDHS5 - analytical data 5.88° 3.61° 3.45°
[Mgs 2Al(OH)g 4](CO3)o 42Adipo.0s.0.99H,0 5.88 3.61 3.68
[Mgs 2Al(OH)s 4](OH)o 70Adipg 15.0.98H,0 5.88 3.61 4.13
[Mgs 2Al(OH)g 4](CO3)o 42Adipo.0s.0.51H,0 3.15 3.61 3.45
[Mgs 2AI(OH)s 4](OH).21AdiPg 14.0.94H,0 5.88 3.61 4.06
CoH-LDHS6 - analytical data 4.41° 3.48" 3.50"
[Mgs 0AI(OH)12 0](CO3)036AdiPo.14.1.01H,0 |  4.41 3.48 3.70
[Mgs.0AI(OH) 12 6](OH)o.60Adipo 20.1.00H,0 4.41 3.48 3.99
[Mgs 0Al(OH)12 0](CO3)057AdiPe 15.0.44H,0 | 1.98 3.48 3.50
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As discussed previously (Section 3.4.1.2), LDHs are microporous solids with interlayer spacings
typically in the 1 -2 nm range,*®* again far smaller than the average pore sizes established here,
which are considered mesoporous.**® The average pore size distributions for the co-hydrated LDHs
are, similar to the co-precipitated LDHSs, presumably due to inter-particle voids rather than internal

porosity of the interlayer nanostructure, since only the external surface is probed;**’

consequently
interpretation of the adsorption isotherms need to be treated with care. The surface areas for the co-
hydrated LDHs all appear very similar, in contradiction to that of the co-precipitated LDHs. A
possible reason for this is that the very controlled particle size dispersion in the CP5 alumina
reactant for the co-hydration reaction leads to a more consistent particle size in the final LDH
product.

Measurement of Hammett basicity for the various co-hydrated materials gave a basicity for
CoH-LDH1 to CoH-LDH4 of between pK, 6.0-7.6, which is lower than that determined for CoP-
LDH5 to CoP-LDHB®, lying in the 7.6-9.0 range. Evidently, the basicity of the various CoP-LDH
and CoH-LDH materials varies not only as a function of R-value, but also with the method used for
their preparation.?* The weaker basicity of the co-hydrated sample prepared in this thesis may be a
reflection that adipate is the interlayer anion, rather than carbonate. The use of an organic acid is
believed to be necessary, however, in order to peptise the alumina and enable reactivity and, though
this allows near neutral pH synthesis with no carbonate contamination, as well as control of
morphology, it may also result in sample with only weakly basic sites. The CoH-LDHs are also
more rich in Al (along with brucite and MgO co-phases), which will also result in lower basicity.

In summary, adipate-containing LDHs have been prepared by co-hydration of a 1 % w/w
slurry of alumina and MgO, in the presence of a di-carboxylic acid at moderate temperature,
without the presence of alkali base or inert atmosphere.  Various parameters relating to the crystal

structures of the various LDH materials, including cell parameters and possible chemical

compositions, have been elucidated as well as properties relating to the bulk materials such as
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surface area and external maximum basicity estimations.

The co-hydrated LDHs appear to be

weakly basic, and control of magnesium hydroxide phase growth seems inexorable at Mg:Al > 2.
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Figure 3.11 a) Nitrogen adsorption/desorption plots showing typical hysteresis behaviour of type IV mesoporous
solids and b) associated pore width distributions for CoH-LDH1-6
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Table 3.11 Nitrogen adsorption analysis and Hammett basicity data for CoH-LDH1 to CoH-LDH6. Surface
area standard deviations show in brackets.

Sample surfacze area pore vglume average pore |Hammett basicity
(m</g) (cm/g) size (nm) range (PKa)
CoH-LDH1 |88.2032 (0.4370) 0.20 8.5 6.0-7.6
CoH-LDH2  |32.9947 (0.2055) 0.05 9.7 6.0-7.6
CoH-LDH3  141.6270 (0.3200) 0.08 10.2 6.0-7.6
CoH-LDH4  146.1677 (0.2774) 0.10 10.8 6.0-7.6
CoH-LDH5  141.9519 (0.3527) 0.09 13.3 7.6-9.0
CoH-LDH6  142.6305 (0.2595) 0.10 11.1 7.6-9.0

3.4.3 Comparison of layered double hydroxides prepared by co-precipitation

with layered double hydroxides prepared by co-hydration

In terms of producing phase pure LDH products, the CoP-LDHs generally (with the exception of
CoP-LDH6) appear to be impurity free by both X-ray diffraction analysis and SEM-EDS, whereas
the CoH-LDH show a degree of increasing impurity from CoH-LDH2 to CoH-LDH6, which may
be attributed to brucite (Mg(OH),) and MgO.**® Similar preparations to the co-hydration by Kelkar
and Schutz,?? using pseudoboehmite and acetate anions along with MgO, have similarly resulted in
PXRDs with weak LDH reflections and a MgO byproduct , which increases with time until the
reaction is complete.

When comparing the LDHs formed by the different synthesis methods, for CoH-LDH2 and
CoH-LDH3, expanded and collapsed phases due to the different orientations of the adipate dianion
within the interlayer are present. As expected the gallery heights are larger for the CoH-LDHSs
intercalated with adipate, but are also of a more consistent value in comparison to the CoP-LDHs
which vary over a larger range.

Other than CoP-LDH4, which had an unusually low Mg:Al ratio of 3.3, all of the co-
precipitated LDHs showed higher incorporation of Mg towards the desired initial reactant ratio (i.e.
R-value), than the co-hydrated LDHs did. SEM-EDX data for the CoP-LDHs showed similar
Mg:Al ratios of around 3.10, suggesting a degree of heterogeneity when compared to the ICP-OES

bulk values, whereas the CoH-LDHs of the same R-value ratios tended to increase in line with the
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desired ratio. Areas of varying Mg:Al ratios were also found for the CoP-LDHs, but not the CoH-
LDHs.

All the CoH-LDHs, except CoH-LDH1, have a narrower range of surface areas, measured
pore volumes and pore size distribution compared to their CoP-LDH analogues, suggesting CoH-
LDH are a more homogeneous set of materials. However, the CoH-LDHs are generally of lower
surface area, average pore size and pore volume than the CoP-LDHs.

The CoP-LDHs generally exhibit sites of higher basicity than the CoH-LDHs. For both
LDH sets of materials, basicity increases with R-value. The CoH-LDHs may exhibit lower basicity
since they are richer in Al as evidenced by their ICP-OES Mg:Al ratios. The lower basicity may
also be a consequence of differing morphologies between the synthesised LDHSs, that impact
directly on the extents of surface edge/layer edges, which in turn alters the accessibility of surface

sites with different basicity.

3.4.4 Thermal treatment of co-precipitation layered double hydroxides to

form mixed metal oxides

3.4.4.1 Structure of the mixed metal oxides

MMOs were prepared by calcination of 1g of the parent CoP-LDHs, using the method outlined in
Section 3.3. Initially during calcination, adsorbed and interlayer water are removed up to around
250 °C. According to Kustrowski et al., calcination of LDHs at up to 500 °C results in
dehydroxylation of the LDH hydroxide layer but without further modifying the structure to a spinel-
like phase (MgAl,O4), which then occurs at excessive temperatures significantly above this.?%

Furthermore, it is known that upon calcination to 500 °C around 20 % of the octahedrally

|3+ |3+ 204, 205

coordinated AI°" within an MgAl LDH transform into tetrahedrally coordinated A

However, Reichle et al.,?® propose that surface AI** remains unaffected by this. During LDH
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thermal decomposition, it has been shown that PXRD reflections for an MgO-like material are first
observed in the range 300-400 °C.%°

The PXRD patterns of the CoP-MMOs attained by calcination of the CoP-LDH are shown
in Figure 3.12, and highlight the distinct structural changes resulting from decomposition of the
LDH materials.?®® The characteristic 001, 10l and 111 peaks of an LDH structure are now absent
and, instead, reflections ascribed to MgO are present.”® The PXRD pattern peaks are broad, owing
to the material containing very small crystallites and having high lattice strain. The CoP-MMO
structures show some evidence of rehydration prior to analysis for R-values of 4 and 5, since
nascent low angle peaks are once again observed. Also, the reflections in the PXRD arising from
the CoP-MMO materials are progressively sharper as the R-value increases, correlating with the

presence of increased amounts of brucite in the original CoP-LDH material (see Section 3.4.1.1).
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Figure 3.12 PXRD patterns for MMOs prepared from co-precipitated LDHs. When compared with the LDHs
(Figure 3.3) it can be seen that the main LDH reflections have disappeared.

As would be expected, for the CoP-MMOs generated by calcination of the corresponding
CoP-LDH materials, IR spectroscopy confirmed the absence of both hydroxyl and carbonate
stretches owing to loss of carbonate and structural hydroxide.?*” SEM images were not acquired for
the CoP-MMO compounds, however from the literature it is known that these materials show

similar morphology to their uncalcined precursors.”" 2%
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3.4.4.2 Catalyst properties of the mixed metal oxides

By nitrogen adsorption measurements, all samples exhibit, similar to their LDH parents, type IV
isotherms (Figure 3.13) characteristic of mesoporous materials. The results of BET surface area
analysis are shown in Table 3.12. The corresponding CoP-LDH precursor data is also shown in
parentheses, to facilitate comparison. It can be seen that for all calcined CoP-LDH samples, the
formation of CoP-MMO materials resulted in an increase in surface area along with a
commensurate increase in total pore volume. CoP-MMOL exhibited the largest surface area (229
m?/g), twice that of its uncalcined CoP-LDH1 precursor, something similar to the observations of

205 The CoP-MMO surface area values are within

Reichle et al. for calcined LDH materials.
agreement with those found in the literature.'?

In a similar fashion, the pore volumes increased for all CoP-MMOs into the range 0.40-0.61
cm®/g post-calcination. The average pore size for CoP-MMOL1 to CoP-MMO3 increased, similarly
in line with Li et al.,*** whereas for CoP-MMO4 to CoP-MMO6 the average pore size decreases.
According to Reichle et al., numerous fine pores in the 2-4 nm region form during calcination of
LDHs, which if the case, would lead to a decrease in the average pore size compared to the CoP-
LDH precursors. Nevertheless, the average pore size distribution for the COP-MMOs (6.2 — 14.7
nm) is considerably narrower than that for the corresponding CoP-LDHSs (3.1-22.3 nm), with both
sets of materials being classified as being mesoporous. The associated increase in surface area and
pore volume is believed to occur due to fine pores forming perpendicular to the crystal surface
during calcination, through which gases formed from the dehydroxylation decomposition leave the

crystal structure, 2 205209
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Figure 3.13 a) Nitrogen adsorption/desorption isotherms showing typical hysteresis behaviour of type IV
mesoporous solids and b) pore width distributions for CoP-MMO1 to CoP-MMO6

Table 3.12 Nitrogen adsorption analysis and Hammett basicity data for CoP-MMOL1 to CoP-MMOG, with the
corresponding CoP-LDH1 to CoP-LDH6 data shown in parentheses, for ease of comparison.

Sample surfacze area | pore vglume average pore Hammett Basicity
(m?/g) (cm/g) size (nm) (PKa)

CoP-MMO1 | 229 (115) 0.51 (0.25) 7.8(3.1) 7.6-9.0 (7.6-9.0)
CoP-MMO2 163 (91) 0.53 (0.32) 10.4 (8.7) 7.6-9.0 (9.0-10.0)
CoP-MMO3 155 (82) 0.61(0.42) | 14.7 (14.4) 7.6-9.0 (7.6-9.0)
CoP-MMO4 190 (17) 0.40 (0.12) 6.2 (20.5) | 9.0-10.0 (9.0-10.0)
CoP-MMO5 199 (24) 0.49 (0.17) 7.2(20.2) | 9.0-10.0 (9.0-10.0)
CoP-MMO6 160 (39) 0.49 (0,25) 9.2 (22.3) 7.6-9.0 (9.0-10.0)
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Following calcination to the CoP-MMOs, a semi-quantitative assessment of the basicity of
these new materials using Hammett basicity indicators (Table 3.12) was undertaken. This study
showed that the pK, of CoP-MMO1 and CoP-MMO3 to CoP-MMOS5 all lie in the range as those of
the parent CoP-LDH materials. In contrast, the basicity decreased for CoP-MMO2 and CoP-MMOG6
from pK; 9.0-10.0 to pK, 7.6-9.0, relative to their corresponding CoP-LDH precursors.

Corma et al. devised a novel way of distinguishing the distribution of base strength for
MgAI/COs-derived MMOs. The materials were used as catalysts for Knoevenagel reactions with
reactants of different pK,. Here, catalysis can only occur if sites of greater pK, than those of the
substrate are present on the catalyst. Using this method, in the prior study, found that MMOs were
made up of sites mainly in the range 10.7 < pK, < 13.3 along with few in the range 13.3 < pK, <
16.5. Also as R-value increased the number of basic sites was found to increase, however the
number of stronger basic sites overall decreased.

This is the opposite case to that observed here where CoP-MMO4 and CoP-MMOS5 were
both found to exhibit the highest basicity (9.0-10.0), however these values did not change from their
uncalcined precursors. A possible reason for the results observed here remaining largely unchanged
from CoP-LDHs to CoP-MMOs is that even though the samples were calcined then stored in a
desiccator, rehydration may have occurred prior to analysis. Also the samples were analysed for
basicity in methanol, which is known to be hygroscopic, so may have resulted in rehydration
towards the parent LDH structure via the memory effect.®® Alternatively, the solvent may be
interacting with the LDH and then the indicators.

Constantino and Pinnavaia studied the base-catalysed disproportionation of 2-methyl-
3butyn-2-ol (MBOH) and found that the uncalcined MgAl LDH precursors were superior, as solid
base catalysts, to the calcined MMO derivatives."®” They ascertain this result to the involvement of
basic interlayer anions in the catalytic reaction at external edge and basal surfaces of the LDHs,
which correlates with the results reported here when comparing carbonate and adipate LDHs

(Section 3.4.3). Post-calcination, medium-strong Lewis basic O*-M" pairs remain along with
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strong basic sites relating to secluded O% ions.*?* These active basic sites are also joined by OH"
weakly basic groups remaining from calcination. As mentioned, an increase in calcination
temperature generally leads to an increase in basicity and the amount of strong basic sites.

However a degree of Lewis acidity is also found due to surface AI** sites being present.”*

3.4.5 Thermal treatment of co-hydration layered double hydroxides to form
mixed metal oxides

3.4.5.1 Structure of the mixed metal oxides

MMOs were prepared by calcination of 1g of the parent CoH-LDHs, using the method outlined in
Section 3.3, which has been shown to result in dehydroxylation, but without further modifying the
structure to a spinel-like phase (MgAl,O.) at excessive temperatures significantly above 500 °C.%*
The PXRD patterns of the CoH-MMO materials obtained by calcination of the CoH-LDH are
shown in Figure 3.14. these show the distinct structural changes resulting from the decomposition
of LDH materials as previously described in the last section,?®® with the exception of CoH-MMO1
that is not deemed an MMO since SEM-EDX of the parent material showed it was made up of
principally of alumina.

For the series of materials from CoH-MMO2 to CoH-MMOG6 the characteristic 00I, 10l and

206

111 peaks are now absent and, instead, MgO reflections are present. For each material, very

sharp peaks are observed consistent with the presence of moderately crystalline MgO-like material

as seen by Chmielarz et al..*®

The CoH-MMO peaks are clearly much sharper than in the
corresponding CoP-MMO patterns, indicating the presence of increased amounts of brucite and
MgO in the original CoH-LDH material (vide supra). However, particularly in CoH-MMO4, an

additional peak that may indicate possible spinel-type phase formation is observed at 37° 26.

Nascent peaks in this region are also observed for the remaining CoH-MMO. Impurity peaks in the
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CoH-LDH4 material at high angle (75-80° 26), have further increased post-calcination. Similar
peaks can be seen in the remaining CoH-MMOs.
As with the CoP-MMOs, IR spectroscopy confirmed the loss of both hydroxyl and carbonyl

stretches as the layer hydroxides decompose and carbonate is lost as carbon dioxide.?”
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Figure 3.14 PXRD patterns for MMOs prepared from co-hydrated LDHs. When compared with the LDHs
(Figure 3.8) it can be seen that the main LDH reflections have disappeared.

3.4.5.2 Catalyst properties of the mixed metal oxides

The results of BET surface area analyses for CoH-MMO1-6 are shown in Table 3.13 and
Figure 3.15. The corresponding CoH-LDH precursor data is also shown in parentheses, to facilitate
comparison. It can be seen that for calcined CoH-LDH samples, the formation of CoH-MMO
materials resulted in an increase in surface area along with a commensurate increase in total pore
volume. Interestingly, though CoH-MMO1 was not an MMO, confirmed via PXRD analysis, it has
a very high surface area of 240 m%g. Disregarding this material, CoH-MMO2 exhibited the largest
surface area (231 m?/g), significantly higher than that of its uncalcined CoH-LDH2 precursor (33
m?/g). CoP-LDH3 and COP-LDH6 surface areas increased similarly from 42-46 m%g to 153-213

m?/g upon calcination. These values indicate a slight decrease in surface area with decreasing R-
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value, with all the CoH-MMO surface areas agreeing well with those found in the literature for
MMOS.l%' 203

In comparison with the analogous R-value CoP-MMOs, the surface areas were similar or
higher for the corresponding CoH-MMOs. The pore volumes increased similarly for all CoH-
MMOs into the region 0.32-0.40 cm®/g following calcination, again in line with the CoP-MMOs,
but to a slightly lower volume (cf. 0.40-0.61 m%g) and over a narrower range. The average pore
size was seen to decrease to a range of 4.8-7.5 nm comparable to that for CoP-MMO4 to CoP-
MMOG, and hence all these materials may be classified in the mesoporous range. The average pore
width decreases, according to Reichle et al, as numerous fine pores in the 2-4 nm region form
during calcination.”® As discussed in the last section, these pores are thought to form perpendicular
to the crystal surface during calcination, as gases formed from the dehydroxylation process are lost
from the crystal structure.®* 2 29 Al samples exhibit type IV isotherms (Figure 3.15)
characteristic of mesoporous materials in BET surface area analysis. For each sample, the hysteresis
loop is narrow, with almost parallel adsorption and desorption branches, something that is
indicative of pores with regular geometry, while the steep desorption behaviour indicates that the
pore size distribution is narrow.'*®

Following calcination to the CoH-MMOs, a semi-quantitative assessment of the basicity of
these new materials using Hammett basicity indicators (Figure 3.15) was undertaken. This study
showed that the pK,’s of CoH-MMO2 to CoH-MMOG6 all lie in the same range of 7.6-9.0. The
basicities of CoH-MMO5 and CoH-MMOG6 remain unchanged from their LDH precursors, however
CoH-MMO2 to CoH-MMO4 have all increased in basicity. This supports the earlier assertion that
this is due to the fact that the CoH-LDHs are more acidic since they contain interlayer adipate
anions. Post-calcination, basicity is generally seen to increase as medium-strong Lewis basic O% -

M"™ pairs remain along with strong basic sites relating to secluded O*" ions.'??
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Table 3.13 Nitrogen adsorption analysis and Hammett basicity data for CoH-MMO2 to CoP-MMOS6, with the
corresponding CoH-LDH1 to CoH-LDH6 data shown in parentheses, to facilitate comparison.

surface area | pore volume | average pore | Hammett Basicity

Sample (m?/g) (cm¥g) | size (nm) (PKa)
CoH-MMO1 | 240 (88) 0.40 (0.20) | 6.0 (8.5) 7.6-9.0 (6.0-7.6)
CoH-MMO2 | 231 (33) 0.32 (0.05) 4.8 (9.7) 7.6-9.0 (6.0-7.6)

CoH-MMO3 213 (42) 0.39 (0.08) 5.9 (10.2) 7.6-9.0 (6.0-7.6)
CoH-MMO4 184 (46) 0.37 (0.10) 6.4 (10.8) 7.6-9.0 (6.0-7.6)
CoH-MMO5 153 (42) 0.37 (0.09) 7.5 (13.3) 7.6-9.0 (7.6-9.0)
CoH-MMO6 198 (43) 0.39 (0.10) 5.8 (11.1) 7.6-9.0 (7.6-9.0)

Interestingly, even though CoH-MMOL is not deemed an MMO (and CoH-LDH1 not an
LDH), the basicity increased in a similar fashion to that observed for CoH-MMO2, CoH-MMO3

and CoH-MMO4 post-calcination. Corma et al., stated that as R-value increased the number of

basic sites was found to increase, however the number of stronger basic sites overall decreased.

In this study all basicities lie in the same range as that for the majority of the CoP-MMOs. Again, a

possible reason for the CoH-MMOs described here not showing such enhanced basicity relative to

I-'196

the study by Corma et a is that partial reconstruction might occur prior to analysis. The

samples were analysed for basicity in methanol which is hygroscopic and may have resulted in

180

rehydration towards the parent LDH structure via the memory effect,™ though adipate anions

would not have been present for complete restructuring.
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Figure 3.15 a) Nitrogen adsorption/desorption plots showing typical hysteresis behaviour of type IV mesoporous
solids and b) pore width distributions for CoH-MMO1-6

3.4.6 Sequential thermogravimetric analyses of a calcined-rehydrated layered
double hydroxide

As part of the work for this thesis a study was performed on CoP-LDH1 in order to probe the
effects of calcination and subsequent rehydration for LDHs upon exposure to atmospheric
conditions. CoP-LDH1 was initially calcined at a rate of 5 °C/min up to 500 °C in a TGA
instrument (Figure 3.16). This showed a characteristic mass loss of around 15 % water up to 175
°C, followed by a further 29 % mass loss up to 500 °C, attributable to interlayer anions and
dehydroxylation. The sample was then left to rehydrate under atmospheric conditions for 1 day,
followed by a second calcination, which resulted in a 16 % mass loss, similar to the mass lost for
water in the first calcination. This sample was again then left to rehydrate under atmospheric
conditions for a further 1 day, followed by a third calcination which resulted in a 14 % mass loss,
similar to the 15 % water loss in the first calcination.

It has been shown that for an LDH sample which has been calcined and left exposed to
air/moisture for 24 h the sample regains a mass similar to that lost during the first stage of

calcination. A recent study found that LDHs can exchange interlayer carbonate with atmospheric
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carbon dioxide, however this was severely hindered by high relative humidity where 50 %
exchange occurred in one week.?** The authors propose that in low-humidity atmospheres there are
vacancies in the interlayer into which CO, may enter and exchange with existing interlayer
carbonate through reaction with water, however in high-humidity atmospheres the interlayer is fully
occupied by water and vacancies do not exist for CO; to enter the system. Hence a similar system
may be occurring here where the interlayer becomes saturated with water and as the kinetics of CO,
adsorption are slower than that of H,O adsorption, the adsorption of CO, is not observed to occur in
the relatively short timeframe of 24 hours, resulting in the initial formation of a meixnerite-type
structure ([MgeAl2(OH)16].(OH),.4(H20)), where the interlayer anion is now hydroxide.
100 —
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Figure 3.16 Thermogravimetric analyses of CoP-LDH1, showing an initial calcination, followed by a 2™
calcination after 1 day of atmospheric exposure, then a 3" calcination after a further 1 day of atmospheric
exposure. The red line shows that, upon initial heating to 500 °C, there is a 15 % mass loss, which is attributed
to loss of water and 29 % mass loss attributed to loss of interlayer CO, and dehydroxylation. Following
exposure to atmospheric conditions for 24 h, upon heating to 500 °C (yellow line) results in a 15 % mass loss,
which is attributed to loss of H,O which had readsorbed and reacted to form a meixnerite-type structure during
exposure to atmospheric conditions. Following exposure to atmospheric conditions again for 24 h, similarly, 15
% mass loss occurred upon heating to 500 °C (green line), attributed to loss of H,0, again which had readsorbed
and reacted to form a meixnerite-type structure

This short study illustrates the rehydration and restructuring process of highly disordered
MMO materials towards their parent LDHs, dubbed the memory effect.'® As a result, over time

the desired MMO properties, such as basicity and large surface area will gradually decrease to that
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of an LDH material. It should be noted though, within the timeframe involved here the sample did
not completely regain the masses lost in the initial calcination. From this it can be concluded that it
is important to calcine LDH materials, to produce MMOs, only immediately prior to their
subsequent use as catalysts or for their analysis, otherwise LDHs structures will inherently start to

reform upon exposure to air and moisture and the inherent MMO properties will be lost.

3.5 Summary and conclusions

On the basis of the results from PXRD, TGA, and SEM analyses, the samples prepared via co-
precipitation, namely CoP-LDH1 to CoP-LDHS6, and those from co-hydration, CoH-LDH2 to COH-
LDH®6, have structures/compositions typical of LDH materials. Secondary phases are found to be
present, in many cases, especially in the CoH-LDHSs, which may be attributable to brucite and
unreacted MgO.

The Mg:Al ratio determined by ICP-OES of the CoP-LDHs followed the expected Mg:Al
ratio more closely than the same analysis of the CoH-LDH counterparts. SEM-EDX results showed
that the CoP-LDHs all demonstrated Mg:Al ratios at the micro-scale of around 3.10, whereas the
Mg:Al ratios for the analogous CoH-LDHs increased in line with the expected ratio on the basis of
R-value. Areas of varying Mg:Al ratios were also found for the CoP-LDHs, but not the CoH-
LDHs, indicating that sample heterogeneity at a microscale needs ascertaining. The importance of
washing co-precipitated materials was illustrated following analysis of an unwashed CoP-LDH1
sample, which showed the presence of sodium in the bulk sample. Similarly no LDH resulted from
the co-hydration performed at an R-value of 1, possibly due to the larger particle size of the alumina
used as a reactant, than that used by Greenwell et al.**

Pore volume and pore size distribution were greatest for the CoP-LDH materials, but as has

been discussed, the average pore size results for the LDHs are presumably due to inter-particle

voids rather than internal porosity of the interlayer nanostructure.
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The CoP-LDHs were found to be more basic than the CoH-LDHSs, owing to the former
containing basic carbonate groups in the interlayer, whereas the latter contain acidic interlayer
groups. The CoH-LDHs are also richer in Al (along with brucite and MgO co-phases), which
results in lower basicity. For both CoP-LDHs and CoH-LDHs, basicity was found to increase
slightly with R-value.

For all of the LDH materials synthesised here, calcination results in loss of the typical
layered LDH structure, affording a low order mixed metal oxide phase, as evidenced by loss of the
low angle basal reflections in the PXRD patterns (Figure 3.12 and Figure 3.14). The surface areas
and pore volumes of the various materials increased greatly on calcining from LDH to MMO, with
all surface areas being greater than 153 m?/g. The average pore widths were found to increase for
CoP-MMOL1 to CoP-MMO3, however CoP-MMO4 to CoP-MMO6 and all CoH-MMO samples
were found to decrease in pore volume compared to their LDH precursors, although remained in the
Mesoporous range.

The CoP-MMOs and CoH-MMOs were found to be of similar basicity, being generally in
the 7.6 < pK, <9.0, with the exception of CoP-MMOS5 and CoP-MMOG6 being slightly higher at 9.0
< pK; <£10.0. (unchanged from their LDH precursors). It appears there was a reduction in basicity
following the calcination of the co-precipitated sample and an increase in basicity for the
calcination of the co-hydrated samples. This may be the result of the loss of basic and acidic
interlayer anions, respectively. MMOs are generally seen as being more basic than their uncalcined
counterparts,'?*> however observed basicity can be reaction-specific with the methods used to assess
them over/under estimating basicity due to various effects such as accessibility to active sites. For

187 and others have

example, some studies have shown LDHs to have superior basicity to MMOs
shown the contrary.'>*
The importance of only calcining LDHs to produce MMOs immediately prior to their

further use or analysis has been outlined in section 3.4.6, otherwise they will begin to rehydrate and

reconstruct into LDHs under atmospheric conditions. Since the basicity measurements in this study
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were carried out in methanol, which is hygroscopic, this may have resulted in partial or full
rehydration and reconstruction of MMOs to their LDH structures, misrepresenting the obtained

results.
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4 Direct decarboxylation of stearic acid over a supported Pd/C
catalyst

4.1 Introduction to decarboxylation of fatty acids

Crude oil is not a sustainable source of energy and attempts are being made to extend the shelf life

of infrastructure which depends on it by producing alternative bio-based fuels.?*?

Typical bio-
derived oils can be extracted from feedstocks such as algae, plants and seeds, with the main non-
polar components being made up of triglycerides. Present, oxygen-rich biofuels, produced from
vegetable oils via processes such as trans-esterification, are of low energy density and not entirely
suited to crude oil based fuel engines. If deoxygenated biofuels can be produced then these could
be used as a direct replacement for petroleum sourced hydrocarbons.? 213

Triglycerides are essentially glycerol tri-esters of saturated or unsaturated carboxylic acids

(see Figure 1.5).2

Hydrolysis of triglycerides leads to free fatty acids (FFAs) and glycerol
(C,Hs(OH)3),%™ the latter usually a by-product of biofuel production,®*® but also a fuel in its own
right.?” FFAs are currently one of the many possible sources of current advanced drop-in biofuels
and chemicals,?*® but are also believed to have played a role in crude oil formation.®® The catalysis
of the decarboxylation of carboxylic acids has ranged from early studies on petroleum geology,® to
more recent attempts at chemical upgrading of bio-oils for fuel-grade use.> Hydrocarbons, found in
crude oil, were formed by thermal maturation in conjunction with catalytic action of formation
rocks (containing natural clay mineral catalysts) over millions of years on settled and sedimented
lipids and fatty acids from marine organisms.®® Almon and Johns, from experimental evidence,
postulated that this occurred via a radical mechanism.?'® However, in more recent work, Geatches
et al., who employed computational studies, believe this to be due to the substitutions in the clay
sheet, which attract a counter-ion that may donate an electron to the reactant-clay system,** with
fatty acid decarboxylation proceeding by means of an alcohol intermediate to the alkane (see Figure
4.1).>* Alcohol intermediates have previously been shown to be involved in the production of

alkanes from carboxylic acids.?*
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Figure 4.1 Proposed decarboxylation route of a model fatty acid via an alcohol intermediate by Geatches et al.,
involving a clay sheet and counter-ion. On going from left to right the starting carboxylic acid, clay sheet and
associated sodium cation are shown (left), followed by the alcohol and CO intermediates obtained from density
functional theory (middle) and finally the resulting alkane and CO, products (right) from decarboxylation.
Colour scheme: oxygen, red; hydrogen, white; aluminium, pink; carbon, grey; silicon, yellow. Taken from
Geatches et al.??

Within this chapter, attempts are described which replicate decarboxylation reactions from
the literature, to produce alkanes from fatty acids. The catalysts previously employed in prior work
in the literature tend to be of 3 types: transition metal mediated; metal oxides and mixed metal
oxides and, finally, aluminosilicate clay-type compounds. Several mechanisms have been proposed
for the decarboxylation reactions of fatty acids, depending on the type of catalyst used. A brief
review of the literature in this respect is given in the following section, prior to describing the

experiments and results from decarboxylation reactions carried out for this thesis.

4.1.1 Transition metal-mediated decarboxylation— a review of the literature

The first recorded direct decarboxylation reaction was carried out in 1936, when Bertram published
work using a homogeneous catalyst over selenium to decarboxylate stearic acid to heptadecane with
50 % yield.** Since then, a range of transition metal-mediated decarboxylation reactions have been

undertaken, as reviewed below.
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4.1.1.1 Decarboxylation reactions using Pd/C catalysts

Recently, Murzin et al. have shown that Pd/C is an effective catalyst with respect to
decarboxylation reactions of compounds representing model vegetable oils, leading to long-chain
hydrocarbons.” These studies include the decarboxylation of stearic acid (C17H3sCOOH), ethyl
stearate (C17H35COOC,Hs) and tristearin (CsHs(C1sH3502)3) at high pressure (17-40 bar),® stearic
acid at lower pressure (6 bar),”® kinetics of ethyl stearate reactions,”™ oleic acid (C17H33COOH),
linoleic acid (Ci7H3;COOH) and methyl oleate reactions (C17H33sCOOCH5)® and  the
decarboxylation of stearic acid using palladium supported on synthetic carbon Sibunit (a porous
carbon-carbon composite material with a high mesopore volume).*® An organic solvent is used in
these reactions, typically dodecane (Ci12Hz).

With a commercial activated carbon supported catalyst, n-heptadecane (C17H3s) was found
to be the main product when the model compounds stearic acid, ethyl stearate and tristearin were
deoxygenated.? The decarboxylation of stearic acid resulted in production of heptadecenes
(C17H34), the concentration of which decreased over time, suggesting that they were intermediates
in the process. In a further described study stearic acid was decarboxylated using 5 % Pd/C in
dodecane solvent, at 300 °C in 17 bar He atmosphere.? This led to 41 % conversion after 300 mins,
with over 90 % selectivity to n-heptadecane (Figure 4.2). Other minor products included Ci;
olefins and C,; aromatics (undecylbenzenes, CeHsC11Hs3).

At 300 °C and at a pressure of 17 bar, stearic acid was found to have a higher overall
conversion to n-heptadecane when in a reaction atmosphere of 5 % hydrogen and 95 % argon v/v
than compared to reaction atmospheres of 100 % helium and 100 % hydrogen v/v, as shown in
Figure 4.3, indicating that in the presence of hydrogen, hydro-decarboxylation was favoured.?
Selectivity to unsaturated Ci7 products decreased over time for all atmosphere types. Ethyl stearate
was first found to convert into stearic acid before decarboxylating to n-heptadecane, similarly, with

a higher turnover frequency in a reaction atmosphere of 5 % hydrogen and 95 % argon v/v (64 x 10°
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s™) than 100 % helium (32 x 10% s™). Selectivity to n-heptadecane decreased on going from 300 °C
to 360 °C when the yield of aromatics, which are undesirable in diesel-type fuels, increased 9-fold.
The reaction kinetics for ethyl stearate and stearic acid decarboxylation over Pd/C catalyst
have been studied.®> Using ethyl stearate the rate of reaction increased on going from 300 °C to 360
°C, having an activation energy of 57.3 kd/mol from first order kinetics (K = 6.27x10™"2 min™ at
300 °C). The major intermediate product, being stearic acid, results in a reaction order of almost

zero, with the Pd/C catalyst being deactivated at high concentrations of stearic acid.
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Figure 4.2 Conversion of stearic acid using 5 % Pd/C in He atmosphere at 300 °C and 17 bar pressure. In the
reaction, stearic acid converts mainly into n-heptadecane through decarboxylation, and this is confirmed in the
study by the evolution of CO, (not shown). In addition, minor conversion to C,; alkene and C;; aromatic groups
is observed. Taken from Kubickova et al.?

133



100

90
80 1

n - heptadecane

70 1

=
= 601
=
2 50
z
E 40
A
? 30
ol C17 - unsaturated
20 4 Ca
E $ ~
sz - -~ . ©
04 = b = R —
(' .~~ - " ? T - - “-1 - = Y- - -" T 1
0 10 20 30 40 50 60 70

Conversion, %

Figure 4.3 Conversions of stearic acid and selectivities to the major reaction products using 5 wt % Pd/C after 6
hours at 300 °C, 17 bar in different reaction atmospheres. Atmosphere colour scheme: blue, 100 % He; red 5 %
H,, 95 % Ar; green 100 % H,. Taken from Kubickova et al.?

Interestingly, 1 % and 10 % loadings of commercial Pd/C catalyst have exhibited lower
selectivity to n-heptadecane (52 and 60 % respectively) than 5 % loading Pd/C (95 %), possibly due
to the former two leading to formation of unsaturated products, which then cause catalyst coking
(Figure 4.4).° Further to this initial study, 10 % Pd/C catalyst was found to be slightly acidic
whereas 1 % and 5 % Pd/C were found to be alkaline. Additional semi-batch process work with
palladium supported on Sibunit as a catalyst, in dodecane, at a pressure of 17 bar helium was
carried out.®® Using 4 % wt catalyst, stearic acid was deoxygenated with increasing initial reaction
rate and a decreasing time for 100 % conversion as temperature was increased from 270 °C to 300
°C to 330 °C. At 270 °C it was found that the there was a lag time of around 60 mins before stearic
acid conversion progressed. However, as well as the n-heptadecane produced using activated Pd/C,
n-pentadecane was produced with analogous selectivity, demonstrating that the support structure

can also play a vital role in catalyst selectivity.”
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Figure 4.4 Pd/C wt % loading and effect on selectivities, with 1 g catalyst at 300 °C and 6 bar in H, atmosphere.
Taken from Snare et al.*

Further studies into heterogeneous decarboxylation were carried out, with the uncatalysed
reaction only leading to < 5 % conversion.”® Using direct current plasma atomic emission
spectroscopy (DCP-AES) with Pd/C catalyst it was confirmed that the reaction was indeed
heterogeneous and not homogeneous due to catalyst leaching into solution. Pd/C at 250 °C under
hydrothermal conditions has been reported to decarboxylate 2-(4-hydroxyphenyl)-propanoic acid
(CeH4OH-C3H,O0H) at 89 % conversion.??> These conditions were also found to effectively
decarbonylate aromatic aldehydes and further remove aromatic amide groups.

The most probable role of Pd in decarboxylation has been suggested to be via the scission of
the O-H bond from the RCOOH acid group, to form RCOO, followed by scission of the R-C bond,
releasing CO,.>2 Though, it has been noted that, in these experiments decarbonylation could also

be occurring where OH is removed and the reaction proceeds by RCO.?%

4.1.1.2 Decarboxylation catalysis studies using other metals

A range of catalysts were tested in a study by Snare et al., supported on carbon and metal oxides (Ir,

Mo, Ni, Os Pd, Pt, Rh and Ru) as well as a Raney nickel catalyst, with the results shown in Table
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4.1.%° Generally, side reactions were observed over 6 h reaction time (300 °C, 6 bar, helium) such
as isomerisation, dehydrogenation, aromatic production and shorter hydrocarbons production via
cracking. The initial reaction rate was greatest for 5 % Pd/C (1.9 mmol/s/gme) with carbon
supported catalysts in general leading to higher rates, possibly due to enhanced surface area of the
support structure and metal dispersion. It was found that some side products, produced using Ru/C
and Rh/C catalysts, were selective towards unsaturated by-products, which could have led to
catalyst deactivation. When using Ru/MgO, stearone ((C17H35).CO) was formed with > 99 %
selectivity, suggesting that ketonic decarboxylation may be preferred here. 5 % Pd/C was found to
be the preferred catalyst for decarboxylation of stearic acid (100 % conversion, 95 % selectivity,
greater than when at 17 bar)?, with Pt/C giving best performance for decarbonylation, followed by
Ni, Rh, Ir, Ru and Os.

Similar reactions have also been used by Masende to decarboxylate the dicarboxylic acid

malonic acid using a Pt/graphite catalyst leading to CO, and acetic acid with over 80 % conversion,
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deoxyeenation selectivity, 5@ (%)

Table 4.1 Catalyst performance for the deoxygenation of stearic acid, with 1 g catalyst at 300 °C and 6 bar. Taken from Snare et al.*®

side product selectivity, 5@ (%)

catalyst conversion, X° (%) Sn—c17 S1—c17 S¥c17 Total Seir Scis Scas Serack” Sheavy” Sother?
81% Raney-Ni 140 30 13 7 50 =05 17 32
16% N1/ALO; 17.8 20 12 4 46 =0.5 12 13 20
60% N1/510, 18.1 19 30 10 58 1 20 21
50% Ni'Cr,0; 12.3 48 8 3 al 17 24
3%.9% NiMo/AlO; 8.6 15 4 3 23 3 74
5% Ru/510- 12 G 14 4 23 60 T 11
5% Ru/MegO 06.2 09 - 1
5% Ruw/C 132 24 29 14 V%) =05 8 11 15
5% Pd/AL,O; 237 20 7 15 42 43 1 0
1% Pd/C 334 52 G 36 94 1 1 2 2
10% Pd/C 431 a0 3 20 04 =0.5 3 1 2
5% Pd/C 100.0 05 0 3 99 1 =05
8%.2% PdPt/C 6l.6 73 7 15 94 =0.5 3 1 =05
5% Pt/ALLO: 199 18 17 11 46 =0.5 37 2 14 =05
5% Pu/C 86.0 37 1 7 95 =05 4 =05 =05
2% Ir/Al.O; 17.2 1 1 2 85 12
19 Ir/510, 4.6 14 29 26 a9 2 20
5% 0s/C 69 29 15 9 53 17 7 22
3% Rhv/510- 157 7 9 T 23 56 3 18
1% Rh/C 179 18 13 53 85 =0.5 4 4 T =05

@ Conversion of stearic acid and selectivities toward products after 6 h of reaction. ? Crack denotes cracking products consisted of shorter fatty acids.
C10—C17 acids ,and shorter hydrocarbons, C13—C16 hydrocarbons. < Heavy denotes dimeric products formed via unsaturated acids and olefins. ¢ Other
denotes nnidentified products.
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compared to less than 30 % for the uncatalysed reaction).??* The reaction was carried out at 18 bar
with temperatures of 120-160 °C in a flow of oxygen, but it was unknown whether it was the
platinum metal, graphite or both that were responsible for catalysis. Do et al.,?® found 1 %
Pt/Al,O3 to be effective in the conversion of methyl octanoate and methyl stearate to straight chain
hydrocarbons through decarboxylation with a hydrogen atmosphere. However in the absence of
hydrogen, ketonic decarboxylation to form ketones occurred.

Ascorbic acid and 1 mmol copper sulphate has also been found to catalyse the
decarboxylation of benzoic acid to benzene, in food products where these naturally occurring acids

are found.?%®

This was found to proceed by a free radical mechanism in that hydrogen peroxide is
formed in situ when an oxygen molecule is broken down and subsequent peroxide formation via
interactions with the ascorbic acid and the copper oxidation state.

In order to improve the selectivity of reactions, promoter molecules have also been studied,
for example, Cu catalysts with bipyridine promoters have been utilized as catalysts for
decarboxylation of aromatic acids > 95 % at 250 °C. However the same catalysts were found to be

227

ineffective with acids of natural origin,”" stated as being due to unsaturated rings acting as H-

donors and deactivating catalysts.

4.1.2 Metal oxides and complex catalysts for deoxygenation

Sulphided NiMo/y-Al,O3 has been used to catalyse the hydrodeoxygenation of the methyl esters
methyl heptanoate (C;HsCOOCHS3) and methyl hexanoate (CgH;3COOCH;3) at 15 Bar pressure
(hydrogen), leading to 100 % conversion to alkanes at 275 °C.??! The catalysts were reportedly not
stable and product distributions were observed to change over time. Three reaction pathways were
proposed, one being the simultaneous loss of methane and decarboxylation (Figure 4.5). In this
reaction water was found to hinder the decarboxylation reaction and suppressed oxygen removal by
the catalyst.”® H,S was added to compensate this but the product distribution also changed slightly

towards Cg¢ hydrocarbons. This catalyst system has also been used to hydrotreat vegetable oils and
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vegetable oil-heavy vacuum oil (HVO) mixtures into liquid alkanes, using an existing process.??®
The mixture led to greater conversion into alkanes than pure sunflower oil with 87 % conversion to

Ci5-Cig alkanes.

H3C-OH + Hap3Co-OH £ cpy o Bl e,

P [+2H,,
O -H:O]
i 11 [+H,0] ] [-COs, -H] [+H.]
Ha, |Cn-C-O-CH3%‘-‘ H3C-OH + Hyyi1 Cp-C-OH ——— CyHyy——» CiHaneo

[-CH,, -COs]

Figure 4.5 Reaction scheme for hydrodeoxygenation of aliphatic methyl esters (n = 6 for methyl heptanoate and
n = 5 for methyl hexanoate). Taken from Senol et al.**

Zeolite HZSM-5 catalyst has been used for the decarboxylation of esters and acids.?*

Work by More et al. has used zinc oxide, alumina and the zeolite ZSM-5 to decarboxylate

carboxylic acids.?®

At longer reaction times Cg-Cyo alkanes are produced. A hydroxyl group (-
OH), formed by a concerted deprotonation of an acid group, on the MgO surface, * could be acting
as an acid site which helps the breaking of the C-C bond during decarboxylation, in a concerted
pathway (Figure 4.6). In comparison, acidic solids such as zeolites could be performing in a similar
manner to these protonated MgO surfaces. Zeolite HZSM-5 catalyst was found to catalyse the

conversion of carboxylic acids through decarboxylation, ketonic decarboxylation, cracking,

dehydration, aromatisation and polymerisation reaction pathways.?*°

0 0
I I an I
—
- 5+T| RH
— M—O0—M—O— M—O——M——0 —M—0—N—0

Figure 4.6 Theoretical decarboxylation pathway via an anionic and/or concerted pathway. Taken from Zhang
etal. %

It has been shown that MgO catalysts can lead to ketonic decarboxylation where two

carboxylic acid molecules lead to one ketone, one water and one CO, molecule,**? with up to 96%
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conversion.’® This has also been confirmed by Zhang * which could explain the lower CO; vields
found for MgO catalysis. The salt, Mg-(RCOO),, was found to be one of the products, which could
be a catalyst for ketonic decarboxylation.

MgO has been shown to catalyse the removal of naphthenic acid and, in fact, many other
organic acids, successfully irrespective of their structure compared to other transition metal oxides
with a reaction temperature of 150-300 °C.”* This suggests the possibility of lower ketonic
decarboxylation reaction temperatures. MgO clearly demonstrated enhanced conversion compared
to other alkaline earth metal oxides when measured with respect to CO,(q) production, although not
as much CO,g) was released compared to acid conversion (Figure 4.7). This was attributed by the
authors to being possibly because: a) strong interactions with the metal oxide leads to carbonate
production; b) cracking and neutralization reactions; c) ketonic decarboxylation may occur.
Regardless of the carboxylic acid used, the MgO catalyst led to decarboxylation of high vyield,
which was further enhanced with the presence of Ni and Cu. MgO was also unaffected by sulphur-

poisoning.?*?

Compared to MgO, calcium oxide (CaO) led to greater acid conversion but the
corresponding CO, production is lacking for decarboxylation. COy( yield and acid conversion
against reaction temperature and catalyst loading for MgO have also been studied (Figure 4.8), with

encouraging conversions at 250 °C and 20 wt% MgO loading.
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Figure 4.7 Naphthenic acid conversion and CO,, yield for various metal oxide catalysts. Taken from Zhang et
al. %
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Figure 4.8 CO,q and naphthenic acid conversion at various reaction temperatures and catalyst loadings for
magnesium oxide. Taken from Zhang et al.*®

The product of decarbonylation, CO, is nucleophilic, whereas triglycerides are electrophilic,
thus solid base catalysts will absorb triglycerides strongly and allow reactions to be carried out at
lower temperatures and hydrogen partial pressures, with limited deactivation caused by coking.?*

It has been suggested that active catalysts require acidic and basic sites and the alkali
exchanged zeolite CsNaX contains both of these; the alkali cation has Lewis acidity and the oxygen
which bridges the Si and Al has basicity.?** This is similar to peptide formation mechanisms using
clay catalysts where carbonyl oxygen groups can interact with electrophilic alumina.?®® CsNaX was
used for the conversion of methyl octanoate in the presence of nonane and methanol. When nonane
was used as the solvent and co-reactant, initial conversion was at 90 %, but this reportedly
decreased rapidly over 350 mins to less than 10 % conversion, at 425 °C. The initial major
products were heptenes and octenes, along with an increasing amount of pentadecanone, after

which the ketone peaked at 23 % yield after 125 mins and subsequently all yields began to decline.
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It was suggested that the catalyst was deactivated because the methyl octanoate was adsorbed
strongly onto the base-exchanged zeolite. Once adsorbed, the methyl-octanoate formed high
molecular weight 8-pentadecanone ((C;H;5)CO), via ketonic decarboxylation reactions, which
subsequently blocked the pores of the catalyst.

In contrast, when methanol was used as a solvent and co-reactant it was believed that its
decomposition products, formate and carbonate species, could be competitively adsorbed,
preventing the self-condensation of methyl octanoate (CsH17;COOCHSs3). This reaction was reported
to mainly have led to heptenes (19.3 %), hexenes (26.1 %) and octenes (6.7 %), with only 0.9 %
yield of pentadecanone. The proposed mechanism for the overall conversion of methyl octanoate to
the major products heptene and hexane in this reaction is shown in Figure 4.9. When methanol was
employed as a co-reactant it readily decomposed on the surface of the CsNaX zeolite leading to
formate species (as shown by NMR) and hydrogen (Figure 4.10). This led towards octene
production via hydrogenation reactions.

Coupled with a recent patent application for converting glycerol (the byproduct of biodiesel

production) into methanol %

this CsNaX conversion process could be used to produce octane from
biological sources. Other catalysts used for comparison included NaX zeolite, which led to
undesirable products such as substituted aromatics and dimethyl ether from methanol conversion,
due to its weak acidic sites and reduced basicity. However as the acid sites became deactivated by
coking, decarbonylation continued to occur, deactivating at a much lower rate.

Of relevance to the work described later on in this thesis, a MgO catalyst was found to give
a maximum conversion less than 10 % at 425 °C in methanol, lower than that for CsNaX,
ascertained due to the lack of a highly polar environment being important, as well as basicity.”** In

the MgO reaction hexenes, pentadecanone and oxygenates were the main products, as opposed to

heptenes, hexenes and octenes for CsNaX.
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Figure 4.9 (a) Decarbonylation to octanoate-like species; and (b) subsequent decomposition to hexene and
heptene like species. Taken from Sooknoi et al.?**
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Figure 4.10 Decomposition of methanol to formate-like species as shown by 13C NMR. Taken from Sooknoi et
a|.234

Supercritical water and zirconia catalysts were also shown to decarboxylate acetic acid,
although more desirable methane was formed without the catalyst, whereas with the catalyst
acetone tended to form.?” When KOH was employed this led to ketonic decarboxylation (Figure

4.11).
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Figure 4.11 Schematic showing the decarboxylation and ketonic decarboxylation pathways for acetic acid in
various reactions involving supercritical water, zirconia and KOH alkali base. Taken from Watanabe et al.*’

MogO,; has been used to successfully catalyse the deoxygenation of benzoic acid in the
presence of hydrogen, leading to benzene, benzaldehyde and toluene.?*® This reaction did not occur
in the presence of propylene, although the deoxygenation of benzoic acid has been coupled with the
oxidation of propylene using a Co-molybdate catalyst.”*°

Using computational simulations, coupled with experimental methods, the use of Lewis acid
catalysis in the removal of naphthenic acids from high total acid number (TAN) crude oil has been
studied. Crude oils high in petroleum acid content sell for around $10 a barrel less than sweet crude

240 |ewis acids have

oil, and, as such, reducing TAN in oil is an area of considerable interest.
empty orbitals, which can interact with the negative charges on the carboxyl groups in the
petroleum acids and are thus postulated as ideal candidates, as shown in Figure 4.12 where the
carboxyl group of benzoic acid is interacting with the Al centre of the alumina-silicate. Following
this interaction, the hydrogen atom then approaches the a-carbon to the carboxyl group and
eventually separates from the carboxyl group. In comparison, the thermal decarboxylation reaction

on quartz sand lowered the acidic content by 40 %, as compared to 84 % for catalytic

decarboxylation over Lewis acidic y-Al,O3 in a fixed bed reactor.
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Figure 4.12 Proposed mechanism of catalytic decarboxylation by Lewis acids. Taken from Fu et al.?*

4.1.3 Review of role of natural and synthetic layered clay mineral catalysts in

decarboxylation reactions

In efforts to better constrain the formation conditions for crude oil production in nature, theories
have been developed to explain crude oil forming reactions, whereby clay minerals were involved
as natural catalysts for the conversion of organic matter into petroleum feedstocks.**°

In early work investigating petroleum formation in source rocks, Almon and Johns used Ca-
montmorillonite to decarboxylate n-docosanoic acid (C:HsisCOOH).®®  The ratio of branched
alkanes:linear alkanes was 1:10 in the presence of water, whereas it was 9:2 in the anhydrous
system. This reaction was seen to proceed by a free-radical mechanism, since it was enhanced in
the presence of hydrogen peroxide, which generates free radicals. The reaction mechanism was

believed to involve the interlayer surface of the clay mineral, as well as octahedrally co-ordinated

aluminium ions at the clay crystallite edges.
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In decarboxylation reactions of stearic acid carried out in a flow reactor, clays with their
octahedral sheets populated by more basic Mg and Li cations, more readily decarboxylated stearic
acid than those clays with only Fe and Al ions, suggesting the reaction proceeds at edge surfaces,
which are the sites in the layered structure where these cations would be exposed to be involved in
chemical reactions.** Mg or Li rich surfaces led to increased decarboxylation whereas Al-rich
surfaces were found to stabilise COOH. In this study contrasting results were found to Almon and
Johns % work where gibbsite-type minerals led to the greatest decarboxylation, but this may be due
to the fact that: a) closed reaction systems behave differently to open ones and; b) Almon and Johns
used the disappearance of the reactant stearic acid as a measure of the decarboxylation rate, rather
than analysing the products and polymerization/ketonic decarboxylation may have occurred without
loss of CO..

Ni/Zr-laponite synthetic clay minerals have been used for the deoxygenation of stearic

acid.?*

The clays were calcined before use at 500 °C and found to have a large surface area and
pore size, desirable for catalytic activity, with 8 % Ni/Zr-laponite having the largest surface area
(265 m?g™), and pore volume (9.04 cm® g*) compared to 4 % Ni/Zr-laponite. However, smaller
pore size effected selectivity with 4 % Ni/Zr-laponite yielding more desirable linear alkanes
(dimethyldecane and dodecane), rather than cyclic alkanes (as in 8% Ni/Zr-laponite) after the 3
hour reaction time.

In a study looking into radiation-induced catalysis of carboxylic acids adsorbed in clays,
gamma radiation has been used to decarboxylate various carboxylic acids in Na-montmorillonite
clay, with the main products being methane, carbon monoxide and carbon dioxide, when acetic acid
(CH3COOH) was the reactant. More than twenty-fold CO, was produced in the system with clay,
than without clay. It has been postulated that radiation produces surface defects on the clay, plus
interacts with trapped non-equilibrium charge carriers,*® with light induced decomposition of acetic

acid in the presence of an iron oxide/clay catalyst having been observed.?* The mechanism

involves the acetate anion, leading to CHgs production which either then reacts with adsorbed
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hydrogen or with protonated and/or neutral surface hydroxyl groups leading to methane production,
as well as CO and CO,. In the absence of clay, dimerisation reactions of acetic acid occurred.

As mentioned previously in the introduction on decarboxylation, Geatches et al., via
computational studies postulate that a substitution in the clay sheet attracts a counter-ion which then
donates an electron to the reactant-clay system,” proceeding by means of an alcohol intermediate to
the alkane (Figure 4.1).” This has been seen experimentally since alcohol intermediates have

previously been shown to be involved in the production of alkanes from carboxylic acids.?*

4.2 Assessment of decarboxylation reactions of stearic acid over Pd/C

catalyst

4.2.1 Rationale

There are clearly many types of catalyst systems that have been used for the deoxygenation of
carboxylic acids and associated compounds. A review of the literature reveals a body of recent
work on decarboxylation has been carried out by Murzin and co-workers® ®9 247 The feedstock
generally used by these authors is stearic acid (Figure 4.13) although ethyl stearate, lauric acid and
tristearin have also been used. In the patent US2006/0161032, assigned by Neste Oil Oyj,?*® the
conditions used include temperatures of between 200-400 °C and pressures from 1 bar to 150 bar.
Typically, reactions in the literature carried out by this group described conditions of 17 bar and
270-300 °C.*

Typically all of these reactions are carried out in the presence of H,, however in one study
stearic acid was decarboxylated using 5 % Pd/C in dodecane solvent, at 300 °C in 17 bar He
atmosphere.?  This led to 41 % conversion after 300 mins, with over 90 % selectivity to n-
heptadecane (Figure 4.2). Other minor products included Ci; olefins and Ci; aromatics

(undecylbenzenes).
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Figure 4.13 Schematic showing the structure of stearic acid (C;;H3sCOOH), used as a model biomass reactant in
this thesis.

In the remainder of this chapter this particular decarboxylation experiment is adapted, with
stearic acid being used as the reactant (Figure 4.13), which represents one of the compounds that
can be extracted from triglyceride oils. In this present work hydrogenation is avoided as the
industrial partner, KiOR Inc., advised against this, since it is already a readily available
commercialised process and alternative mechanisms for decarboxylation were investigated, with
only the loss of COy) being involved in the decarboxylation reaction, i.e. direct decarboxylation.
To set a benchmark for decarboxylation reactions, a similar set of conditions and reactor vessels to
the original experiment by Kubickova et al.? will be used, however as the overriding purpose is to
understand how effective the reaction is for direct decarboxylation without involvement of H,, Pd/C
was not activated with H, in this study as the industrial partner involved was seeking alternative
biomass upgrading mechanisms to hydro-decarboxylation.  The reaction temperatures for the
studies carried out in this thesis were also reduced from the 300 °C of the prior work, to 230 °C

owing to reactor constraints, and to probe the effect of temperature on direct decarboxylation.

4.2.2 Experimental method

The reactions within this thesis were all performed in the purpose-built Durham University High
Pressure Facility, where reactions could be started and controlled remotely to the reactor cells.
Reagents were used as supplied: stearic acid (97 %, Acros organics); dodecane (98 %, Sigma-
Aldrich), activated carbon supported palladium (5 wt.%, Aldrich). Stearic acid (4.5g, 15.8 mmol) _
was placed in 86 g (64.5 ml) dodecane solvent with 1 g of 5 % Pd/C catalyst in a stirred 600 ml Parr
autoclave. The autoclave was pump-purged ten times with Ny and then pressurised to 10 bar at

room temperature with No). The stirrer was initiated, at 500 rpm, and the reaction heated to an
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internal temperature of 230 °C over 30 minutes, achieving a final internal pressure of 17 Bar, and
was left for 6-48 hours (depending on experiment, see Table 4.3). Following this, the reactor was
cooled to room temperature over 3 hours, under continuous stirring, depressurised to atmospheric
pressure and subsequently filtered at room temperature using a sintered glass filter Buichner ring and
Biichner flask, under vacuum to remove the Pd/C catalyst. The resulting catalyst remained as a
black powder on the filter, and the filtrate was almost colourless. Five decarboxylation replication
experiments (D1-D5) were performed, with time varying from 6-48 h. Following the
decarboxylation reactions described above, the liquid products were analysed quantitatively using a
similar methodology as described by Snare et al.*®

The liquid products obtained after filtration were analysed by gas chromatography (HP 5890
Series I1) equipped with a nonpolar column (VF-5MS, with dimensions 30 m x 0.25 mm x 0.25 pl)
and a flame ionisation (FID) detector. The injector and detector temperatures were 250 and 275 °C
respectively. To analyse stearic acid, the sample must first be derivatised by silylation to make the
compound more volatile, less polar and more thermally stable. This is where the acidic proton is
replaced with a trimethyl-silyl group (MesSi). To do this, following each experiment, 1 ml of
reaction mixture was removed (containing maximum 0.0677 g of unreacted 97 % stearic acid,
0.00024 moles, assuming zero conversion) and was silylated using 100 mol% excess N,O-
bis(trimethyl)trifluoroacetamide (BSTFA, 0.00048 moles, 0.1225 g ) and dissolved in 30 mol%
pyridine (0.00007 moles, 0.0056g). 0.002 ml of 0.1 M standard eicosane in dodecane was then
added as an analytical standard, and the sample was left for 12 hours to completely silylate.
Following this, a 5 pl aliquot was then injected into the GC with helium as the carrier gas at

pressure of 2.07 bar. The GC was kept at 200 °C throughout the whole run.

4.2.2.1 Gas chromatography calibration curves

In order to analyse pre- and post-reaction samples by gas chromatography, calibration curves were
first prepared for all the required materials. Chemical standards of n-heptadecane (Acros, 99 %),
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eicosane (Acros, 99 %), stearic acid (Acros, 97 %) (including the silylating agents pyridine and
BSTFA), Cg-Cy alkane GC standard solution (Fluka) and the solvent dodecane (Sigma-Aldrich, 98
%) were purchased. Quantitative calculations were performed using the internal standard
(eicosane) method to produce calibration curves for the reactants stearic acid and the product n-
heptadecane. Data analysis and peak integration were performed using the Clarity software.®® The
samples for the calibration curves were prepared in vials using the following quantities and made up

to 5 ml with dodecane:

Solution S: 0.1 M Silylated Stearic acid in dodecane

0.1422 g Stearic acid

0.264 ml N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Acros Organics, 98+%) (100% wt
excess)

0.0436ml pyridine (Acros Organics) (30% wt)

The solution was made up to 5 ml with dodecane (Aldrich, 98+%) and left to silylate for 12 hours.

Solution H: 0.1 M n-Heptadecane in dodecane
0.155ml n-heptadecane (Acros, 99%)

The solution was made up to 5 ml with dodecane.

Solution E: 0.1 M Eicosane in dodecane

0.141 g eicosane (Acros, 99%)

The solution was made up to 5 ml with dodecane.

These three standard stock solutions were then made up into calibration standard mixtures as shown

in Table 4.2.
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Table 4.2 Reference samples prepared for calibration of stearic acid, and n-heptadecane.

Reference Name Silylated stearic Acid Heptadecane Eicosane

(Wl) (u) (ul)
9S1H5E 900 100 500
7S3H5E 700 300 500
5S5H5E 500 500 500
3S7H5E 300 700 500
1S9S5E 100 900 500
10SOH5E 1000 0 500
0S10H5E 0 1000 500

The samples were each injected into the GC machine 3 times and averages were obtained

for peak integrations. A typical chromatogram is shown in Figure 4.14.
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Figure 4.14 A typical GC chromatogram for silylated stearic acid (32.997 min.) and n-heptadecane (6.637min.)
with the internal standard eicosane (14.840 min.) in the solvent dodecane (~2min.).

Using the internal standard eicosane (CxoHa.), the observed and expected number of moles
were calculated and calibration curves were obtained for stearic acid and n-heptadecane (Figure
4.15).

Using these calibration curves quantitative experiments were performed on the liquid
portions of stearic acid reaction mixtures enabling percentage conversions and percentage yields for

the reactions to be calculated.
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Figure 4.15 Calibration curves obtained by GC for: (a) silylated stearic acid and (b) n-heptadecane in dodecane

4.2.3 Results and discussion

Five decarboxylation replication experiments (D1-D5) were performed following the same reaction
conditions as described in section 4.2.2, whilst varying reaction time. The results are shown in
Table 4.3.

Decarboxylation reaction 1 (D1) was carried out over a period of 6 hours at a reaction
temperature of 230 °C to facilitate a direct comparison with the previous literature by Kubickova et

al.> Upon workup and analysis, however, no conversion of stearic acid was observed to occur. It is
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interesting to note that stearic acid is present at 97 %, which is coincidentally its purity value, hence
the 3 % unidentified products are most probably attributed to impurities. Kubickova et al., noted
that there was a 1 h lag time at 270 °C before stearic acid conversion progressed. The uncatalysed
control reaction studied by Kubickova et al., was found to give < 5 % conversion at 300 °C within 6
hours, so combined with lower temperature and longer lag time for an unactivated Pd/C catalyst, a
similar situation may be occurring here, since, as a general rule, reaction rates double for every 10
°C increase in temperature.’*°

Table 4.3 Liquid product percentages from decarboxylation experiments D1-D5. * = unidentified product.
Reaction conditions, 230 °C, 20 wt% catalyst (with respect to stearic acid), 100 % N, atmosphere at 17 bar.
Errors shown in parentheses.

Reaction: Reaction time n-heptadecane Stearic acid Other
(h) (%) (%) (%) *
D1 6 0 (0.15) 97 (2.66) 3
D2 24 58 (0.87) 42 (1.15) 0
D3 24 43 (0.65) 57 (1.56) 0
D4 48 13 (0.20) 87 (2.39) 0
D5 48 36 (0.54) 35 (0.96) 29

For reaction D2, the reaction time was increased further, up to 24 hours and it was observed
that 58 % of stearic acid was converted to n-heptadecane. In a replication reaction of D2, denoted
D3, 43 % of stearic acid was decarboxylated to n-heptadecane, with 50 % being the average
conversion of D2 and D3. This shows the difficulty of replicating reactions with unactivated Pd/C.
This conversion is comparable to the study of Snare et al., where it was shown that when 10 % of
Pd/C was used as a catalyst for 6 hours reaction time, in 6 bar H, atmosphere, resulting in 48 %
conversion, however with only 60 % selectivity to n-heptadecane, the rest being mainly Cy;
isomers, with a little C3s stearone byproduct.*®

Reactions D4 and D5 further extended the reaction time to 48 hours, with more variable
results. In reaction D4 there was a great deal of unreacted stearic acid present, 87 %, with only 13
% conversion to n-heptadecane. In reaction D5 only 35 % of unreacted stearic acid remained
(lowest of all reactions), leading to 36 % n-heptadecane in solution, along with 29 % of remaining

unidentified conversion products at low retention time (Figure 4.16). Attempts were made to
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identify these products as alkanes in the range Cg-Cyo using GC standard solutions but this proved
unsuccessful.

Snare noted that when Ni catalysts were used in decarboxylation studies, cracking reactions
occurred to produce shorter chain acids.*® Furthermore, when Snare investigated 5 % Pd supported
on alumina as a catalyst, this led to ~ 24 % conversion resulting in amounts of dimerised heavy
products of unsaturated acids and hydrocarbons as well as 48 % selectivity to Css stearone,
compared to only 20 % selectivity to n-heptadecane.”® Further reaction products may also be

appearing in the reactions trialled in this thesis, with the longer reaction times employed (6-24 h).
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Figure 4.16 Gas chromatography trace of reaction D5, with unidentified product at 4.5 mins, along with
heptadecane product (6.7 mins), eicosane standard (15.1 mins) and stearic acid reactant (33 mins).

Another reason that this set of reactions may show such dramatic variation (especially D4) is
possibly due to the Pd/C catalyst decomposing to produce a precipitate of elemental palladium, a
reaction which is known in the literature,?®® which is indistinguishable visually from the initial Pd/C
catalyst.

The purpose of this study was to evaluate the efficiency of 5 % Pd/C for direct
decarboxylation. The catalyst was not activated with Hy) prior to reaction in this study due to the
industrial partner seeking alternative mechanisms for upgrading biomass without the use of Hy().

The impacts of not activating Pd/C are potentially significant since this will change the catalyst
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surface properties from being in a reduced state to an oxidised one, affecting reactant adsorption
rates, Kinetics, reaction types and selectivities. It is anticipated that if the catalysts were activated
with Hag) then similar results to Kubickova et al. would have been obtained, however one of the
aims of this project was to not involve the use of Hyg in the upgrading process and the experiments

D1-D5 set a benchmark for other catalyst tests, described in subsequent chapters.

4.3 Conclusions

In this study, benchmarks for direct decarboxylation using H,-free conditions were established by
repeating recent decarboxylation reactions found in the literature, but with no use of H; for either
catalyst activation or for hydro-decarboxylation. It was anticipated that decarboxylation would still
occur in the absence of H, and at lower reaction temperatures than those used by Kubickova et al.?
However, the 5 % Pd/C catalyst appeared to be unstable in this present study and the rate of stearic
acid conversion via decarboxylation to n-heptadecane was not as favourable at 230 °C (maximum
conversion 58 % after 24 h) compared to the much shorter reaction time at 300 °C reaction of
Kubickova et al. (maximum conversion 41 % after 6 h). A further challenge was noted in that some
material, believed to be stearic acid, was still present in the solid form in the end reaction mixture,
and so a method will need to be developed for future work to allow the determination of the amount

of stearic acid and other products present in filtered reaction solids.
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5 Ketonic decarboxylation using MgAl layered double
hydroxide catalysts

5.1 Introduction & Rationale

In Chapter 4, Pd/C was used as a catalyst to decarboxylate stearic acid, leading to the straight chain
alkane, n-heptadecane, through loss of CO,. However, issues with the stability of the Pd/C were
encountered at the desired reaction temperatures leading to variability in the conversions recorded.
Furthermore, the use of precious metals such as Pd, which typically require activation with Hy(g), is
undesirable if safer, cheaper and more environmentally-sustainable alternatives can be identified.
Based on work by Zhang et al. on reduction of total acid number (TAN) in crude oils using simple
oxides, * reviewed in section 4.1.2, in this and the next chapters of this thesis, the use of layered
double hydroxide (LDH) and mixed metal oxide (MMO) materials will be investigated,
respectively, as potential catalysts, which can be synthesised from relatively-cheap, readily

available starting materials.

5.1.1 Layered double hydroxides as catalysts

6

One of the main, large-scale applications of LDHs is as catalyst pre-cursors.'*® Their calcined

252 these are more

derivatives, MMOs,*** are of high basicity, and along with rehydrated MMOs,
often used in catalysis studies, rather than the direct use of LDHs. Yet, LDHs have been employed
as catalysts for a variety of reactions, as now reviewed here.

LDHs have been reported as being used as heterogeneous catalysts for a wide range of
applications including Knoevenagel condensation, Claisen-Schmidt condensation, self-
condensation, cross-Aldol condensation of aldehydes and ketones and Michael additions.®® %3
These mainly utilise the LDH as a solid base material, with basicity varying with cation

composition. For instance NiAl and ZnAl LDHs are often proposed to be less basic than MgAl

LDHs.® The magnitude of the R-value also has a significant role since, as this increases for
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calcined MgAl LDHs, there is an increase in the number of basic sites in the range 9.0 < pK; <
13.3.7% But, in addition, as R-value increases, the sites which can catalyse Michael addition and
Aldol condensation reactions in the basicity range 13.3 < pK, < 16.5 decrease in number. Indeed
the strength of basic sites is greater for LDHSs than even calcined MgO, although the total number of

sites are less numerous.'?

Calcination of LDHs results in materials with sites of weak (OH"),
medium-strong (O*-M"™ pairs) and strong (isolated O*" ions) basicity.*** The strength of basic 0%
ions depends on their coordination environment, with ions located at crystal corners exhibiting
stronger basicity than those located on crystal surfaces and edges. From this it follows that the
number of strong O® increases as crystallite size decreases and it has been shown that larger
crystallite sizes have led to lower activity per surface area.”>

MgAI-CO3; LDHs have been used in epoxidation reactions at 40 °C to activate hydrogen
peroxide via removal of protons.”®® The MgAI-COs; LDHs were found to lead to 97 % conversion
and 95 % selectivity of isophorone to epoxyketone, with superior conversion when compared to
their calcined MMO counterparts, calcined MgO, NaOH, Na,O3 and various other catalysts (Table
5.1). The LDHs were superior to the MMOs, which the authors attributed to the latter having
basicity, but also enhanced acidity due to the Al coordinated to oxygen having a 8" charge (Figure
5.1), which led to alternative acid catalysed side products.”® In the study, PXRD also revealed that
the MMOs were actually partially rehydrated in the aqueous hydrogen peroxide media. An increase
in the Mg:Al ratio (R-value), and so basicity, was observed to lead to an increase in reactivity for
both LDHs (97 % conversion for R-value 5, compared to 77 % conversion for R-value 3) and
MMOs (88 % conversion for R-value 5, compared to 69 % conversion for R-value 3). The LDHs
were thought to be consequently effective, not just because of their basicity (calcined MgO exhibits
high basicity), but due to the hydroxyl groups reacting with hydrogen peroxide to form a
perhydroxyl anion and water. The authors postulated the perhydroxyl anion then reacts with a
quaternary ammonium ion and is transported into the organic phase, where it reacts producing a

quaternary ammonium hydroxide, which then further regenerates the LDH structure (Figure 5.2).%>°
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Table 5.1 Isophorone epoxidation reactions catalysed by various bases. Taken from Yamaguchi et al..*®

convn of yleld of heat of
isophorone epoxyketone” adsorption®
entry catalyst (%) (%) (Jg™h
1 MgioAl(OH)24CO4 97 95 14.2
2d T\’IgmAlg{OI—Dg.-;CD:g 88 84 20.2
3 MgsAl:(OH)15COs 77 73 6.3
4d T\’Igf;Alg{OI—D [E;CD‘;{ 69 62 16.9
5 T\’Igf;Alg{OI—D 15904 61 61 5.1
67 MgO 51 40 8.4
7 Mg(OH); 60 60 6.4
8 Al(OH)s 8 7 1.8
9 NaOH 81 T0¥
107 NazCOs 53 47
11 without <1 <1

@ Reaction conditions: isophorone (2 mmol), catalyst (0.15 g),
mheptane (5 mL), DTHMARB (0.3 mmol), water (3 mL), 30% aq
H30; (0.9 mL, 8 mmol), 40 °C, 24 h. ” Yields of the epoxide were
determined by GC. ¢ See ref 4d. ¢ Catalysts calcined at 400 °C were
used. “MgO calcined at 400 *C was used. £0.2 mmol. £ 3,3-Dimeth-
yl-5-oxohexanoic acid was also formed as a byproduct.

basic site .
0 0+ 0 _—
TMgT AT Mg
acidic site

Figure 5.1 Basic and acidic sites found in MMOs. Taken from Yamaguchi et al.”*®
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Figure 5.2 Proposed reaction mechanism for LDHs catalysing epoxidation reactions with H,0O,. Taken from
Yamaguchi et al.”*®

Similarly, oxidation reactions of benzonitrile involving peroxides and carbonate LDHs
obtained significantly higher yields compared to calcined MgO, Mg(OH), and the uncatalysed
reaction.?’

Constantino and Pinnavaia successfully used a range of MgAl LDHs of R value 2.49 to
convert 2-methyl-3-butyn-20l (MBOH) to acetylene and acetone.'®” These products were formed

when using basic catalysts, whereas the use of acidic catalysts lead to 3-methyl-3-buten-1-yne and
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amphoteric catalysts produce 3-methyl-3-buten-2-one and 3-hydroxy-3-methyl-2-butanone.?*®
LDH intercalated with hydroxide was found to give 90.6 % conversion to the base-catalysed
products, whereas carbonate-intercalated only converted MBOH to 22.4 % of the base-catalysed
products. Both of these catalysts were more active than their respective calcined MMOs, with their
basic interlayer anions being involved in reactions at basal and edge surfaces of the layer.

Cu-Cr LDHs have been used for alkylation reactions to produce glycolethers from butan-1-ol
and ethylene oxide.” This reaction traditionally employs homogeneous catalysts with attendant
separation and recycling issues.?® Cu-Cr LDHs intercalated with Cl, CrOg4, Cr,07, V207, V1002
and Mo;O,,4 anions were pre-treated at 100 °C to assess surface properties, however the authors
treat this as calcination. Surface areas were in the range 26-43 m?/g for the materials treated at 100
°C, with catalytic reactions carried out at 120 °C, however increases in surface area due to this
higher experimental temperature were expected to be low. Cu-Cr-Cr,0; LDH gave the largest
conversion of 86 %, with respect to ethylene oxide after 7 hours, with 99.4 % selectivity to the
desired product butyl-monoglycol ether. Cu-Cr-V,0; LDH led to the lowest conversion at 30 % of
ethylene oxide after 6 hours, but with 100 % selectivity to the major product butyl-monoglycol
ether. The LDHs and were believed to be acting as dual acid-base catalysts, with Brgnsted basic
sites being present due to the OH™ components in the hydroxide layers and Lewis acid sites due to
the interlayer transition metal complexes.

In summary, the variety of reactions outlined above all demonstrate that LDHs can behave as
basic catalysts in their own right, rather than just be precursors to the highly basic calcined
derivatives, MMOs, something, which will be examined in the following sections for fatty acid
conversions. It should also be noted that the catalytic abilities of LDHs depend on the reaction

types they are employed in.
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5.2 Stearic acid ketonic decarboxylation experiments

Following on from the decarboxylation experiments using 5 % Pd/C a series of similar catalysed
reactions were undertaken, using mineral based catalysts. These were layered double hydroxides
prepared by two synthesis methods: co-precipitation’® and co-hydration,*® as described in Chapter
3. Catalyst properties relating to crystal structure, composition, surface area and relative basicity
were also described and discussed in Chapter 3.

Similar reaction conditions were used to those described in chapter 4, except that the
reactions were adjusted accordingly since they were carried out in an autoclave of different volume
which was able to go to slightly higher reaction temperatures. All experiments were performed in

the purpose-built Durham University High Pressure Facility (see Section 4.2.2).

5.2.1 Experimental

Reagents were used as supplied: stearic acid (97 %, Acros organics); dodecane (98 %, Sigma-
Aldrich); magnesium oxide (Sigma-Aldrich, ACS 98 %); CP5 aluminium oxide (BASF); and CoP-
LDH (see Section 3.2.2) and CoH-LDH (see Section 0) materials synthesised within this thesis. A
100 ml Parr autoclave was charged with stearic acid (0.1 g, 97 %, 0.3 mmol), dodecane solvent (10
ml), and catalyst (0.02 g), giving a catalyst loading of 20 wt% relative to the stearic acid. The
vessel was sealed and subsequently pump-purged ten times with Ny and then pressurised to 9.7
bar at room temperature with Na). The stirrer was initiated, at 500 rpm, and the reaction heated to
an internal temperature of 250 °C over 30 minutes, achieving a final internal pressure of 17 Bar.
These reaction conditions were maintained for 24 h. The vessel was then allowed to cool under
stirring over approximately 3 h, under continuous stirring, depressurised to atmospheric pressure
and were subsequently filtered using a sintered glass filter Biichner ring and Buichner flask, under
vacuum to remove the catalyst. The liquid fraction was retained for analysis (see section 5.2.2) and

the solid/wax fraction was subjected to Soxhlet extraction. For this process, the solid/wax fraction

160



was placed in a cellulose Soxhlet extraction thimble within a Soxhlet chamber, ethanol (250 ml)
was heated at reflux temperature for a period of 12 hours and continuously condensed, washing the
solid/wax sample and removing any soluble reactants or wax products from the insoluble mineral
catalyst into the still pot. The Soxhlet apparatus was then allowed to cool to room temperature over
a period of 3 hours, following which, the ethanol solvent was removed using a rotary evaporator (50
mbar, 20 °C) to leave a solid residue, which was analysed as described in section 5.2.3. Validation
of the Soxhlet extraction was carried out using known mixtures with various ratios of stearic acid
and stearone to confirm that this extraction process was accurate (Section 5.2.5).

The catalysts used in these experiments were CoP-LDH1 to CoP-LDH6 and CoH-LDH1 to
CoH-LDH6 (Table 5.2). For comparison, MgO and Al,Oj3 catalysts were also trialled, along with

an uncatalysed control reaction for completeness.

Table 5.2 Layered double hydroxide materials employed as catalysts (20 wt% with respect to stearic acid) in the
conversion of stearic acid at 250 °C, 17 bar N2, along with their method of synthesis and target structures.

Catalyst Synthesis method Target compound
CoP-LDH1 Co-precipitation (IMgo.5Al5(OH),](CO3)g.05.YH,O
CoP-LDH2 Co-precipitation (IMgo.66Al0.33(OH)2](CO3)0.165.YH20
CoP-LDH3 Co-precipitation (IMgo.75Alg.25( OH)2](CO3)g.125.YH,O
CoP-LDH4 Co-precipitation (IMgo.8Alg.2(OH),](CO3)0.1.YH,O
CoP-LDH5 Co-precipitation (IMgg.g3Alg.17(0OH),](CO3)g.09.yH-0
CoP-LDH6 Co-precipitation (IMgo.g6Alo.14(OH),](CO3)g.07.yH-0
CoH-LDH1 Co-hydration [Mgop 5Alp 5(OH),](OA)g 25.YH,O
CoH-LDH2 Co-hydration [Mgo.66Al0.23(OH)2](OA)o.165.YH20
CoH-LDH3 Co-hydration [Mgo.75Alp 25(0OH)2](OA)0.125.YH20
CoH-LDH4 Co-hydration [Mgo.sAly 2(OH)](OA)o.1.yH-O
CoH-LDH5 Co-hydration [Mgo.83Al0.17(OH)2](OA)¢.09-YH-O
CoH-LDH6 Co-hydration [Mgo.s6Alp.14(OH)2](OA)¢.07-yHO
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5.2.2 Liquid product analysis

Chemical standards of the decarboxylation product n-heptadecane (Acros, 99 %), Cg-Cy alkane GC
standard solution (Fluka), stearic acid (Acros, 97 %) (including the silylating agents pyridine
(Acros) and BSTFA (Acros)), the ketonic decarboxylation product stearone (TCI, 95 %) eicosane
(Acros, 99 %) and the solvent dodecane (Sigma-Aldrich, 98 %) were used as received. The liquid
products obtained after filtration were analysed by gas chromatography (HP 5890 Series II)
equipped with a nonpolar column (VF-5MS, with dimensions 30 m x 0.25 mm x 0.25 pl) and a
flame ionisation (FID) detector. The injector and detector temperatures were 250 and 350 °C
respectively. To analyse stearic acid, the sample must first be derivatised by silylation to make the
compound more volatile, less polar and more thermally stable. This is where the acidic proton is
replaced with a trimethyl-silyl group (MesSi). To do this, following each experiment, 1 ml of
reaction mixture was removed (containing maximum 0.01 g of unreacted 97 % stearic acid, 0.34
mmol, assuming zero conversion) and was silylated using 100 mol% excess N,O-
bis(trimethyl)trifluoroacetamide (BSTFA, 0.068 moles, 0.0176 g) and dissolved in 30 mol%
pyridine (0.01 mmol, 0.0008g). 0.001 ml of 0.1 M standard eicosane in dodecane was then added
as an analytical standard, and the sample was left for 12 hours to completely silylate. Following
this, a 5 pl aliquot was then injected into the GC with helium as the carrier gas at pressure of 2.07
bar. The GC was held at 35 °C for 5 minutes then ramped up to 300 °C at 5 °C / min. Retention
times were determined using standard materials and eicosane was used as an internal standard.
Data analysis and peak integration were performed using Clarity software.™ Calibration curves are

shown in section 5.2.4.

5.2.3 Solid product analysis

Post-Soxhlet extracted wax solids were analysed using a Xevo QToF mass spectrometer (Waters
Ltd, UK) equipped with an Agilent 7890 GC (Agilent Technologies UK Ltd, UK) and an

atmospheric solids analysis probe (ASAP) solid handling sample introduction port for initial
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identification. Solid samples were introduced into the spectrometer from a heated melting point tube
(ramped from 100 °C to 600 °C over several minutes) previously dipped into neat sample. Mass
spectrometry data was processed using MassLynx 4.1." Exact mass measurements were recorded
using a lock-mass correction to provide < 3 mDa precision.

Post-Soxhlet extracted wax solids were also dissolved in THF (0.1 mg in 1000 pl), silylated
with 10 ul BSTFA and 10 pl pyridine. Following this the components were analysed quantitatively
relative to each other using gas chromatography (HP 5890 Series 2) equipped with a TR-SD
capillary column (length 10 m, ID 0.53 mm and film thickness 2.65 um). The injector and detector
temperatures were 250 and 350 °C respectively. 5 pl of sample was injected into the GC with
helium as the carrier gas at pressure of 2.07 bar. The GC temperature program was based on
ASTM D6584 10ael standard test method for determination of total monoglyceride, total
diglyceride, total triglyceride, and free and total glycerin in B-100 biodiesel methyl esters by gas
chromatography.'® The GC was held at 50 °C for 1 min then ramped at 15 °C / min up to 180 °C,
followed by ramping at 7 °C / min up to 230 °C then increasing up to 350 °C at 10 °C / min where it
was held for 5 min. Retention times were corroborated using standard materials. The same
chemical standards were used as with the liquid portion, as detailed in section 5.2.2. Data analysis
and peak integration were performed using Clarity software.*® Calibration curves are shown in the

following section 5.2.4.

5.2.4 Gas chromatography calibration curves

In order to analyse pre- and post-reaction samples by gas chromatography, calibration curves were
first prepared for all the required materials.
5.2.4.1 Liquid-phase calibration curves

Chemical standards of n-heptadecane (Acros, 99 %), eicosane (Acros, 99 %), stearic acid (Acros,

97 %) (including the silylating agents pyridine and BSTFA), Cg-Cy alkane GC standard solution
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(Fluka) and the solvent dodecane (Sigma-Aldrich, 98 %) were purchased. Quantitative calculations
were performed using the internal standard (eicosane) method to produce calibration curves for the
reactants stearic acid and the product n-heptadecane using the GC method described in section
5.2.2. Data analysis and peak integration were performed using Clarity software.’*® The samples
for the calibration curves were prepared in vials using the quantities shown in Section 4.2.2.1.
Using the internal standard eicosane (CxoHa2), the observed and expected number of moles were
calculated and calibration curves were obtained for stearic acid and n-heptadecane (Figure 4.15).
Using these calibration curves quantitative experiments were performed on the liquid portions of
stearic acid reaction mixtures enabling percentage conversions and percentage yields for the

reactions to be calculated.

5.2.4.2 Solid-product calibration curves

Chemical standards of eicosane (Acros, 99 %), stearic acid (Acros, 97 %) (including the silylating
agents pyridine and BSTFA), stearone (98.3 %) and the solvent THF (98 %) were purchased.
Quantitative calibrations to produce calibration curves were performed using the methods described

below. Data analysis and peak integration were performed using Clarity software.**°

For the stearic acid calibration curve, samples were prepared in vials with the following quantities

and made up to 10 ml with THF:

Solution Sc: 0.1 M Silylated Stearic acid in THF

0.2845 g Stearic acid

0.528 ml N,O-Bis(trimethylsilyl)trifluoroacetamide, BSTFA (Acros Organics, 98+%) (100% wt
excess)

0.0872 ml pyridine (Acros Organics) (30% wit)

Made up to 10ml with THF (Fischer Scientific, 98+%).
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The solution was left to silylate for 12 hours.

Solution E: 0.1 M Eicosane in THF
0.2820 g eicosane (Acros, 99%)

Made up to 10 ml with THF.

These solutions were made up into calibration standard mixtures as shown in Table 5.3.

Table 5.3 Reference samples prepared for calibration of stearic acid in THF.

Reference Name Silylated Stearic Eicosane / pl THF / pl
Acid / pl

9Sc5ELT 900 500 100
7S5E3T 700 500 300
5S5E5T 500 500 500
3S5E7T 300 500 700
1S5E9T 100 500 900
10S5E0T 1000 500 0

OS5E10T 0 500 1000

Using the internal standard eicosane (CoHa2), the observed and expected number of moles were

calculated and a calibration curve was obtained for stearic acid (Figure 5.3) using the GC method

described above. The calibration curve obtained is not ideal since some points in the mid-section

have a large offset from that of the obtained line of best-fit.

For the stearone calibration curve, samples were prepared in vials with the following quantities and

made up to 10 ml with THF:
Solution Se: 0.1M Stearone in THF
0.0046 g Stearone

Made up to 10 ml with THF.

Solution E: 0.1 M Eicosane in THF
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0.282 g eicosane (Acros, 99%)

Made up to 10 ml with THF.
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Figure 5.3 Calibration curve obtained by GC for silylated stearic acid in THF.

0.00007

1000 pl solution Se was then added to 100 pl solution E, to produce a standard stock

solution denoted SeE. The GC calibration for stearone was then performed by diluting this standard

stock solution according to the values in Table 5.4 to produce the calibration curve for stearone

shown in Figure 5.4 using the GC method described in section 5.2.3.

Table 5.4 Dilutions of the stock solution SeE used in stearone GC calibration.

Reference Name SeE / ul THF / pl

100 % SeE 1000 0

90 % SeE 900 100
80 % SeE 800 200
70 % SeE 700 300
60 % SeE 600 400
50 % SeE 500 500
25 % SeE 250 750

12.5 % SeE 125 875
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In THF, the calibration curve for stearone has a higher coefficient of determination than that
produced for the corresponding stearic acid calibration curve, being R? = 0.9979 and R? = 0.9450
respectively. Following this, to increase accuracy, the values for stearic acid in the following
experiments were back-calculated from the values for the product stearone, as long as no other

peaks were present.
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Figure 5.4 Calibration curve obtained by GC for stearone in THF.

5.2.5 Soxhlet extraction validation

An extraction validation process was carried out with various ratios of stearic acid and stearone to
confirm the accuracy of this method, given that it incorporates the combined errors of both gas
chromatography and Soxhlet extraction.

The masses of stearic acid and stearone stated in Table 5.5 were placed in a Soxhlet thimble
and were extracted using ethanol (250 ml) at reflux for a period of 12 hours. The ethanol solvent
was then removed using a rotary evaporator to leave a solid residue, which was analysed as

described in section 5.2.3.
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Table 5.5 Masses of stearic acid and stearone used in Soxhlet extraction samples 1 — 7, together with the

expected and observed moles of each, post-extraction. Errors for observed moles shown in parentheses.

Mass / g Moles / mmol
Sample Stearic S Expected | Observed Expected | Observed
; tearone stearic stearic
acid : : stearone | stearone
acid acid

0.2501 0.0355

1 0.0500 0.0280 0.1758 (0.069) 0.0553 (0.0004)
0.0627 0.1467

2 0.0250 0.0890 0.0879 (0.017) 0.1757 (0.0018)
0.3144 0.1003

3 0.0750 0.0670 0.2636 (0.086) 0.1322 (0.0012)
0.0212 0.0981

4 0.0070 0.0500 0.0246 (0.0006) 0.0987 (0.0012)
0.0000 0.1917

5 0.0000 0.1000 0.0000 (0.0012) 0.1974 (0.0023)
0.3303 0.0000

6 0.1000 0.0000 0.3515 (0.0091) 0.0000 (0.0001)
0.0000 0.0199

7 0.0000 0.0100 0.0000 (0.0012) 0.0197 (0.0002)

The expected and observed moles of stearic acid and stearone were plotted as shown in

Figure 5.5 and Figure 5.6. Analogous to the GC calibration curves for stearic acid and stearone,

there is a great deal more variance on the stearic acid values than the stearone values, though both

show increased error. This confirms that for ketonic decarboxylation reactions, conversions for

stearic acid should be back calculated from the product, stearone, which has a higher coefficient of

determination.

The values obtained from the calibration curves will be used for comparisons

between reactions in this thesis, however these must be treated with caution since the extraction

process itself adds a degree of further error to this method.
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Figure 5.5 Expected and observed moles of stearic acid, post-extraction.
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Figure 5.6 Expected and observed moles of stearone, post-extraction.

5.1 Results and discussion of decarboxylation reactions

The following sections will assess and discuss the decarboxylation experiments. Initially, the co-
precipitated LDHs and co-hydrated LDHSs are discussed individually, in section 5.1.1 and 5.1.2,

respectively. Finally, a comparison of the two catalyst types is undertaken in section 5.1.3.
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5.1.1 Reactions using co-precipitated layered double hydroxide catalysts

Following the experimental procedure outlined above, for the CoP-LDH catalysed reactions, liquid
phases were extracted and analysed by GC. For all reactions, analysis showed that the
decarboxylation product, n-heptadecane, was not formed from stearic acid. The control reaction did
not lead to any conversion of stearic acid, with it remaining 100 % present at the end of the
reaction, giving a good baseline to compare catalysts against, suggesting there is no thermal
reaction at this reaction temperature. For all other reactions, except CoP-LDH1, stearic acid was
still present, but at a reduced level showing that some conversion had occurred (0.1222-0.0113
mmoles), as given in Table 5.6. To account for the loss of stearic acid reactant, the reaction mixture
was carefully analysed.

A waxy residue was noted within the end-point reaction mixture. Similarly, in prior studies
using LDH catalysts, waxy compounds have been assigned as saponified compounds, though
without conclusive analysis®®*  Another option is that ketonic decarboxylation has occurred,
whereby two stearic acid molecules react to form a long-chain waxy ketone, with loss of CO, and

water (Figure 5.7). Ketone formation has been observed by Zhang et al.*®

when using MgO
catalysts, where reactant acid was converted, but there was less CO, produced than that which

would theoretically evolve from decarboxylation of each acid molecule.

/\/\/\/\/\/\/\/\)koH + Ho)k/\/\/\/\/\/\/\/\

17 bar (N,), 250 °C,
dodecane solvent,

catalyst, 24h

A/\/\/\/\/\/\/\)k/\/\/\/\/\/\/\/\_*_ c//+

/

Figure 5.7 Conversion of stearic acid to stearone, carbon dioxide and water in presence of a catalyst.

To establish the identity of the waxy material, the solid phases produced in the present

reactions were extracted using a Soxhlet apparatus (as described in Section 5.2.3) and analysed by
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GC (as described in Section 5.2.3) and compared to purchased standards for stearic acid and
stearone, with the results given in Table 5.6. No other principle products were observed in the CG

trace.

Table 5.6 Moles of unreacted stearic acid, stearone product and conversion of steric acid for the uncatalysed
reaction and employing catalysts CoP-LDH1 to CoP-LDH6. . Reaction conditions, 250 °C, 20 wt% catalyst
(with respect to stearic acid), 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses,

Stearic acid Stearone Conversion of

Catalyst (moles x 10 ) (moles x 10°%) stearic acid (%)
Uncatalysed 0.3515 (0.0246) | 0.0000 (0.0001) 0.0 (2.5)
CoP-LDH1 0.3515 (0.0246) | 0.0000 (0.0001) 0.0 (2.5)
CoP-LDH2 0.1222 (0.0086) | 0.1146 (0.0052) 65.2 (2.9)
CoP-LDH3 0.0168 (0.0012) | 0.1673 (0.0075) 95.2 (4.3)
CoP-LDH4 0.0113 (0.0008) | 0.1701 (0.0077) 96.8 (4.4)
CoP-LDH5 0.0407 (0.0029) | 0.1554 (0.0029) 88.4 (4.0)
CoP-LDH6 0.0139 (0.0010) | 0.1687 (0.0076) 96.0 (4.3)

5.1.1.1 Effect of R-value in co-precipitated layered double hydroxide catalysed

reactions

CoP-LDH1 did not lead to any conversion of stearic acid, similar to the uncatalysed
reaction. As described in Section 3.4.1.1, characterisation of this catalyst showed that it was made
up of a variety of phases according to SEM-EDX measurements, ranging from an R-value of 0.32-
3.00, along with MgO and Al,O3 phases. CoP-LDH2 was observed to catalyse the reaction
moderately with 65.2 % conversion of stearic acid to stearone. With the higher R-values of CoP-
LDH3 to CoP-LDH6 conversion of stearic acid to stearone significantly increased to between 88-96
%. Generally, for an LDH, as R-value increases, basicity increases as the composition tends
towards the highly basic Mg(OH),.** Hammett basicity measurements (Section 3.4.1) showed that
CoP-LDH2 and CoP-LDH4 to CoP-LDH6 were in the range 9.0 < pK, < 10.0 with CoP-LDHL1 and
CoP-LDH3 being lower at 7.6 < pK; < 9.0. However, for these reactions, the slight differences in
measured Hammett basicity do not appear to indicate any influence on catalysis to produce

stearone. Though, clearly for R-values of 3 — 6 a greater degree of catalysis occurs than for 1 — 2,
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shown in Figure 5.8. This is most likely owing to the lower R-values having more acidic character,
with the reaction here being base-catalysed.

Although these LDH reactions have been ranked according to the stearone calibration curve,
it must be noted that this ranking is likely to have been affected by the extraction process (thus
increasing the margin of error, see Section 5.2.5) with the values overlapping each other with

respect to the errors associated with extraction and subsequent GC analysis.
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Figure 5.8 Bar chart of conversion of stearic acid vs. R-value for the catalysts CoP-LDH1 to CoP-LDHS6.

5.1.1.2 Effect of average pore size in co-precipitated layered double hydroxide

catalysed reactions

The average pore sizes for the CoP-LDHs, along with their conversions of stearic acid, are shown in
Table 5.7 and graphically in Figure 5.9.

In comparison with the other COP-LDH samples, CoP-LDH1 had a very narrow average
pore size of 3.1 nm, increasing up to 8.7 nm for CoP-LDH2, 14.4 nm for CoP-LDH3 and 20.2 nm-
22.3 nm for CoP-LDH4 to CoP-LDH®6. In Figure 5.9 it can be seen that there is a relationship
between average pore size and conversion of stearic acid to stearone. Converting two molecules of

stearic acid, with an 18-carbon backbone chain, into stearone, with a 35-carbon backbone chain
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may be sterically hindered in the catalysts which exhibit small pore size. For 14.4 nm and above
average pore size, conversion to stearone was between 88-97 %, suggesting there is both a
minimum and lowest optimum pore size for this reaction. As the 3.1 nm pore size of CoP-LDH1
led to zero conversion of stearic acid, this suggests that the composition of the LDH materials is
important. Acetic acid has been converted to acetone by calcined LDHs of pore size 4.2-7.0 nm
previously but at 100 °C higher temperatures than those employed here.**> However this 2-carbon
chain length is not a representative compound of fatty acids found in biomass, which the present

study is targeting.

Table 5.7 Average pore sizes and conversion of stearic acid, in ascending conversion values for the catalysts CoP-
LDH1 to CoP-LDH6. Reaction conditions, 250 °C, 20 wt% catalyst (with respect to stearic acid), 100 % N,
atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Catalyst Average pore Conversion of
/ size (nm) stearic acid (%)
CoP-LDH1 3.1 0.0 (2.5)
CoP-LDH2 8.7 65.2 (2.9)
CoP-LDH5 20.2 88.4 (4.0)
CoP-LDH3 14.4 95.2 (4.3)
CoP-LDH6 22.3 96.0 (4.3)
CoP-LDH4 20.5 96.8 (4.4)
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Figure 5.9 Conversion of stearic acid to stearone vs. average pore size for the catalysts CoP-LDH1 to CoP-LDHS6.
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5.1.1.3 Comparison of decarboxylation reactions undertaken using MgO and
Al,O3 with reactions using MgAl Layered double hydroxides

Uncalcined MgO and uncalcined Al,O3 were also assessed as control catalysts for the conversion of
stearic acid at 250 °C, with the results shown in Table 5.8.

Uncalcined MgO was found to only lead to 0.5 % conversion of stearic acid to stearone,
suggesting that the high basicity of this material is not the only factor in stearic acid conversion.

Although it could have potentially led to surface Mg-stearate product,®®?

which can block catalytic
sites on the surface and finally be removed during the Soxhlet extraction procedure. In comparison,
a reaction from the literature using lauric acid (C11H23COOH) led to 97 % conversion to form
laurone ((C10H11)2CO) at 400 °C with MgO, but this may be related to an in situ activation of the
catalyst at this temperature, or the kinetics may be enhanced. Uncalcined Al,O3; led to no
conversion of stearic acid, illustrating that the reaction is not acid catalysed at this reaction

temperature. Between 300 °C — 400 °C this reaction has been recorded to have occurred in the

presence of Al,O3,'** though this may be due to pyrolytic reactions at these temperatures.®

Table 5.8 Moles of unreacted stearic acid, stearone product and conversion of stearic acid for the reaction
employing catalysts uncalcined MgO and uncalcined Al,O;. Reaction conditions, 250 °C, 20 wt% catalyst (with
respect to stearic acid), 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Stearic acid Stearone Conversion of

Catalyst (moles x 10 ) (moles x 10°%) stearic acid (%)
Uncalcined MgO 0.3499 (0.0245) 0.0009 (0.0001) 0.5 (2.5)
Uncalcined Al,O; | 0.3515 (0.0246) 0.0000 (0.0001) 0.0 (2.5)

5.1.1.4 Mechanistic insights from co-precipitated layered double hydroxide
catalysed decarboxylation reactions

Based on the results shown in sections 5.1.1, it is clear that, under the reaction conditions
used (250 °C, 20 wt% catalyst with respect to stearic acid, 100 % N, atmosphere at 17 bar, t =24

hours) stearic acid is preferentially converted via ketonic decarboxylation to form stearone. The
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results suggest that the mechanism of stearic acid conversion to stearone entails a surface mediated
phenomenon for the CoP-LDHs as the thermal reaction, with no mineral control or catalyst, yielded
no conversion. As Al,O3 did not work, though LDHs did, it can be hypothesised that the reaction
involves catalysis via medium strength basic OH" sites and possibly COs* interlayer anions at basal
and edge surfaces of the layer. A strong correlation was observed between pore size and the degree
of catalysis, with no thermal decarboxylation occurring at these temperatures (250 °C). Murzin et
al. observed < 5 % conversion for thermal decarboxylation under hotter and reducing conditions
after 6 hours, giving 1-heptadecene and heptadecane at 300 °C in 100 % H, atmosphere at 6 bar.”
A similar reaction utilising oleic acid was found to have < 10 % conversion at 300 °C, along with
29 % at 350 °C and 84 % at 400 °C, leading to pyrolysis products.?®?

CoP-LDH1, according to the cation avoidance rule,'®®

cannot be prepared by co-
precipitation and gave zero conversion of stearic acid, however this material also had the smallest
average pore size (3.1 nm). CoP-LDH1, being an R-value of 1, is rich in Al (Table 3.5), and it was
shown that Al,O3 did not lead to any catalysis for this reaction, due to its acidity.

For CoP-LDH2, with an R-value of 2, moderate conversion of stearic acid to stearone of 65
% was observed, however CoP-LDH2 is also of larger average pore size than CoP-LDH1, being 8.7
nm. The Hammett basicity of CoP-LDH2 was found to be greater than that for CoP-LDH1 (9.0 <
pPKa < 10.0 and 7.6 < pK; < 9.0, respectively), which may also indicate that the strength of
accessible basic sites plays a role. As R-value is increased, up to CoP-LDH3, again the conversion
of stearic acid to stearone increased, up to 95.2 %. As the measured Hammett basicity for CoP-
LDH3 is lower than that of CoP-LDH2. (7.6 < pK; < 9.0 and 9.0 < pK; < 10.0, respectively), it
suggests that the accessibility of basic sites is not as significant in determining yield, however the
enhanced average pore size (14.4 nm) indicates that this parameter is dominant. On moving to R-

values 4 — 6 there is only a minor difference in conversion of stearic acid to stearone (88 — 97 %),

however CoP-LDHS5 vyields a lower conversion. Again, the average pore size is high at 20.2-22.3
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nm, with CoP-LDH4-CoP-LDH6 catalysts having a similar Hammett basicity, being in the range
9.0 < pK,<10.0.

In summary, using LDH catalysts at 250 °C and 17 Bar pressure for 24 h, ketonic
decarboxylation occurs. From the results reported here, it can be concluded that the conversion of
stearic acid to stearone exhibits some correlation with R-value, with CoP-LDH3 to CoP-LDH6
leading to highest conversions, but there is also a relationship between the average size of the LDH
pores and their corresponding activity in the ketonic decarboxylation reaction. With the reaction
converting two long chain fatty acid molecules into similarly long chain ketone product molecules,
accessibility to catalytic sites may be sterically hindered by the small average pore size of CoP-
LDH1 (2 nm). Pores of medium average size (8.7 nm, CoP-LDH2) may still be accessible to a

degree, but for 14.4 nm and above (CoP-LDH3 to CoP-LDH®6) the reaction can proceed unhindered.

5.1.2 Reactions using co-hydrated layered double hydroxide catalysts

Following the experimental procedure outlined above (Section 5.2.1), for the CoH-LDH reactions,
liquid and solid phases were extracted and analysed by GC (Sections 5.2.2 and 5.2.3), with the

results given in Table 5.9.

Table 5.9 Moles of unreacted stearic acid, stearone product and conversion of stearic acid for the uncatalysed
reaction and also employing catalysts: CoH-LDH1 to CoH-LDHS6; uncalcined MgO and uncalcined Al,O3.
Reaction conditions, 250 °C, 20 wt% catalyst (with respect to stearic acid), 100 % N, atmosphere at 17 bar, t =24
hours. Errors shown in parentheses.

Stearic acid Stearone Conversion of

Catalyst (moles x 10 ) (moles x 10°%) stearic acid (%)
Uncatalysed 0.3515 (0.0246) | 0.0000 (0.0001) 0.0 (2.5)
CoH-LDH1 0.3515 (0.0246) | 0.0000 (0.0001) 0.0 (2.5)
CoH-LDH2 0.0368 (0.0026) | 0.1573(0.0071) 89.5 (4.0)
CoH-LDH3 0.0499 (0.0035) | 0.1508 (0.0035) 85.8 (3.9)
CoH-LDH4 0.0101 (0.0007) | 0.1707 (0.0077) 97.1 (4.4)
CoH-LDH5 0.0425 (0.0030) | 0.1545 (0.0070) 87.9 (4.0)
CoH-LDH6 0.0383 (0.0027) | 0.1566 (0.0070) 89.1 (4.0)
Uncalcined MgO | 0.3499 (0.0245) | 0.009 (0.0001) 0.5 (2.5)
Uncalcined Al,O; | 0.3515 (0.0246) | 0.0000 (0.0001) 0.0 (2.5)
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Similar to the CoP-LDHSs, decarboxylation of stearic acid to give the n-heptadecane alkane
product, with the loss of CO,, was not observed in any CoH-LDH sample. Again, a long chain
ketone, stearone was formed via ketonic decarboxylation.

The uncatalysed reaction is repeated here as an aide memoire, indicating that thermal
decarboxylation did not occur at 250 °C under reaction conditions. Similarly, the results for

uncalcined MgO and uncalcined Al,Oj3 are repeated for comparison.

5.1.2.1 Effect of R-value in co-hydrated layered double hydroxide catalysed
reactions
CoH-LDH1 was not deemed an LDH by PXRD and was assumed to be an alumina compound. For

completeness it was included in the catalytic testing. It, similarly to Al,Os, did not convert stearic

acid, due to its acidic nature.**°
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Figure 5.10 Conversion of stearic acid vs. R-value for the catalysts CoH-LDH2 to CoH-LDHBS.

CoH-LDH2 to CoH-LDH6 all showed high conversion of stearic acid to stearone, between
85.8 % - 97.1 %, with no observable trends occurring due to increasing R-value (Figure 5.10). R-

value 4 vyielded the highest amount of conversion (97.1 %). However, variability and errors
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associated with the Soxhlet extraction (see Section 5.2.5) has shown that there may be additional
inaccuracies within these values, with the ranking of catalysts not being so clear at these high

conversion levels.

5.1.2.2 Effect of average pore size in co-hydrated layered double hydroxide
catalysed reactions

The average pore sizes for the CoH-LDHs, along with their conversion of stearic acid to stearone,

are shown in Table 5.10, and graphically in Figure 5.11.

Table 5.10 Surface areas, average pore sizes and conversion of stearic acid, in ascending conversion values for
the catalysts: CoH-LDH2 to CoH-LDH6. Reaction conditions, 250 °C, 20 wt% catalyst (with respect to stearic
acid), 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Catalyst Avgrage pore Conyersipn of
size (nm) stearic acid (%)
CoH-LDH3 10.2 85.8 (3.9)
CoH-LDH5 13.3 87.9 (4.0)
CoH-LDH6 11.1 89.1 (4.0)
CoH-LDH2 9.7 89.5 (4.0)
CoH-LDH4 10.8 97.1 (4.4)

In Figure 5.11 it can be seen that for average pore sizes between 9.7 nm and 13.3 nm there is
no discernable correlation with conversion of stearic acid to stearone, since all catalysts behave in
the same way. This suggests that, when compared to the co-precipitated LDH catalysts, the average
pore size in the co-hydrated materials is large enough for the conversion of stearic acid to stearone,

without hindrance.

5.1.2.3 Mechanistic insights from co-hydrated layered double hydroxide
catalysed decarboxylation reactions

With respect to R-value and average pore size, no discernable correlations with conversion are

observed for the CoH-LDHs, except that all materials catalysed the reaction to a similar degree,
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with no restrictions due to average pore size and given the narrow pore size distribution of these

LDHs.
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Figure 5.11 Conversion of stearic acid vs. average pore size for the catalysts CoH-LDH2 to CoH-LDHS6.

The measured Hammett basicities of CoH-LDH2 to CoH-LDH4 were in the range 6.0 < pK,
< 7.6 and for CoH-LDH5 to CoH-LDH6, 7.6 < pK, < 9.0, and, again, no correlation is apparent
between the observed % conversion and the Hammett basicity.

CoH-LDH4 vyielded the highest conversion (97.1 %) and it was noted that this LDH
contained a well-crystallised MgO co-phase, as identified by PXRD, to a greater extent than all of
the other LDHs. The peak heights at 43 © 20, attributed to MgO impurity have been plotted against
conversion of stearic acid to stearone for CoH-LDH2 to CoH-LDHG6 and are shown in Figure 5.12.
According to the trend observed, as the MgO peak height increases, the conversion of stearic acid to
stearone also increases. From the intercept of the equation for the trend line it follows that at zero
MgO co-phase, 85.5 % conversion of stearic acid to stearone would theoretically occur via the LDH
catalytic sites. There may be a synergistic effect occurring with the LDH and MgO phases
catalysing the reaction together since MgO itself only led to 0.5 % conversion of stearic acid to

stearone, yet its presence appears to lead to enhanced conversion of stearic acid in the CoH-LDH
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catalysts. A possible explanation is that the MgO formed in the LDH reaction mixture has smaller
crystal size than the MgO control. Although a trend is observed, it does lie within the errors of the
experiment and so further replicates would be needed to confirm this trend.

In comparison, similar plots of full-width half-maximum (FWHM) and crystal size for CoH-
LDH2 to CoH-LDH6 (calculated using the Scherrer equation (5)) did not show any correlation with

conversion of stearic acid to stearone (Figure 5.13).
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Figure 5.12 Graph to illustrate the relationship between conversion of stearic acid and MgO-co phase peak
height in CoH-LDH2 to CoH-LDHB6.

The apparent enhanced catalysis with an MgO-like co-phase suggests that the reaction is
occurring via a base catalysed mechanism, since LDHs also contain weak to medium strength basic
sites, with OH" on their surfaces.

Ketonic decarboxylation of acetic acid using MgO catalyst, with its inherent high basicity
and low lattice energy, is known to produce bulk acetates, followed by thermal decomposition,
whereas catalysts of high lattice energy involve surface-mediated catalysis.’®® As discussed earlier,
0.5 % of stearic acid was converted to stearone with MgO, with potentially, in addition, saponified
Mg-stearate ((C17H37C0O0),Mg) product being formed on the catalyst surface, blocking active

sites.??
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Figure 5.13 Graphs to illustrate the relationship between conversion of stearic acid and MgO-co phase FWHM
(top) / crystal size (bottom) in CoH-LDH2 to CoH-LDHS6.

When looking at TAN reduction of crude oils, Zhang et al. noted that when using MgO
catalyst (20 wt%), over 80 % conversion of naphthoic acid occurred at 250 °C, greater than at 300
°C.® The authors proposed that the ketonic decarboxylation reaction was initiated by the
adsorption of an acid molecule onto the MgO through loss of the acidic proton. This results in a
weakening and lengthening of the bond between the a- and B-carbons, as shown in Figure 5.14.
Following this weakening and lengthening of the bond, a second free acid molecule interacts with

this adsorbate and reacts in a six-membered transition state, leading to the formation of a ketone,
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CO; and water. Through density functional theory studies (DFT), it was shown that this transition
state was the most favourable for MgO catalysis of the ketonic decarboxylation reaction, with larger
transition state barriers being found for both the uncatalysed reaction mechanism and also for the
reaction mechanism involving carboxylate salts, which requires much higher temperatures to

decompose through pyrolytic processes.?*?

CHy CHs 0 ‘-b"'
/," \ / ) “
ol C\ ¢
o/ m o H
//Ow:— /
“Mg
L/ S N
/’ Transition State \
/ / Results \
CH HiC o
1.494 ‘ ’ 1 :l'\’\ (1)  Transition Barrier has be\n lowered
4 SIS/ N
\ O/C\ S y AGT = 42.35 kcal/mol \

\ /O /Mg—O/ (2) Adsorption of Acid on MgQ substantib%( weakens
~H 7 the C-C bond (from 1.494 to 1.512 )\
"free acid adsorbed acid (3) Increasing the MgO-cluster size is expected s

Reactant even lower the barrier.

Figure 5.14 Proposed pathway and transition state for ketonic decarboxylation. Image and annotations taken
from Zhang et al.*”®

The ketonic decarboxylation reactions involving CoH-LDH2 to CoH-LDH6, which are of
weak to medium basicity, were carried out at similar temperatures of 250 °C. As the reaction
temperature for the CoH-LDHs is at 250 °C, it must be noted that a partial calcination of the LDH
may occur in the reaction resulting in removal of water and CO,. Further, if any metal salts are
formed from the reaction of stearic acid and metal cations composing the LDH structure, then these
may also be constantly decomposing back to an anhydrous LDH material at this temperature, rather

than contributing to any catalyst poisoning effects.**® 2**
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5.1.3 Comparison of co-precipitated and co-hydrated layered double

hydroxide catalysts in decarboxylation reactions

The CoP-LDHs and CoH-LDHs were found to catalyse the conversion of stearic acid to stearone
through a ketonic decarboxylation reaction, and a comparison of the relative performance of the two

sets of materials is discussed in the following sections.

5.1.3.1 Comparison of the effect of R-value for ketonic decarboxylation
reactions of co-hydrated versus co-precipitated layered double
hydroxides

As R-value increased from CoP-LDH1 to CoP-LDH3, the degree of conversion increased and then
stayed approximately constant up to CoP-LDH6. This suggests that a more Mg(OH),-like structure
favours catalysis, correlating with greater R-values having increased basicity according to Corma et
al.® However, in the present investigation uncalcined MgO was only found to lead to 0.5 %
conversion of stearic acid, with potentially, in addition, saponified Mg-stearate ((C17H3,COQ),Mq)
product being formed on the catalyst surface, blocking active sites.?*?

There was no corresponding effect of R-value observed for the CoH-LDHSs, with all R-
values leading to similar degrees of catalysis.

An overall graph, plotting R-value versus stearic acid conversion, for both the CoP-LDHSs
and CoH-LDHs is shown in Figure 5.15. CoP-LDH1 does not lead to any conversion, due to its
acidic nature, whereas for R-values 2 to 6 they all lead to moderate to high conversions, with no

discernable differences. For both LDH preparation types, an R-value of 4 gave the highest

conversion. Note that the smallest variation is observed for the CoH-LDH samples.
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Figure 5.15 Stearic acid conversion vs. R-value for CoP-LDH1 to CoP-LDH6 and CoH-LDH2 to CoH-LDH6.

5.1.3.2 Effect of average pore size for the layered double hydroxides

The average pore sizes for CoP-LDH1 to CoP-LDH6 and CoH-LDH1 to CoH-LDH6 as well as the

respective conversions of stearic acid to stearone are shown in Table 5.11 and Figure 5.16.

Table 5.11 Average pore size and conversion of stearic acid, in ascending conversion values for the catalysts:
CoP-LDH1 to CoP-LDH6 and CoH-LDH2 to CoH-LDH6. Reaction conditions, 250 °C, 20 wt% catalyst (with
respect to stearic acid), 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Catalyst Ave_rage pore Con\_/ersi(_)n of

size (nm) stearic acid(%)
CoP-LDH1 3.1 0.0 (2.5)
CoP-LDH2 8.7 65.2 (2.9)
CoH-LDH3 10.2 85.8 (3.9)
CoH-LDH5 13.3 87.9 (4.0)
CoP-LDH5 20.2 88.4 (4.0)
CoH-LDH6 11.1 89.1 (4.0)
CoH-LDH?2 9.7 89.5 (4.0)
CoP-LDH3 14.4 95.2 (4.3)
CoP-LDH6 22.3 96.0 (4.3)
CoP-LDH4 20.5 96.8 (4.4)
CoH-LDH4 10.8 97.1(4.4)

Figure 5.16 suggests that there is a minimum average pore size required for this reaction,

with zero reaction for CoP-LDH1 at 3.1 nm average pore size, which increases to 65.2 %
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conversion for CoP-LDH2 with an average pore size of 8.7 nm and no discernable difference for
average pore sizes of 9.7 nm (CoH-LDH2) and above. This suggests the reaction may be sterically
hindered in pores of smaller average size, due to the bulky reactant and product molecules and their

required alignment for ketonic decarboxylation.
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Figure 5.16 Conversion of stearic acid vs. average pore size for the catalysts CoP-LDH1 to CoH-LDH6 and CoH-
LDH2 to CoH-LDH6.

5.1.3.3 Mechanistic insights for the layered double hydroxides

R-value was found to show a trend with conversion to stearone for the CoP-LDHs, but not the CoH-
LDHs which all catalysed the reaction to the same degree. Thus, it can be stated that preparation
procedure has an effect on the reaction outcome. CoH-LDH4 and CoP-LDH4 led to the two highest
conversions, only differing by 0.3 %, suggesting R-value 4 is optimal for the ketonic
decarboxylation reaction of stearic acid under the conditions used, however this may be a
coincidence of the results with the additional errors involved from the extraction process.

A correlation is suggested between average pore size and the degree of conversion of stearic

acid to stearone, with these both being bulky molecules. In comparison, the smaller acid, acetic
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acid has been converted by calcined LDHs of pore size 4.2-7.0 nm previously, but at 100 °C higher
temperatures.'*®

As discussed, Zhang et al., looking at methods to upgrade low-quality oil through reduction
of acid content, studied the use of calcined MgO catalyst at 250 °C, finding this to yield over 80 %
acid conversion.”® Similarly, the reactions carried out here with LDHs are at 250 °C and a partial
calcination of the catalysts may be occurring in situ. This leads to an anhydrous LDH of increased
Lewis basicity and acidity, as studied by Constantino and Pinnavaia, which was found to be more
reactive in base catalysis than LDHs calcined at higher temperatures.*? 2%

Zhang et al., proposed initiation of the ketonic decarboxylation reaction through the
abstraction of a proton on one acid molecule by Mg-O Lewis basic sites, through studying the
reactions with electronic structure computer simulations. This was followed by carboxylate
adsorption, with a second acid molecule then reacting in a six-membered transition state of lower
energy barrier compared to the uncatalysed and metal-salt mediated reactions.” Analogously, for
the LDH reactions studied here, it is believed catalysis occurs in the present reactions via a surface
mediated mechanism involving LDH weakly basic OH™ groups and medium-strong Mg?*-0% Lewis
basic sites at basal edges and surfaces. These interact with the carboxylic acid molecules,
abstracting protons and initiating ketonic decarboxylation.

In an attempt to understand the surface mediated ketonic decarboxylation mechanism,
Pulido et al. employed a combination of quantum mechanical computation chemistry using density
functional theory (DFT) and experimental studies for m-Zr0,.?*> Two proposed mechanisms were
considered, one using a beta-keto acid and the other involving a concerted mechanism (Figure
5.17). It was found that the beta-keto acid mechanism was kinetically favoured in the DFT
calculations and this was complemented by experimental studies for monocarboxylic acids, with the

removal of an a-proton initiating the reaction.
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Figure 5.17 Ketonic decarboxylation reaction mechanism a) involving a beta-keto acid and b) through a
concerted route. Taken from Pulido et al.?®

Uncalcined MgO catalyst in the present study, with its proposed inherent strong basicity,
was not observed to catalyse the ketonic decarboxylation reaction a great deal, possibly because of
production of surface magnesium carboxylate.”®* With the CoH-LDHs all having an LDH structure
along with an MgO co-phase, it is possible that there may be more than one reaction type occurring,
whereby both bulk magnesium stearate formation resulting from the MgO phase and surface
mediated catalysis resulting from the LDH phase are simultaneously occurring, enhanced by a
potential synergistic effect of the two reaction types/phases. The CoP-LDHs did not exhibit a
similar corresponding MgO co-phase by PXRD, however the effect of a partial calcination may
generate an MgO-like structure in situ, enhancing catalysis. In addition, the interlayer anions and
water may be participating in the reaction.

Hammett basicity, which measures the strength of basic surface sites, was not observed to
have any effect on the degree of catalysis, however the catalyst structures may have changed within

the reaction vessel at 250 °C and the basicity was quantified at lower temperature and pressure.
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5.2 Conclusions and summary

Stearic acid was not found to convert to n-heptadecane via decarboxylation at 250 °C with either

CoP-LDHs or CoH-LDHs, but instead underwent ketonic decarboxylation, where two molecules of

stearic acid lead to one molecule of stearone, water and CO,, respectively. Currently ketone

production is carried out industrially by means of oxidation of fossil-based hydrocarbons.'®’

Ketones that are produced from the ketonic decarboxylation of free fatty acids provides a bio-based

route to these desirable compounds.

In summary, the main findings of the present study to examine two different synthesis methods and

six different compositions of MgAIl LDH upon the conversion of stearic acid at 250 °C and 17 bar

pressure were:

No thermal reaction was observed to occur at 250 °C.

CoH-LDH4 (97.1 %) and CoP-LDH4 (96.8 %) led to the two highest acid conversions,
being 0.3 % different, suggesting R-value 4 is optimal, with no differences resulting from
synthesis method.

For CoH-LDH2 to CoH-LDH6 the reaction is catalysed to a similar degree, whereas similar
catalysis only occurs for CoP-LDH3 to CoP-LDHS6.

With R-value 1, the acidic nature of the catalyst dominates, resulting in little or no reaction,
similar to that of Al,Os.

A link between average pore size and the degree of ketonic decarboxylation is observed,
with the bulky reactant FFA molecule head to head alignment to produce the bulky product
molecule being hindered in smaller pores.

The reaction involves surface mediated catalysis, external of the interlayer, by means of
weakly basic LDH OH' sites and medium Mg-O sites, possibly modified by a partial in situ

calcination.
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Non-activated MgO yielded a very low amount of stearone, with possibly surface
magnesium stearate being formed instead.

Conversely, MgO co-phases in the CoH-LDHs may have enhanced the conversion of
stearic acid to stearone.

Interlayer anions and water may be participating in the reaction.
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6 Ketonic decarboxylation experiments using mixed metal
oxides

6.1 Introduction

6.1.1 Rationale for use of mixed metal oxides for decarboxylation reactions

In chapter 5, layered double hydroxides (LDHs) synthesised via two different methods, co-
precipitation'® and co-hydration,’® and with 6 different Mg:Al ratios (1-6), were assessed as
catalysts for decarboxylation reactions of stearic acid at 250 °C and 17 bar. Though direct
decarboxylation to form n-heptadecane was not observed, the catalysts were found to efficiently
convert stearic acid to stearone through ketonic decarboxylation. The LDHs were of medium
basicity, with other studies also having looked at using weak bases such as Zr0,.**" To see if an
increase of basicity could result in direct decarboxylation, the use of the calcined derivatives of
LDHs, mixed metal oxides (MMOs), of strong basicity (as determined in Section 3.4.4.2), will be

examined as potential catalysts for the conversion of stearic acid.

6.1.2 Review of mixed metal oxide preparation and uses in catalysis

MMOs are prepared from the calcination of LDHSs, with structural changes as the temperature
increases corresponding to: *"*%

a) Loss of adsorbed surface water up to 100 °C;

b) Loss of interlayer water between 100 °C and 250 °C;

c) Decomposition of organic interlayer species and CO; evolution above 250 °C;

d) M?*/M* layer dehydroxylation between 400 and 600 °C.

It should be noted that the latter two steps often overlap.*® Calcination of an LDH at 500 °C

results in a collapse of the layered structure affording a highly disordered mixed metal oxide.

MMOs contain medium-strong Lewis basic O*-M"™ pairs and strong O* basic sites relating to

secluded oxygen ions.?® Some weakly basic OH" sites also remain post-calcination. There is also a
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degree of Lewis acidity attributed to Al-O-Mg in the structure, with octahedral AI**.**® For MMOs,
an increase in calcination temperature generally leads to an increase in basicity and the amount of
strong basic sites, though an amount of Lewis acidity is also found due to surface AI** sites being
present.”'?

Often, carbonate containing LDHs are prepared as precursors to MMOs since they do not
require an inert atmosphere for their synthesis. MQgAICOgs-derived MMOs have been found to
comprise of mainly basic sites in the range 10.7 < pK, < 13.3 along with limited sites in the range
13.3 < pK, < 16.5.% With increasing R-value the number of basic sites has been found to increase,
however the overall number of stronger basic sites decreases.'*®

Upon calcination the surface areas of mixed metal oxides increase, for example in a study by
Constantino and Pinnavaia,'®” surface area increased from 89 m? g to 180 m? g™ on going from
150 °C to 450 °C. Also, Reichle et al. stated that numerous fine pores between 2-4 nm form during
calcination,® which leads to a decrease in the average pore size from that of the parent LDH.

MMOs have been used for a range of acid and base catalysis applications including Aldol
condensation, Claisen-Schmidt condensations, Knoevenagel condensation, alkylation and
acylation.”®® MMOs contain both acidic and basic sites, though either type of site can predominate
in certain reactions, for example in the conversion of 2-methyl-3-butyn-2-ol (MBOH), only the
products due to base catalysis formed, rather those due to acidic or amphoteric sites.?®’

With respect to biomass, MMOs have been used for the base catalysed trans-esterification of
triglycerides, found in vegetable oils, into fatty acid methyl esters (FAMEs). Using glyceryl
tributyrate as a model compound and Mg-Al MMOs as catalysts, Cantrell et al. observed that the
degree of activity increased with increasing R-value (Mg content).®®> The MMO with a measured R-
value of 2.93 led to the highest conversion with ten times more activity than MgO, ascribed to be
due to the lower porosity and so reduced accessibility to basic sites. Al,O3 was found to be
completely inactive for trans-esterification. Water has been found to increase the rate of conversion

in trans-esterification, but also inhibits this reaction since it hydrolyses the ester producing acid
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groups, which react with basic sites.?®® Parida and Das have also investigated the use of MMOs for

the ketonic decarboxylation of acetic acid as a model free fatty acid.'*> **°

6.2 Stearic acid ketonic decarboxylation experiments

Following on from the ketonic decarboxylation experiments using layered double hydroxides
(Chapter 5), a series of similar catalysed reactions were undertaken, using mineral based catalysts.
These were MMOs calcined from LDH precursors prepared by two synthesis methods: co-
precipitation and co-hydration; as described in Chapter 3. Catalyst properties relating to crystal
structure, composition, surface area and relative basicity are also described and discussed in this
section. For the reactions involving ketonic decarboxylation of stearic acid, identical conditions

were used to those described in Chapter 5.

6.2.1 Experimental

Reagents were used as supplied: stearic acid (97 %, Acros organics); dodecane (98 %, Sigma-
Aldrich); magnesium oxide (Sigma-Aldrich, ACS 98 %); CP5 aluminium oxide (BASF); and CoP-
MMO (see Section 3.4.1) and CoH-MMO (see Section 3.4.2) materials synthesised within this
thesis. A 100 ml Parr autoclave was charged with stearic acid (0.1 g, 97 %, 0.3 mmol), dodecane
solvent (10 ml), and catalyst (0.02 g), giving a catalyst loading of 20 wt% relative to the stearic
acid. The vessel was sealed and subsequently pump-purged ten times with Njg and then
pressurised to 9.7 bar at room temperature with Nyg). The stirrer was initiated, at 500 rpm, and the
reaction heated to an internal temperature of 250 °C over 30 minutes, achieving a final internal
pressure of 17 Bar. These reaction conditions were maintained for 24 h. The vessel was then
allowed to cool under stirring over approximately 3 h, under continuous stirring and depressurised
to atmospheric pressure. The endpoint reaction mixture, containing the solid catalyst and wax

residues, was filtered at room temperature through a sintered glass filter Biichner ring and Bichner
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flask, under vacuum. The liquid fraction was retained for analysis (see section 6.2.2) and the
solid/wax fraction was subjected to Soxhlet extraction. For this process, the solid/wax fraction was
placed in a cellulose Soxhlet extraction thimble within a Soxhlet chamber, ethanol (250 ml) was
heated at reflux temperature for a period of 12 hours and continuously condensed, washing the
solid/wax sample and removing any soluble reactants or wax products from the insoluble mineral
catalyst into the still pot. The Soxhlet apparatus was then allowed to cool to room temperature over
a period of 3 hours, following which, the ethanol solvent was removed using a rotary evaporator (50
mbar, 20 °C) to leave a solid residue, which was analysed as described in section 6.2.3. Validation
of the Soxhlet extraction was carried out using known mixtures with various ratios of stearic acid

and stearone to confirm that this extraction process was accurate (Section 5.2.5).

Table 6.1 Mixed metal oxide materials employed as catalysts (20 wt% with respect to stearic acid) in the
conversion of stearic acid at 250 °C, 17 bar N2, along with their method of synthesis and target structures.

Synthesis

Catalyst method Target compound
Co-precipitation,

CoP-MMO-1 i [Mgo5Alo501 25]
Co-precipitation,

CoP-MMO-2 calcination [Mgo.66A|0.3301.17]
Co-precipitation,

CoP-MMO-3 calcination [Mgo.75A|0.2501.13]
Co-precipitation,

CoP-MMO-4 calcination [Mgo.sAlo201.1]
Co-precipitation,

CoP-MMO-5 calcination [Mgo.sAlo.1701.08]
Co-precipitation,

CoP-MMO-6 calcination [Mgo.86Al0.1401.07]
Co-hydration,

CoH-MMO-1 calcination [MgosAlo5O1.2s]
Co-hydration,

CoH-MMO-2 calcination [Mgo.66Al0.3301.17]
Co-hydration,

CoH-MMO-3 calcination [MGo.75Al0.2501.13]
Co-hydration,

CoH-MMO-4 calcination [Mgo.6Alo2011]
Co-hydration,

CoH-MMO-5 calcination [Mgo.8Alo.1701.06]
Co-hydration,

CoH-MMO-6 calcination [Mgo.86A|0.1401.07]
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The catalysts used in these experiments were CoP-MMOL1 to CoP-MMO6 and CoH-MMO1
to CoH-MMOG (Table 6.1). For comparison, MgO and Al,O3 catalysts were also trialled, along

with an uncatalysed control reaction for completeness.

6.2.2 Liquid product analysis

Chemical standards of the decarboxylation product n-heptadecane (Acros, 99 %), Cg-Co alkane GC
standard solution (Fluka), stearic acid (Acros, 97 %) (including the silylating agents pyridine
(Acros) and BSTFA (Acros)), the ketonic decarboxylation product stearone (TCI, 95 %) eicosane
(Acros, 99 %) and the solvent dodecane (Sigma-Aldrich, 98 %) were used as received. The liquid
products obtained after filtration were analysed by gas chromatography (HP 5890 Series II)
equipped with a nonpolar column (VF-5MS, with dimensions 30 m x 0.25 mm x 0.25 pl) and a
flame ionisation (FID) detector. The injector and detector temperatures were 250 and 350 °C
respectively. To analyse stearic acid, the sample must first be derivatised by silylation to make the
compound more volatile, less polar and more thermally stable. This is where the acidic proton is
replaced with a trimethyl-silyl group (Me3Si). To do this, following each experiment, 1 ml of
reaction mixture was removed (containing maximum 0.01 g of unreacted 97 % stearic acid, 0.34
mmol, assuming zero conversion) and was silylated using 100 mol% excess N,O-
bis(trimethyDtrifluoroacetamide (BSTFA, 0.068 moles, 0.0176 g) and dissolved in 30 mol%
pyridine (0.01 mmol, 0.0008g). 0.001 ml of 0.1 M standard eicosane in dodecane was then added
as an analytical standard, and the sample was left for 12 hours to completely silylate. Following
this, a 5 pl aliquot was then injected into the GC with helium as the carrier gas at pressure of 2.07
bar. The GC was held at 35 °C for 5 minutes then ramped up to 300 °C at 5 °C / min. Retention
times were determined using standard materials and eicosane was used as an internal standard.
Data analysis and peak integration were performed using Clarity software.®® Calibration curves are

shown in section 5.2.4.
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6.2.3 Solid product analysis

Post-Soxhlet extracted wax solids were analysed using a Xevo QToF mass spectrometer (Waters
Ltd, UK) equipped with an Agilent 7890 GC (Agilent Technologies UK Ltd, UK) and an
atmospheric solids analysis probe (ASAP) solid handling sample introduction port for initial
identification. Solid samples were introduced into the spectrometer from a heated melting point tube
(ramped from 100 °C to 600 °C over several minutes) previously dipped into neat sample. Mass
spectrometry data was processed using MassLynx 4.1.%* Exact mass measurements were recorded
using a lock-mass correction to provide < 3 mDa precision.

Post-Soxhlet extracted wax solids were also dissolved in THF (0.1 mg in 1000 pl), silylated
with 10 ul BSTFA and 10 pl pyridine. Following this the components were analysed quantitatively
relative to each other using gas chromatography (HP 5890 Series 2) equipped with a TR-SD
capillary column (length 10 m, ID 0.53 mm and film thickness 2.65 pum). The injector and detector
temperatures were 250 and 350 °C respectively. 5 pl of sample was injected into the GC with
helium as the carrier gas at pressure of 2.07 bar. The GC temperature program was based on
ASTM D6584 10ael standard test method for determination of total monoglyceride, total
diglyceride, total triglyceride, and free and total glycerin in B-100 biodiesel methyl esters by gas
chromatography.'® The GC was held at 50 °C for 1 min then ramped at 15 °C / min up to 180 °C,
followed by ramping at 7 °C / min up to 230 °C then increasing up to 350 °C at 10 °C / min where it
was held for 5 min. Retention times were corroborated using standard materials. The same
chemical standards were used as with the liquid portion, as detailed in section 6.2.2. Data analysis
and peak integration were performed using Clarity software.™®® Calibration curves are shown in

section 5.2.4.
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6.3 Results and discussion of decarboxylation reactions

In Section 6.3.1, the catalytic results will be examined for MMOs prepared from co-precipitated
LDHs. Following this, the catalytic results for the MMOs prepared from co-hydrated LDHs will be
discussed in Section 6.3.2. Finally, a comparison of the two MMO catalyst types is made in Section

6.3.3.

6.3.1 Reactions using mixed metal oxide catalysts prepared from co-

precipitated layered double hydroxides

Following the experimental procedure for the CoP-MMO outlined above, in Section 6.2.1, MMO
catalysed decarboxylation reactions were undertaken. The liquid and solid phases from the
endpoint reaction mixture were extracted, separated further by Soxhlet reaction (Section 6.2.1) and
analysed by GC using the protocol described in Sections 6.2.2 and 6.2.3, with the results given in
Table 6.2. As a control, the thermal reaction (i.e. with no MMO or other mineral catalyst present)
is repeated here from chapter 5, and further control reactions with individual calcined alumina and
magnesium oxide (prepared using the calcination procedure outlined in Section 3.3) are also

undertaken to check on the effect these impurities may have and on the reaction yield.

Table 6.2 Moles of unreacted stearic acid, stearone product and conversion of stearic acid for the uncatalysed
reaction and employing catalysts: CoP-MMO1 to CoP-MMOG6. Reaction conditions, 250 °C, 20 wt% (with
respect to stearic acid) catalyst, 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Stearic acid Stearone Conversion of

Catalyst (moles x 10 '3) (moles x 10'3) stearic acid (%)
Uncatalysed 0.3515 (0.0246) 0.0000 (0.0001) 0.0 (2.5)
CoP-MMO1 0.3515 (0.0246) 0.0000 (0.0001) 0.0 (2.5)
CoP-MMO2 0.0496 (0.0035) 0.1510 (0.0068) 85.9 (3.9)
CoP-MMO3 0.0411 (0.0029) 0.1552 (0.0070) 88.3(3.8)
CoP-MMO4 0.0599 (0.0042) 0.1459 (0.0066) 83.0 (3.7)
CoP-MMO5 0.0242 (0.0017) 0.1636 (0.0074) 93.1 (4.2)
CoP-MMO6 0.0288 (0.0020) 0.1613 (0.0073) 91.8 (4.1)
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Upon work up, the thermal (no catalyst) reaction was found to contain no noticeable
decrease in stearic acid content, indicating that thermal decarboxylation did not occur at 250 °C
under reaction conditions (17 bar N, 24 h, stirred). Analysis of the endpoint reaction mixtures
showed that, as with the LDHSs, for the CoP-MMOs, direct decarboxylation of stearic acid to yield
n-heptadecane and CO; did not occur. Instead, a waxy solid was once again produced, which, upon
extraction and analysis, was found to be stearone, formed via ketonic decarboxylation (Figure 5.7).
No other products were evident within the GC trace. This result is similar to studies by Na et al.,?*
who, using MMO catalysts calcined at 550 °C for 3 hours, did not observe direct decarboxylation to
occur below 400 °C. At 300 °C a great deal of unreacted oleic acid remained, however at 350 °C a
wax residue was obtained which was attributed to in the study by the authors as a saponified Mg-
oleate. However, no direct analysis was provided and, on the basis of this present study it seems Na
et al., may also have formed the ketone product. The following section will look at the effect of R-

value on conversion.

6.3.1.1 Effect of R-value in co-precipitated mixed metal oxide catalysed
reactions

CoP-MMOL1 did not lead to conversion of stearic acid, whereas CoP-MMOQO2 to CoP-MMOG6 all led
to more comparable conversions to stearone, between 83.0 and 93.1 %, though the actual values
may lie within error of each other. A plot of R-value against stearic acid conversion to stearone is

show in Figure 6.1.
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Figure 6.1 Conversion of stearic acid vs. R-value for the catalysts CoP-MMOL1 to CoP-MMOS6.

It has previously been shown that as the R-value increases, the basicity of MMOs tends to
increase.’®® CoP-MMO1 to CoP-MMO3 and CoP-MMO6 had a measured Hammett basicity of 7.6
< pK; < 9.0, whereas CoP-MMO4 and CoP-MMOS5 were in the range 9.0 < pK; < 10.0, however,
there seems to be no evident correlation from the data between the measured basicity and the effect
of R-value upon the conversion observed. CoP-MMO1, relatively rich in AI**, would be expected
to exhibit the lowest basicity, being quite acidic in nature, and this correlates with the observed lack
of reaction for this catalyst, with 0 % conversion of stearic acid recorded. The high yields
evidenced by GC for CoP-MMO2 to CoP-MMO6 (83.0-93.1 % conversion of stearic acid), being of
increased basicity owing to Lewis base O?-M™ pairs and strong O basic sites, indicate that this is
a base catalysed reaction, with a minimum threshold of pKa 7.6-9.0, according to the Hammett
indicator tests. The high surface areas of CoP-MMO2-CoP-MMO6 (155-199 m?/g) all being much
greater and more homogeneous than their parent CoP-LDH2-CoP-LDH6 materials (17-91 m?%/g)
may be a reason as to why there is much less variation in the conversion of stearic acid with the

CoP-MMOs (83.0-93.1 %) than the CoP-LDHs (65.2-96.8 %).
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6.3.1.2 Effect of average pore size in co-precipitated mixed metal oxide catalysed

reactions

The average pore sizes for the prepared CoP-MMOs, along with the GC measured conversions of

stearic acid to stearone, are shown in Table 6.3 and graphically in Figure 6.2.

Table 6.3 Average pore sizes and conversion of stearic acid, in ascending conversion values for the catalysts:
CoP-MMO1 to CoP-MMOS6. Reaction conditions, 250 °C, 20 wt% catalyst (with respect to stearic acid), 100 %
N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Average pore Conversion of

Catalyst size (nm) stearic acid (%)
CoP-MMO1 7.8 0.0 (2.5)
CoP-MMO4 6.2 83.0 (3.7)
CoP-MMO2 10.4 85.9 (3.9)
CoP-MMO3 14.7 88.3 (4.0)
CoP-MMO6 9.2 91.8 (4.1)
CoP-MMO5 7.2 93.1 (4.2)

All the CoP-MMOs lie in the average pore size range 6.2 to 14.7 nm. Aside from CoP-
MMOL1, which owing to its high acidic nature may not be leading to conversion of stearic acid,
these materials all yielded stearone at high conversions. A comparison with the CoP-LDH average

pore sizes is given in Section 6.3.1.4.

100 -
90 ¢ .

80

70

60

50

40
30

Conversion of stearic acid (%)

20

10

0 T T T * T
0 2 4 6 8 10 12 14 16

Average pore size (hm)

Figure 6.2 Conversion of stearic acid vs. average pore size for the catalysts CoP-MMO1 to CoP-MMO6.
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6.3.1.3 Comparison of decarboxylation reactions undertaken using calcined
MgO and calcined Al,O3 with reactions using MgAIl mixed metal oxides

Calcined MgO and calcined (CP5) Al,O3 were also assessed as control catalysts for the conversion
of stearic acid at 250 °C, with the results shown in Table 6.4. Calcined Al,O3 did not lead to any
conversion of stearic acid, being attributed to the acidic nature of the catalyst, with similarly
uncalcined Al,O3 also exhibiting zero conversion (Chapter 5). This indicates that no catalytic
activation occurs upon calcination for Al,O3 and correlates well with the lack of activity identified

for the Al rich phase present in CoP-MMOL.

Table 6.4 Moles of unreacted stearic acid, stearone product and conversion of stearic acid for the reaction
employing catalysts calcined MgO and calcined Al,O3. Reaction conditions, 250 °C, 20 wt% catalyst (with
respect to stearic acid), 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Stearic acid Stearone Conversion of

Catalyst (moles x 10 ) (moles x 10°%) stearic acid(%)
Calcined MgO | 0.0352 (0.0025) | 0.1582 (0.0071) 90.0 (4.1)
Calcined AI203 | 0.3515 (0.0246) | 0.0000 (0.0001) 0.0 (2.5)

In contrast to the lack of reactivity found in (CP5) Al,O3 90 % of stearic acid was
converted to stearone with calcined MgO, whereas with uncalcined MgO only 0.5 % of stearic acid
was converted to stearone. In the previous chapter this was attributed to the uncalcined MgO

potentially creating saponified Mg-stearate product,?®?

with some stearone produced as a by-
product. In a study using lauric acid by Corma et al.,’®® 97 % conversion to laurone is seen at 400
°C with MgO, but this may be related to an in situ activation of the catalyst at this temperature or
the kinetics may be enhanced.

Through in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
studies the calcination of MgO has been followed.”®® Bound H,O was shown to be present on the
MgO surface in abundance along with basic OH groups but on calcination up to 500 °C the

adsorbed water disappeared and the basic OH groups increased in intensity (Figure 6.3). These

basic OH groups were detected at an OH frequency known not to form hydrogen bonds to the
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surface of the sample. Thus, in this present study, the conversion of stearic acid to stearone by
MgO may be attributable to weakly basic OH™ groups on the catalyst surface.

As Calcined MgO is an effective catalyst for the ketonic decarboxylation reaction itself then
this material may be preferentially employed due to it not requiring a preparative method, as is the

case with the LDHs and MMOs studied here.
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Figure 6.3 Fourier transform-Infrared spectra of MgO in the region 4000-3000 cm™, illustrating the
disappearance of free OH groups associated with water and increase of weakly basic OH groups on going from
25 ° to 700 °C. Taken from Corma et al.”®

In the context of the current study, it is interesting that MgO is activated by calcination,
leading to a high conversion of stearic acid to stearone, over the uncalcined precursor as it might be
expected that the MMOs with high Mg content would behave more akin to the MgO phase, which,
as discussed is known to be active in these reactions. It is then pertinent to note that the Mg(OH),
phase was not active, while the uncalcined LDH materials were, suggesting that the interlayer
anions and bound water may potentially have a role in the catalysis for the LDH material, as these

would not be present in the Mg(OH)s.

6.3.1.4 Comparison of co-precipitated mixed metal oxides and co-precipitated

layered double hydroxide catalysts in decarboxylation reactions

For both the CoP-MMOs and CoP-LDHs a plot of R-value against stearic acid conversion to

stearone is show in Figure 6.4. It has been found in this thesis that zero conversion of stearic acid
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occurs with catalysts of high acidity, with both CoP-MMO 1 and CoP-LDH1 behaving similarly
due to their high AI** content, and control reactions with acidic alumina also yielding no

conversion.
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Figure 6.4 Conversion of stearic acid vs. R-value for the catalysts CoP-MMO1 to CoP-MMO6 and CoP-LDH1 to
CoP-LDHE6.

The vyield of stearone is 20.7 % higher for CoP-MMO?2 than that for CoP-LDH2 resulting

from increased Lewis acid and basic sites post-calcination.!*® 2

However, Hammett basicity
indicated that CoP-MMO2 was less basic (pK, 7.6-9.0) than CoP-LDH2 (pK, 9.0-10.0). CoP-
LDH3 gave a high conversion of 95.2 % stearic acid to stearone, slightly higher than that of CoP-
MMO3. For R-value 4 the LDH vyielded a higher conversion of stearic acid to stearone than the
MMO, but for R-values 5 and 6 there is not a great difference between the LDHs and MMOs,
though these results may all be similar, within error of the reaction extraction (+ 3.5 %) and GC
analysis calibration curves (£ 1 %).

From the plot in Figure 6.4 the observed conversions suggests that at low R-value, where

196

basicity is expected to be the least,'*® calcination increases the amount of basic sites,'?* whereas at

higher R-values the basicity is such that calcination does not lead to such a large effect.
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Comparing the average pore sizes of the CoP-LDHs and CoP-MMOs (Figure 6.5), the latter
have a much narrower average pore size range, mainly between 6.2 and 10.4 nm, whereas for the
former, average pore sizes are much larger. It was suggested that small average pore size may be
hindering the conversion of stearic acid with the LDHSs in chapter 5, however with the smaller
average pore sizes observed here for the CoP-MMOs there does not appear to be a similar effect.
The average pore size increased upon calcination for R-values 1-3, whereas it decreased for R-

values 4-6.
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Figure 6.5 Conversion of stearic acid to stearone vs. average pore size for the catalysts CoP-LDH1 to CoP-LDH6
and CoP-MMO1 to CoP-MMOS.

It may be possible, owing to CO, and water being produced in the ketonic decarboxylation
reaction, see Figure 5.7, that as the reaction proceeds in the presence of the MMOs, the MMO
catalysts may begin to partially reconstruct into an LDH using the evolved water to rehydroxylate.
Similarly, for LDHs, since the reaction is at 250 °C this may lead to an in situ partial calcination of
the catalysts to an anhydrous LDH, which is known to start to occur at 200 °C,**® increasing the

Lewis acid and basic site content of the material.
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6.3.1.5 Mechanistic insights from co-precipitated mixed metal oxide catalysed
decarboxylation reactions

he CoP-MMOs, aside from CoP-MMO1 (for the reasons highlighted above), were all found to give
a good, to high, conversion of stearic acid to stearone (between 83 — 93.1 %). MMOs are known to
have a larger number of basic sites (as well as Lewis acidity) than their LDH precursors, though,
within the error associated with extraction and calibration of analysis, there is no discernable
difference differences between the R-values (2, 3, 4, 5, 6), and no correlation seems to exist for
these samples in terms of surface areas (155-199 m?/g) or average pore sizes (6.2-14.7 nm) and their
degree of conversion of stearic acid (~83 %-93 %).

The reaction clearly requires a hydroxide or oxide surface, as the thermal reaction yields
negligible conversion (state). In line with the mechanism proposed by Zhang et al.?* the ketonic
decarboxylation reaction also requires basic sites since the CoP-MMO1, with its inherent acidity,
led to no discernible conversion of stearic acid. Prior studies in the literature have suggested
ketonic decarboxylation proceeds via a beta keto-acid intermediate, which requires the presence of
basic sites on the catalyst surface.?® This is owing to the need to initially remove the acidic proton
from a carboxylic acid molecule, anchoring it in position on the catalyst surface, and then remove
an o-proton, producing a vinyl acid, which attacks a second carboxylic acid molecule and leads to
the beta-keto acid intermediate, with finally, loss of CO; producing the ketone (Figure 5.17).%%°

Ketonic decarboxylation has been the subject of a number of studies including the use of
calcined MgAI-LDHs. In a study by Parida and Das,** acetic acid was used as the model fatty acid
and the LDHSs were calcined at 400 °C to yield MMOs. Catalysis was then carried out with acetic
acid vapour in a nitrogen stream, where conversion with R values in the range 2 — 4 began at 300
°C. R-values of 5 and 7 required further elevated temperatures of 325-350 °C. At 350 °C the
MgAI-MMO with R-value 4 gave the highest overall conversion of acetic acid, of 86.5 %. This
material also had the greatest surface area for all the Mg-Al MMOs studied. It is believed that a

surface interaction was occurring, showing that as the gas hourly space velocity was increased, and
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thus surfaces became saturated, the conversion decreased, requiring higher temperatures for
comparable conversions.

It is proposed that the reactions in the current study presented here, being a batch process,
had increased contact time and yielded higher corresponding reactivity at lower temperatures. The
surface area does not have such a large impact in the current study, with CoP-MMO surface areas
between 160 — 199 m?/g all leading to similar conversions of stearic acid. When using ZnAl-
MMOs, Das and Parida found the material with R-value 3 led to the highest yield of acetone (> 89
%) but at much higher temperatures of 425 °C.**® This material was also found to have the highest
surface area (103.5 m%/g), which is still low in comparison to the smallest surface area measured for
the CoP-MMOs used here (155 m?/g for CoP-MMO3). Other oxides, such as ceria, have been used
as catalysts in ketonic decarboxylation reactions. Nagashima et al. found CeO,—Mn,03 to lead to
73.9 % conversion of propanoic acid to propanone with 97.4 % selectivity at 350 °C, whereas
Ce02-MgO has a lower (66.8 %) conversion but with similarly high selectivity.**® The authors
speculated the reaction mechanism involved adsorption of carboxylates, followed by abstraction of
an o-proton to create a radical which formed a beta-keto acid with a second carboxylate, followed
by decarboxylation to the ketone. When using mixed acid feedstocks with ceria-zirconia catalysts,
the cross-ketonic decarboxylation was found to proceed at a faster rate than homo-ketonic
decarboxylation.?”® However, such a redox driven process is not feasible in our MgAl systems.

In order to account for the similar performance of the LDH and MMO species, as well as the
differences observed compared to Mg(OH), and MgO control reactions, it is plausible that for all
the active CoP-MMOs, the actual material performing catalysis in the reactor vessels, and under
reaction conditions, may be a partially reconstructed LDH as described in Section 6.3.1.4.

It was postulated in the previous chapter that the variance in LDH catalysis was possibly due
to an effect of suitable average pore size, allowing accessibility of reactant and product molecules,
and surface area for reaction to occur. The calcined derivatives used in reactions here exhibit lower

average pore size and increased surface area, however, based on the data from the CoP-MMOs, it
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can be concluded that average pore size appears to be less of a controlling factor for ketonic

decarboxylation.

6.3.2 Reactions using mixed metal oxide catalysts prepared from co-hydrated

layered double hydroxides

Following the experimental procedure outlined in Section 6.2.1, CoH-MMO catalysed
decarboxylation reactions were undertaken. The liquid and solid phases from the final reaction
mixture were extracted, further separated by Soxhlet reaction (Section 6.2.1) and analysed by gas
chromatography using the procedures described in Sections 6.2.2 and 6.2.3, with the results given in
Table 6.5. The thermal reaction (i.e. with no MMO or other mineral catalyst present) is repeated
here from chapter 5, as a control, with individual calcined alumina and magnesium oxide (prepared

using the calcination procedure outlined in Section 3.3) as further control reactions, undertaken to

check on the effect these impurities may have and on the reaction yield.

Table 6.5 Moles of unreacted stearic acid, stearone product and conversion of stearic acid for the uncatalysed
reaction and also employing catalysts: CoH-MMOL1 to CoH-MMOG6. Reaction conditions, 250 °C, 20 wt%
catalyst (with respect to stearic acid), 100 % N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Stearic acid Stearone Conversion of

Catalyst (moles x 10 ) (moles x 10°%) stearic acid (%)
Uncatalysed 0.3515 (0.0246) 0.0000 (0.0001) 0.0 (2.5)
CoH-MMO1 0.3515 (0.0246) 0.0000 (0.0001) 0.0 (2.5)
CoH-MMO2 0.0225 (0.0016) 0.1645 (0.0074) 93.6 (4.2)
CoH-MMO3 0.0411 (0.0028) 0.1557 (0.0070) 88.6 (4.0)
CoH-MMO4 0.0161 (0.0011) 0.1677 (0.0075) 95.4 (4.3)
CoH-MMO5 0.0357 (0.0025) 0.1578 (0.0071) 89.8 (4.0)
CoH-MMO6 0.0097 (0.0007) 0.1708 (0.0077) 97.2 (4.4)

Upon extraction and analysis, the thermal (no catalyst) reaction was found to contain no
detectable decrease in stearic acid content, indicating that thermal decarboxylation did not occur at
250 °C under reaction conditions (17 bar N,, 24 h, stirred). Analysis of the CoH-MMO endpoint
reaction mixtures showed that, as with the LDHs and CoP-MMOs, direct decarboxylation of stearic

acid to yield n-heptadecane and CO, did not occur. Alternatively, a waxy solid was again
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produced, which, was found to be stearone, upon extraction and analysis, formed via ketonic

decarboxylation (Figure 5.7). No further products were evidenced within the GC trace.

6.3.2.1 Effect of R-value in co-hydrated mixed metal oxide catalysed reactions

CoH-MMO1 did not lead to conversion of stearic acid, whereas CoH-MMO?2 to CoH-MMOG6 all
gave a high conversion of stearic acid (between 88.6 and 97.2 %) to stearone. As with the CoP-
MMOs, the variation as a function of R-value is slight, approximately +/- 5%, and this falls within
the error present within the extraction process (see Section 5.2.5) and, to a lesser extent, the
calibration curves of the GC for each pure standard (as shown in Section 5.2.4). A plot of R-value

against stearic acid conversion to stearone is show in Figure 6.6
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Figure 6.6 Conversion of stearic acid vs. R-value for the catalysts CoH-MMO1 to CoH-MMO6

CoH-MMO1 and its precursor CoH-LDH1 are believed to be alumina compounds by
PXRD, and so, similar to the calcined Al,O3 (vide supra), the lack of activity is due to the acidic
nature of these catalysts, and in this thesis, it has already been established a basic catalyst material
is required (see Section 5.1). It has previously been reported that the basicity of MMOs tends to

increase as R-value increases,*®® however all of the CoH-MMOs here had a measured Hammett
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.12 showed that in the

basicity of 6.0 < pK; < 7.6. In a sense, this is unsurprising as Greenwell et a
co-hydration reaction variation in product Mg:Al ratio is small, irrespective of R-value, with,
instead, LDH phases of similar R-value forming with varying degree of Mg(OH), impurity. In the
conversion of stearic acid via ketonic decarboxylation, CoH-MMO2 to CoH-MMOG, all exhibit

sufficient base catalytic sites, with no discernable differences between them.

6.3.2.2 Effect of average pore size in co-hydrated mixed metal oxide catalysed
reactions

The average pore sizes for the CoH-MMOs, along with their conversions of stearic acid to stearone,
are shown in Table 6.6 and graphically in Figure 6.7.

It is interesting that all the CoH-MMOs lie within a narrow average pore size range of 4.8 to
7.5 nm. For the active catalysts there is no discernable trend with average pore size since they all

convert stearic acid to a similar high degree, within the error of the extraction process.

Table 6.6 Average pore sizes and conversion of stearic acid, in ascending conversion values for the catalysts:
CoH-MMO1 to CoH-MMO6. Reaction conditions, 250 °C, 20 wt% catalyst (with respect to stearic acid), 100 %
N, atmosphere at 17 bar, t =24 hours. Errors shown in parentheses.

Average pore Conversion of

Catalyst size (nm) stearic acid (%)
CoH-MMO1 6.0 0.0 (2.5)
CoH-MMO3 5.9 88.6 (4.0)
CoH-MMO5 7.5 89.8 (4.0)
CoH-MMO2 4.8 93.6 (4.2)
CoH-MMO4 6.4 95.4 (4.3)
CoH-MMO6 5.8 97.2 (4.4)
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Figure 6.7 Conversion of stearic acid vs. average pore size for the catalysts CoH-MMOL1 to CoH-MMO®&.

6.3.2.3 Comparison of co-hydrated mixed metal oxides and co-hydrated layered

double hydroxide catalysts in decarboxylation reactions

For both the CoH-MMOs and CoH-LDHSs a plot of R-value against stearic acid conversion to
stearone is show in Figure 6.8 indicating that there is very little difference between the activity of
the CoH-LDHs and CoH-MMOs. The values reported here use the figures obtained from the
stearone calibration curve, whereas the extraction process incorporates further error onto this
evaluation, so the performance of all the active CoH-LDHs and CoH-MMOs are assumed to be the
same within this error. The CoH-LDHs all contain an Mg(OH), co-phase of varying degrees, (see
Chapter 3, Figure 3.8 for PXRD patterns of the prepared LDHSs), which are still present in the
calcined CoH-MMOs as MgO, but are overlapped with the broader MgO-like MMO peaks (see
Chapter 3, Figure 3.14 for PXRD patterns of the prepared MMOs). As MgO was activated by
calcination for ketonic decarboxylation catalysis, the MgO co-phases would be expected to behave
analogously, however no further enhancement (or hindrance) of the reaction is observed over that of
the CoH-LDHs, and it is possible the MgO accounts for the slightly higher conversion in the CoH-

MMO than the CoP-MMO.
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Figure 6.8 Conversion of stearic acid vs. R-value for the catalysts CoH-MMO2 to CoH-MMO6 and CoH-LDH?2
to CoH-LDH6.

A plot for average pore size against conversion of stearic acid to stearone (Figure 6.9) shows
that the average pore size is smaller for the MMOs, as expected, but the extent of catalysis is very
similar. Compared to the LDHs (Chapter 5), there is less correlation evident for the MMOs with
respect to average pore size and conversion of stearic acid. The much larger surface areas
attributed to the CoH-MMOs (153-231 m?/g) do not affect the degree of catalysis in comparison to
the CoH-LDHs (33-46 m?/g). ). This suggests for the given batch reaction time, the reactions are
not limited by diffusion of the reactant molecules to surfaces, though a time series analysis of
products would be required to establish whether there are any kinetic constraints on the reactions.

From Figure 6.8 it is evident that the CoH-LDHs and CoH-MMOs led to comparable
conversions of stearic acid to stearone (~ 89-97 %) and this may be because, as described in Section
6.3.1.4, the MMOs partially reconstruct to an LDH within the reaction vessel under the conditions
used, owing to production of water in the reaction. If the need for pre-calcination is not required to
produce an active catalyst for the ketonic decarboxylation of FFAsS, then this will be of economic

benefit to the process.
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Figure 6.9 Conversion of stearic acid vs. average pore size for the catalysts CoH-MMO?2 to CoH-MMO6 and
CoH-LDH2 to CoH-LDHS6.

6.3.2.4 Mechanistic insights from co-hydrated mixed metal oxide catalysed

decarboxylation reactions

The CoH-MMOs behave very similarly to the CoH-LDHs suggesting that when the reaction is
underway, both sets of materials undergo a transformation into a partially hydroxylated MMO with
weak-medium strength basic sites. The ketonic decarboxylation reaction requires the presence of a
base, since acidic calcined Al,O3 does not convert any of the reactant under the same reaction
conditions (250 °C, 17 bar, 24 h).

In the present work, similar to results attained by Zhang et al., over 80 % conversion of acid
was observed at 250 °C.%* Zhang et al., attributed the reaction of MgO to be due to the adsorption
of the carboxylate molecules, which then react in a six-membered transition state to form a ketone
(Section 5.1.2.3). Other studies in the literature have suggested that ketonic decarboxylation
possibly occurs via a beta keto-acid intermediate (vide infra).

From the data obtained here for the CoH-MMOs, target R-value and average pore size do
not correlate with any observed effects relating to catalysis in comparison to the LDHSs studied in

Chapter 5.
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6.3.3 Comparison of co-precipitated and co-hydrated mixed metal oxide

catalysts

In the following sections, relative reactivity of the mixed metal oxides prepared via calcination of
co-precipitated and co-hydrated LDH precursors for ketonic decarboxylation of stearic acid will be

described, and the reasons for any differences discussed.

6.3.3.1 Effect of R-value for the mixed metal oxide catalysis reactions

A plot of R-value against stearic acid conversion to stearone is show in Figure 6.10. For the active
catalysts (R = 2 — 6), generally, it seemed that the CoH-MMOs vyielded a higher conversion of
stearic acid to stearone than the CoP-MMOs, however this difference may well fall within the range
of assessed errors in the extraction process (Section 5.2.5). All the materials (excepting R =1)
showed conversion of stearic acid as being above 80 %, suggesting they behave similarly under

these reaction conditions.
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Figure 6.10 Conversion of stearic acid vs. R-value for the catalysts CoP-MMO1 to CoP-MMO6 and CoH-MMO2
to CoH-MMO6.
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6.3.3.2 Effect of average pore size for the mixed metal oxides

The average pore sizes for the CoH-MMOs, along with their conversions of stearic acid to stearone,
are shown in Figure 6.11.

For the active MMO catalysts, the CoH-MMOs have a smaller average pore size range than
the CoP-MMOs, with conversion of stearic acid to stearone possibly decreasing with increasing
average pore size, though this is a very weak trend and lies within the error of the extraction process

(Section 5.2.5). Hence average pore size does appear to be affecting the reaction for the MMOs.
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Figure 6.11 Conversion of stearic acid vs. Average pore size for the catalysts CoP-MMOL1 to CoP-MMO6 and
CoH-MMO2 to CoH-MMOS6.

6.3.3.3 Mechanistic insights from co-precipitated and co-hydrated mixed metal

oxide catalysed decarboxylation reactions

The CoP-MMOs behave very similarly to the CoH-MMOs, with similar degrees of conversion,
suggesting either that the ketonic decarboxylation reaction does not have a strong dependency on
the synthetic method or differences within the composition, pore structure or surface area of the

MMOs. Neither the R-value nor average pore size can explain any observed effects relating to
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catalysis, with the basicity of all MMOs being sufficient to catalyse the conversion of stearic acid to
stearone. CoP-MMO1 with its inherent acidity does not lead to catalysis.

The CoH-MMOs were noted to have very sharp peaks corresponding to MgO co-phases,
resulting from their CoH-LDH precursor materials, which were not observed to lead to any strong
effects on the degree of conversion of stearic acid, as measured by GC. These sharp peaks are
overlapped with the much broader MgO-like peak attributed to the decomposition of the LDH
structures. However, the CoP-MMOs with their broad MgO-like peaks are equally as active (within
experimental error) as the CoH-MMOs, for the catalysis of stearic acid to stearone.

Previous studies have shown that ketonic decarboxylation has occurred with MgO catalysts
at 250 °C, through an adsorption mechanism with a six-membered transition state.** Neunhoeffer
and Paschke were the first to suggest the ketonic decarboxylation mechanism occurs through the

271 and this mechanism has

abstraction of an a-proton and a B-keto acid intermediate (Figure 6.12)
since been confirmed using DFT studies.”®® Further to this Pham et al. have proposed that Lewis
acid and Bransted basic sites are required for ketonic decarboxylation on oxides.?®® The Bransted
base sites are required to dissociate carboxylic acids, producing carboxylates and abstract the a-
proton. Lewis acidic sites then stabilise and activate a second carboxylic acid group which then

leads to the coupling reaction. With both Lewis acid and basic sites being present in MMOs,?®® the

ketonic decarboxylation observed here is likely to proceed through a similar mechanism.

O, OH O O
COzH B' s, CO?H
_()H < ; —CO»

Figure 6.12 Ketonic decarboxylation reaction mechanism for the dicarboxylic acid, adipic acid, proposed by
Neunhoeffer and Paschke involving a beta-keto acid. Taken from Pulido et al.?®

6.4 Conclusions and summary

Stearic acid was not found to convert to n-heptadecane via direct decarboxylation at 250 °C and 17

bar with either CoP-MMOs or CoH-MMOs, but, similarly to their precursor LDHSs, stearic acid
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underwent ketonic decarboxylation, where two molecules of stearic acid lead to one molecule of

stearone, water and CO,, respectively, with > 80% yields after 24 h. This is an important reaction

for bio-based materials, since the long chain ketones from FFAs may be used in lubricants, diesel

fuels,

8

surfactant precursors,'® or they can be further upgraded into hydrocarbons and

hydroxyalkylenes by cracking/hydrotreatment.

In conclusion, the main findings of this study on catalysis by the MMO material were:

CoH-MMO2 (93.6 %), CoH-MMO4 (95.4 %) and CoH-MMOG6 (97.2 %) gave the highest
conversions of stearic acid to stearone for the MMOs, suggesting that co-hydration is the
preferred synthesis method for MMO catalysts in this reaction.

For the active MMO catalysts, average pore size, surface area and R-value were not
observed to have any influence on activity, with all MMOs exhibiting sufficient basicity for
the reaction to occur. Though the involvement of Lewis acid sites may be required for a -
keto acid intermediate reaction mechanism.?®®

The CoH-MMOs and CoH-LDHSs behave very similarly to one another as catalysts, as do
CoP-MMOs and CoP-LDHs of R-value 5 and 6. This suggests that the catalysts are alike
and that the LDHs may be partially calcined in situ at the 250 °C reaction temperature to
form a partially hydrated MMO type structure, while the MMOs being partially
reconstructed in situ to an LDH as the reaction proceeds, due to CO, and water being
produced. The structural properties such as porosity, surface area and basicity will be

115,272 axternal of

modified, with the catalytic reaction occurring at basal and edge surfaces,
the interlayer, via weak-medium basic OH™ and Mg-O® groups.

The requirement of costly and energetic activations can be eliminated with the LDHs being
nearly as effective at catalysis as the MMOs, over the 24 h reaction and under batch

conditions, enhancing the green principles of the process.?”

MgO co-phases within the CoH-MMOs do not affect the degree of catalysis.
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e Calcined Al,O3 exhibited no conversion of stearic acid, due to its acidic nature. Similarly,
COH-MMOL1 being an alumina compound and CoP-MMOL1 being of high acidity, these too
led to zero conversion.

e Calcined MgO led to 90 % conversion of stearic acid to stearone, whereas with uncalcined
MgO only 0.5 % of stearic acid was converted to stearone. Thus it was proposed that the
conversion with calcined MgO may be attributable to weakly basic OH™ groups created on
the catalyst surface during activation.”®® Calcined MgO may be preferentially employed
over the LDHs and MMOs studied here as a catalyst for the ketonic decarboxylation

reaction since this material does not require a detailed preparative method.
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7 Thesis summary

7.1 Introduction

The foundations of this thesis are in the upgrading of present day sustainably grown biomass into
products that can replace those derived from fossil crude oil with it’s associated release of
entrapped carbon. Fossil-supplies will inevitably eventually expire,* but there is also a pressing
need to recycle CO, in the Earths atmosphere rather than release it from a permanent energy store, a
process driven by climate change policies.'® Currently the major commercial use of biomass as a
replacement for fossil-derived products is in the production of biofuels such as ethanol from sugars
and biodiesel from triglycerides.”*? Recently, there has been interest in other, less studied. higher

274, 275

value materials being developed from biomass, and the concept of a biorefinery, where a

whole range of products can be produced from the bioresource has become increasingly topical.>”
Free fatty acids (FFAs) are a component of the lipid fraction found in biomass and can be

directly obtained from the hydrolysis of triglycerides found in vegetable and algal oils. In this

thesis the upgrading of FFAs to bio-products in the form of ketones has been studied using,

initially, a supported transition metal catalyst, and subsequently with layered hydroxide materials

and their calcined derivatives as catalysts.

7.2 Synthesis of layered double hydroxides and mixed metal oxides

7.2.1 Layered double hydroxides

Layered double hydroxides (LDHs) were synthesised via two methods, the previously extensively
used co-precipitation (CoP) method and a more recently developed co-hydration (CoH) method.
Co-precipitation is the most commonly encountered method for synthesising LDHs where a
supersaturated solution of the appropriate metal salts is precipitated in the presence of a base such

as NaHCO3."* The use of an alkali-metal containing base to maintain the high pH necessary for the
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LDH to precipitate can lead to the alkali-metal being entrained in the final product, influencing
analytic and catalytic testing,®* though attempts can be made to remove this through profuse
washing with hot deionised water. Copious amounts of high pH supernatant, requiring disposal, are
produced in co-precipitation through the use of these alkali-metal containing bases in the process,
and this presents a good case to develop new synthetic approaches for these materials. As such, an
alternative, co-hydration synthesis method, developed by Greenwell et al.,*?® utilises metal oxides
and organic acids, which co-hydrate in solution to produce LDHSs, without the need for additional
base. This enhanced environmentally-friendly method of producing LDHs is preferred over the co-
precipitation route according to the twelve principles of green chemisty.?”

Within this thesis, both co-precipitated and co-hydrated LDHs have been synthesised, as
described in Chapter 3, and characterised according to the analysis procedures described in Chapter
2. Powder X-ray diffraction (PXRD) was used to confirm the synthesis of LDH structures, with the
CoP-LDHs being mainly single phase and the CoH-LDHs having co-phases attributed to brucite
and crystalline MgO. The average crystal sizes were slightly greater for CoH-LDHs in the a
direction and slightly greater for CoP-LDHs in the c direction (168-255 nm c.f. 289-387 in the a
direction, 114-221 nm c.f. 102-189 in the c direction, respectively), showing only slight differences
due to preparation method. ICP-OES was used to determine the bulk Mg:Al ratios, which were
generally in line with target ratios of 2-6.

The CoP-LDHs had, in the main, a higher surface area (17-115 m%g c.f. 32-90 m?/g),
average pore size (3.1-22.3 nm c.f. 8.5-13.3 nm), pore volume (0.17-0.42 cm®/g c.f. 0.05-0.20
cm®g) and Hammett basicity (7.6-9.0, 9.0-10.0 c.f. 6.0-7.6, 7.6-9.0) than the CoH-LDHs, though
for both sets of LDH materials, basicity increased with R-value. CoH-LDH1 was found to be an

189 since

alumina compound, being challenging to synthesise, according to the cation avoidance rule,
it requires adjacent co-located AI**. However, this may also be a consequence of the alumina grade
used in this study being of a larger particle size and requiring a longer hydration time to that used

by Greenwell et al., who successfully synthesised LDHs approaching R-value 1.%
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7.2.2 Mixed metal oxides

Both co-precipitated and co-hydrated MMOs have been synthesised and characterised in Chapter 3.
Upon calcination to 500 °C, in a non-inert atmosphere for 3 hours, the parent LDH structures break
down through the loss of surface water, interlayer water, interlayer anions and dehydroxylation of
the layers, as shown by the thermogravimetric analysis described in Section 3.4. This leads to a
mixed metal oxide (MMO) with small crystallites and high lattice strain, consisting of medium-
strong Lewis basic O%-M"™ pairs, OH weakly basic groups and strong basic sites relating to
secluded O* ions,*?* along with Lewis acidity due to incorporated AI**. Post-calcination, the
characteristic LDH reflections are lost in the PXRD pattern spectra and, instead, broad MgO-like
reflections are observed (see Figure 3.12 and Figure 3.14). The CoH-MMOs also contained an
overlapping sharp MgO peak resulting from the MgO co-phase and decomposition of the Mg(OH),
co-phase present in the CoH-LDH precursors.

For both the CoP-MMOs and CoH-MMOs there was a 2-8 fold increase in specific surface
area from the parent LDHs (153-231 m%/g c.f. 17-115 m%/g). CoP-MMO4 to CoP-MMO6 and all
the CoH-MMOs decreased in average pore volume upon calcination of their LDH precursors,
however CoP-MMO1 to CoP-MMO3 saw an increase in average pore size. The Hammett basicity
increased upon calcination of parent-LDHs for CoH-MMOL1 to CoH-MMO4, however decreased
for CoP-MMO2 and CoP-MMO6 (possibly due to accessibility of basic sites), with all other MMOs
remaining unchanged. The importance of avoiding MMO exposure to humidity and atmospheric
conditions was further illustrated when three sequential thermogravimetric analyses were
performed, illustrating the reconstruction of the MMO to a meixnerite-type structure within a short

time period.?"*
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7.3 Synthesis of n-heptadecane via decarboxylation reactions involving

Pd/C

FFAs have been demonstrated in the literature to undergo decarboxylation reactions whereby they
lose CO, and form straight-chain hydrocarbon molecules that can be used as direct fossil
replacements.*® In a representative study, 5 % Pd/C, activated with H,, was employed under an inert
atmosphere for the conversion of stearic acid to n-heptadecane at 300 °C.2 As a comparator to the
work on the LDH and MMO catalyst systems, this reaction was adapted and carried out here at
lower reaction temperature, however the 5 % Pd/C was not activated by being reduced using Hy
as the industrial partner involved in this study was seeking alternative upgrading methods avoiding
the use of Hy(). Stearic acid was decarboxylated to n-heptadecane using this catalyst, however the
reaction was not found to be as favourable at 230 °C (58 % conversion of stearic acid to n-

heptadecane in 24 hours) and the Pd/C was found to be unstable, possibly decomposing in situ.?®

7.4 Ketonic decarboxylation reactions of layered double hydroxides
and mixed metal oxides

Following on from the decarboxylation experiments using 5 % Pd/C a series of similar catalysed
reactions were undertaken at 250 °C, but now using mineral based catalysts. The rationale for this
was to increase stability of the catalyst during the reaction, a failing of the supported Pd system
trialled, and also reduce the cost associated with using a precious metal catalyst. Inspired by the

work of Zhang et al.,?*

where simple metal oxides were used to reduce the total acid number
(TAN) in crude oils through decarboxylation reactions, the use of Mg/Al LDH and MMO mineral
based materials was explored. The prepared catalysts were co-precipitated LDHs (CoP-LDHs), co-
hydrated (CoH-LDHSs), and their corresponding mixed metal oxides (i.e. CoP-MMOs and CoH-
MMOs), as well as calcined and uncalcined Al,O3; and MgO as the end members of the Mg/Al LDH

series, and a control reaction with no mineral phase present. Initial studies were carried out to
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examine catalysis of the decarboxylation reaction trialled with the Pd/C system, however no
decarboxylated product formed, despite conversion of the stearic acid reactant being observed.
Instead, a waxy product was produced, similar to other studies in the literature which attributed this,

without full analysis, to be a saponified product.?*2

A great deal of time was expended in developing
a suitable extraction and analysis process to separate the resulting waxy solid residue from the
catalyst, to yield reactant and products for analysis. As such, ketonic decarboxylation was found to
occur in these reactions, (13), converting stearic acid to stearone, carbon dioxide and water in

presence of a catalyst, creating high value ketones.

Catalyst (13)
250 °C, 17 bar, 24 h

7.4.1 Catalysis using layered double hydroxides

No reaction occurred for either CoP-LDH1 or CoH-LDH1, which was ascribed to the relatively
acidic nature of the materials, as Al,O3 rich phases were formed rather than LDH phases. CoP-
LDH3 to CoP-LDH6 all had greater conversions of stearic acid to stearone (88.4 - 96.8 %) than
CoP-LDH2 (65.2 %), with the former materials being more basic in character and having larger
average pore sizes. Similarly the CoH-LDHs all led to 85.8 — 97.1 % conversion of stearic acid to
stearone, having greater average pore sizes than CoP-LDH2, suggesting average pore size may
affect the degree of catalysis with these bulky reactant and product molecules, though the inherent
errors associated with analysis must be taken into consideration. Ketonic decarboxylation has
previously been shown to involve Lewis acid and Bransted basic sites on metal oxides,?®® with a
possible similar mechanism occurring here involving abstraction of an a-proton and a f—keto acid
intermediate. Thus average pore size may be inhibiting the alignment of the required activated

adjacent carboxylic acid molecule for a surface mediated process involving weak-medium basic
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OH-" sites. The activity of the CoH-LDHs was also found to follow a trend with the height of the
peak in the PXRD spectra corresponding to an MgO co-phase, suggesting this may have increased
catalytic reactivity, though this may be an artificial artefact within the errors involved in the
extraction and analysis process. R-value 4 was found to give the highest catalytic activity for both
CoP- and CoH-LDHs, with little difference being attributed to whether the more sustainable co-

hydration- or the traditional co-precipitation- synthesis method was employed.

7.4.2 Catalysis using mixed metal oxides

The highest three conversions of stearic acid to stearone were for CoH-MMO2 (93.6 %), CoH-
MMO4 (95.4 %) and CoH-MMOG6 (97.2 %), suggesting CoH-MMOs are more active for this
reaction. However these values are all within error of each other when taking into consideration the
margins involved with the product extraction process. Despite the MMOs having lower average
pore sizes than the LDHs, this did not hinder the reaction in a similar manner to that observed for
the LDHs. CoP-MMO1, similar to its uncalcined precursor did not convert stearic acid, due to its
large inherent acidity. CoH-MMO1 was also determined to be an aluminium oxide rich phase, and
analogously yielded zero conversion.

When the catalysis of each was compared, the MMOs and LDHs studied here behave very
similarly. This may be because the LDHs are partially calcined at 250 °C, within the reaction
vessel, while the MMOs gradually reconstruct to an LDH as the reaction proceeds, due to the water
and CO, formed from ketonic decarboxylation. Thus the presence of dual acid-base sites on these
structurally similar catalyst surfaces may lead to ketonic decarboxylation through a p—keto acid

mechanism or six-membered transition state as proposed in the literature.” %

7.4.3 Insight gained through control reactions

No observable conversion occurred for the thermal reaction at 250 °C, which is in line with

literature studies.®® With both calcined and uncalcined Al,O3 no reaction occurred, assumed due to
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the acidic nature of the catalysts. Uncalcined MgO vyielded 0.5 % conversion of stearic acid to
stearone, with possibly surface magnesium stearate being formed instead, blocking catalytic sites,
whereas calcined MgO led to 90 % conversion. It has been proposed that the enhanced conversion
with calcined MgO may be owing to the creation of weakly basic surface OH™ groups during
activation.?® Similar yields of acid conversion through ketonic decarboxylation using 20 wt% MgO
at 250 °C have been observed previously.*® As calcined MgO was found to be an effective catalyst
for the ketonic decarboxylation reaction itself then this material may be preferentially employed

over the LDHs and MMOs studied here due to it not requiring a multi-step preparative method.

7.5 Summary of mixed metal oxide and layered double hydroxide
catalysts tested for deoxygenation reactions

In this study a range of heterogeneous hydroxide and oxide catalysts have been examined for the
ketonic decarboxylation of free fatty acids to high value ketones. In the scientific literature, oxides
have been studied frequently,®® 1% 2% put hydroxides less so.**> 1 2°2 with this being a process
producing sustainable ketones, as suitable replacements for fossil-derived sources, it is important to
also use a process for the method of manufacture which is inherently sustainable.

In the present study, very little difference could be attributed to the activity of the catalysts
synthesised using the methods of co-precipitation and co-hydration (despite their MgO co-phases),
however the best CoP-MMOs were lower performing than the best CoP-LDH, CoH-LDH and CoH-
MMOs. With the co-hydration method being a more environmentally friendly procedure, avoiding

the production of highly basic supernatants,*?

this synthesis method would be preferred to enhance
the sustainability of the overall process, without the need for economically and energetically
undesirable calcinations.

With calcination comes the requirement for minimising exposure to air to prevent the

subsequent regeneration to an LDH precursor. However, it has been shown that uncalcined LDHs

are as effective as MMOs and this present study suggests the actual catalysis is performed by an
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LDH-MMO intermediate at 250 °C. CoH-LDH4 was the most effective co-hydrated LDH catalyst
with a conversion to stearone of 97.1 %, and for future commercial application possibilities this
catalyst should be further studied. If this catalyst requires regeneration by calcination to produce
CoH-MMO4 then this gives a comparable conversion to stearone (95.4 %).

Interestingly, MgO is activated by calcination, leading to a significantly higher conversion
of stearic acid to stearone, compared to the uncalcined precursor. From this it might be expected
that the MMOs, with their inherently high Mg content would behave more analogously to the MgO
phase, which, as discussed is known to be active in these reactions. In comparison, the Mg(OH),
phase was found to be inactive for the ketonic decarboxylation reaction, while the uncalcined LDH
materials were active, indicating that the interlayer anions and bound water of the LDH may play a
potential role in the catalysis, since these would not be present in the Mg(OH),. Furthermore, if the
catalyst activation step can be omitted and LDHs utilised, rather than MMOs, then this will be of

economic and energetic benefit to commercial processes.

7.6 Further work

There are a number of areas from the work presented in this thesis, which raise questions for further
study. Following the research carried out here, a MSc research project was developed and assisted
with, looking into the optimisation of time, temperature and reaction pressure for ketonic
decarboxylation using LDHs/MMOs, but employing a shorter chain FFA, decanoic acid. The use
of stearic acid was challenging in this present study, due to it’s ketonic decarboxylation product
having a high molecular weight, leading to a complex extraction procedure, combined with the GC
analysis, and so other model compounds may be more tractable. However the aspects of catalysis
may vary with acid chain length due to the possible effect of average pore size observed with the
LDHs studied here. Furthermore, stearic acid is the second most abundant acid in nature, below
that of palmitic acid, so its study is of high relevance as a model compound.

Future studies into the re-usability of the catalysts investigated here, as well as their stability,
are of importance. After numerous experiments, calcinations may be required to regenerate the
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catalyst, however the corresponding MMOs have been found to be just as effective in ketonic
decarboxylation catalysis, so the recycling of catalysts should be straightforward. Based on a cost
and energy analysis, it may be deemed more suitable to re-synthesise further LDH material, though
disposal of used resources must be a last resort. However, this should also be studied in comparison
to the control reaction involving calcined MgO, since this catalyst does not require any multi-step
preparations other than calcination.

The composition of the used catalyst requires further study to determine its properties before,
during and after calcination. It was noted that the LDH materials potentially catalyse the
conversion of stearic acid through involvement of their interlayer anions and intercalated water,
hence studies of various LDH compositions can be studied to determine and confirm this effect and
the properties influencing this phenomenon. The use of hydrocarbon solvents in this process is
undesirable, even though they are recoverable, unless they can be provided through decarboxylation
of biomass, creating an integrated sustainable route. As an alternative, studies can be undertaken to
identify if the FFAs alone can be used in catalysis reactions with LDHs and MMOs, enhancing the
process through green chemical principles.?”

Mixed feedstocks of biomass origin require study to determine the suitability of the catalysts
employed here in true bio-based ketonic decarboxylation reactions. Klimkiewicz et al.,*** **! have
used an interesting methodology to convert methyl esters found in rape oil to ketones, with metal
oxide catalysts and sources of methanol, at 385-390 °C. Hence, the co-feeding of alcohols, along
with FFAs, yields a further extension to this process whereby vegetable/algal oils may be upgraded

to ketones directly, avoiding the use of additional trans-esterification and hydrolysis reactions.
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7.7 Concluding remarks

A number of milestones have been achieved within this body of work:

The reactions were the first to undertake fatty acid ketonic decarboxylation using MMO

catalysts to produce high-value ketone bio-products;

e The LDH precursors were shown to be as effective at ketonic decarboxylation as the
MMOs, eliminating the requirement of costly and energetic activations;

e Catalysts synthesised via a more environmentally-friendly co-hydration route are as
effective as their co-precipitated counterparts, enhancing the green credibility of this process
and ruling out homogenous catalysis by base used in the preparation.””® The presence of
MgO co-phases in CoH materials does not pose any issues with catalysis;

e The MMO catalysts behave akin to the calcined MgO material in the Kketonic
decarboxylation of stearic acid, whereas the catalytic reactions involving LDH catalysts
potentially involve the interlayer anions and cations as they are far more effective than
Mg(OH),.

e There is some indication of catalytic dependence on average pore size within the catalysts,
resulting from the bulk size and required head alignment of the long-chain fatty acid
molecules;

e Calcined MgO was found to be almost as effective at catalysis as the LDHs and MMOs,
however having the advantage of it not requiring up-front preparative methods.

e These reactions have set a boundary for decarboxylation vs. ketonic decarboxylation

pathways.

This study, along with many other emerging green technologies and chemical processes, allows us

to consider pathways to selectively eliminate fossil-derived chemical feedstocks and processes,
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replacing them with a more sustainable and integrated bio-based economy, until, for future

generations dependency on fossil fuels will be dramatically reduced, if not eliminated altogether.
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Appendix 1

PXRD indexing file for CoP-LDH2

Measurement Conditions: (Bookmark 1)

Dataset Name
File name

Comment

Measurement Date / Time

Raw Data Origin
Scan Axis

Start Position [°2Th.]
End Position [°2Th.]

Step Size [°2Th.]

Scan Step Time [s]

Scan Type
Offset [°2Th.]

Divergence Slit Type
Divergence Slit Size [°]
Specimen Length [mm]
Receiving Slit Size [mm]
Measurement Temperature [°C]

Anode Material
K-Alphal [A]
K-Alpha2 [A]
K-Beta [A]

K-A2 / K-Al Ratio

Generator Settings
Diffractometer Type
Diffractometer Number
Goniometer Radius [mm]

Dist. Focus-Diverg. Slit [mm]
Incident Beam Monochromator

Spinning

PL2

C:\Documents and Settings\dch3bs\My Documents\Chemistry\3rd
Year\expts\Cambridge PXRD 2010\hcg21\PL2\PL2.rd

Configuration=Flat Bracket, Owner=cma35,
Goniometer=PW3050/60 (Theta/2Theta); Min

10/11/2010 10:35:00

PHILIPS-binary (scan) (.RD)

Gonio
3.0084
79.9504
0.0170
23.9101
Continuous
0.0000
Fixed
0.5000
10.00
12.7500
-273.15

Cu
1.54060
1.54443
1.39225
0.50000

40 mA, 40 kV
XPert MPD
1

200.00
91.00

No

No

Main Graphics, Analyze View: (Bookmark 2)
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Position [°2Theta]

Peak List: (Bookmark 3)

Pos. [°2Th.]  Height [cts] FWHM [°2Th.] d-spacing [A]  Rel. Int. [%]

11.5604 3522.96 0.4015 7.65485 100.00
23.2843 1186.72 0.4684 3.82033 33.69
34.8504 821.27 0.3346 2.57442 23.31
39.3769 326.86 0.6691 2.28829 9.28
46.8070 241.01 0.8029 1.94091 6.84
60.8320 309.52 0.4015 1.52276 8.79
62.1608 240.74 0.5712 1.49213 6.83

Pattern List: (Bookmark 4)
Document History: (Bookmark 5)

Insert Measurement:

- File name = PL2.rd

- Modification time = "06/07/2013 19:03:29"
- Modification editor = "admin"

Interpolate Step Size:

- Step Size = "Derived"

- Modification time = "01/02/2006"

- Modification editor = "PANalytical"

Smooth:

- Type of smoothing = "Polynomial”
- Polynomial type = "Quintic"

- Convolution range = "7"
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- Modification time = "19/05/2013 13:15:33"
- Modification editor = "admin"

Subtract Background:

- Correction method = "Automatic"

- Bending factor = "5"

- Use smoothed input data = "Yes"

- Granularity = "20"

- Add to net scan = "Nothing"

- Modification time = "18/06/2013 20:13:53"
- Modification editor = "admin"

Search Peaks:

- Minimum significance = "35.00"

- Minimum tip width = "0.01"

- Maximum tip width = "6.00"

- Peak base width ="7.00"

- Method = "Minimum 2nd derivative"

- Modification time = "06/07/2013 18:42:09"
- Modification editor = "admin"

Search & Match:

- Data source = "Profile and peak list"
- Restriction = "None"

- Scoring schema = "Multi phase"

- Auto residue = "Yes"

- Match intensity = "Yes"

- Demote unmatched strong = "Yes"

- Allow pattern shift = "Yes"

- Two theta shift ="0"

- Identify = "Yes"

- Max. no. of accepted patterns = "5"
- Minimum score = "50"

- Search depth = "10"

- Min. new lines / total lines = "60"

- Minimum new lines = "'5"

- Minimum scale factor ="0.1"

- Modification time = "25/05/2013 16:14:40"
- Modification editor = "admin"

Cell Search:
- Indexing method = "McMaille"

- Calculation type = "Monte Carlo & Grid Search"

- Zero point ="0"

- Search cubic system = "False"

- Search hexagonal system = "True"

- Search tetragonal system = "False"
- Search orthorhombic system = "False"
- Search monoclinic system = "False"
- Search triclinic system = "False"

- Width of peaks ="-1"

- No. of unindexed lines = "6"

- Minimum cell parameter ="3"

- Maximum cell parameter = "25"

- Minimum cell volume = "200"

- Maximum cell volume ="1500"

- Minimum R profile ="0.1"
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- Maximum R profile ="0.3"

- Grid search step cell parameter = "0.2"
- Grid search step cell angle = "0.2"

- No. of Monte Carlo tests = "20000"

- No. of Monte Carlo runs = "1"

- Search rhombohedral system = "True"
- Minimum cell a ="3"

- Maximum cell a ="15"

- Minimum cell b ="3"

- Maximum cell b = "15"

- Minimum cell ¢ ="3"

- Maximum cell ¢ ="15"

- Minimum cell alpha = "90"

- Maximum cell alpha = "90"

- Minimum cell beta = "90"

- Maximum cell beta = 90"

- Minimum cell gamma = "90"

- Maximum cell gamma = "90"

- Maximum R Refinement = "'0.45"

- Modification time = "06/07/2013 19:04:22"
- Modification editor = "admin"

Cell Search:

- Indexing method = "Dicvol"

- Maximum beta = 130"

- Maximum axis = "25"

- Maximum volume = "1000"

- FOM better than = "12"

- Include monoclinic system = "False"
- Include triclinic system = "False"

- Test monoclinic super axis = "False"
- Minimum peak intensity = "0.1"

- Use first x peaks = "10"

- Modification time = "06/07/2013 19:05:25"
- Modification editor = "admin"

Unit Cell Refinement:

- No. of refined parameters = "2"

- Snyder's FOM = "11.4347400665283"
- Chi square = "3.0696162411914E-7"
- No. of not indexed lines = "0"

- No. of indexed lines = "7"

- H max. ="20"
- K max. = "20"
- L max. ="20"

- Use SVD ="True"

- Refinement mode = "Cell only"

- Weighting scheme = "Unit weights"
- Intensity min. = "0"

- 2Theta max. = "160"

- Delta 2Theta max. = "0.9"

- Use Included and Excluded = "False"
- Use only Single Indexed Lines = "False"
- Automatic Refinement = "True"

- Start with Cell = "True"

- Apply known offset = "False"

- Known offset = "0"
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- Modification time = "06/07/2013 19:05:27"
- Modification editor = "admin"

232



Appendix 2

PXRD Indexing file for CoP-LDH4

Measurement Conditions: (Bookmark 1)

Dataset Name
File name

Comment

Measurement Date / Time

Raw Data Origin
Scan Axis

Start Position [°2Th.]
End Position [°2Th.]

Step Size [°2Th.]

Scan Step Time [s]

Scan Type
Offset [°2Th.]

Divergence Slit Type
Divergence Slit Size [°]
Specimen Length [mm]
Receiving Slit Size [mm]
Measurement Temperature [°C]

Anode Material
K-Alphal [A]
K-Alpha2 [A]
K-Beta [A]

K-A2 / K-Al Ratio

Generator Settings
Diffractometer Type
Diffractometer Number
Goniometer Radius [mm]

Dist. Focus-Diverg. Slit [mm]
Incident Beam Monochromator

Spinning

PL4

C:\Documents and Settings\dch3bs\My Documents\Chemistry\3rd
Year\expts\Cambridge PXRD 2010\hcg21\PL4\PL4.rd

Configuration=Flat Bracket, Owner=cma35,
Goniometer=PW3050/60 (Theta/2Theta); Min

10/11/2010 12:14:00

PHILIPS-binary (scan) (.RD)

Gonio
3.0084
79.9504
0.0170
23.9101
Continuous
0.0000
Fixed
0.5000
10.00
12.7500
-273.15

Cu

1.54060
1.54443
1.39225
0.50000

40 mA, 40 kV
XPert MPD
1

200.00
91.00

No

No

Main Graphics, Analyze View: (Bookmark 2)
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Position [°2Theta]

Peak List: (Bookmark 3)

Pos. [°2Th.]  Height [cts] FWHM [°2Th.] d-spacing [A]  Rel. Int. [%]

11.2334 3584.38 0.6691 7.87695 100.00
22.5342 1277.33 0.7360 3.94577 35.64
34.5087 823.22 0.4015 2.59913 22.97
38.7633 401.67 0.8029 2.32309 11.21
45.7858 272.70 0.9368 1.98179 7.61
60.2310 332.03 0.4015 1.53651 9.26
61.4998 302.02 0.8160 1.50658 8.43

Pattern List: (Bookmark 4)
Document History: (Bookmark 5)

Insert Measurement:

- File name = PL4.rd

- Modification time = "06/07/2013 19:49:47"
- Modification editor = "admin"

Interpolate Step Size:

- Step Size = "Derived"

- Modification time = "01/02/2006"

- Modification editor = "PANalytical"

Smooth:

- Type of smoothing = "Polynomial”
- Polynomial type = "Quintic"

- Convolution range = "7"
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- Modification time = "19/05/2013 13:15:33"
- Modification editor = "admin"

Subtract Background:

- Correction method = "Automatic"

- Bending factor = "5"

- Use smoothed input data = "Yes"

- Granularity = "20"

- Add to net scan = "Nothing"

- Modification time = ""18/06/2013 20:13:53"
- Modification editor = "admin"

Search Peaks:

- Minimum significance = "35.00"

- Minimum tip width = "0.01"

- Maximum tip width = "6.00"

- Peak base width ="7.00"

- Method = "Minimum 2nd derivative"

- Modification time = "06/07/2013 18:42:09"
- Modification editor = "admin"

Search & Match:

- Data source = "Profile and peak list"
- Restriction = "None"

- Scoring schema = "Multi phase"

- Auto residue = "Yes"

- Match intensity = "Yes"

- Demote unmatched strong = "Yes"

- Allow pattern shift = "Yes"

- Two theta shift ="0"

- Identify = "Yes"

- Max. no. of accepted patterns = "5"
- Minimum score = "50"

- Search depth = "10"

- Min. new lines / total lines = "60"

- Minimum new lines = "'5"

- Minimum scale factor ="0.1"

- Modification time = "25/05/2013 16:14:40"
- Modification editor = "admin"

Cell Search:
- Indexing method = "McMaille"

- Calculation type = "Monte Carlo & Grid Search"

- Zero point ="0"

- Search cubic system = "False"

- Search hexagonal system = "True"

- Search tetragonal system = "False"
- Search orthorhombic system = "False"
- Search monoclinic system = "False"
- Search triclinic system = "False"

- Width of peaks ="-1"

- No. of unindexed lines = "6"

- Minimum cell parameter = "3"

- Maximum cell parameter = "25"

- Minimum cell volume = "200"

- Maximum cell volume ="1500"

- Minimum R profile ="0.1"
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- Maximum R profile ="0.3"

- Grid search step cell parameter = "0.2"
- Grid search step cell angle = "0.2"

- No. of Monte Carlo tests = "20000"

- No. of Monte Carlo runs ="1"

- Search rhombohedral system = "True"
- Minimum cell a ="3"

- Maximum cell a ="15"

- Minimum cell b ="3"

- Maximum cell b = "15"

- Minimum cell ¢ ="3"

- Maximum cell ¢ ="15"

- Minimum cell alpha = "90"

- Maximum cell alpha = "90"

- Minimum cell beta = "90"

- Maximum cell beta = 90"

- Minimum cell gamma = "90"

- Maximum cell gamma = "90"

- Maximum R Refinement = "'0.45"

- Modification time = "06/07/2013 19:50:33"
- Modification editor = "admin"

Cell Search:

- Indexing method = "Dicvol"

- Maximum beta = 130"

- Maximum axis = "25"

- Maximum volume = "1000"

- FOM better than = "12"

- Include monoclinic system = "False"
- Include triclinic system = "False"

- Test monoclinic super axis = "False"
- Minimum peak intensity = "0.1"

- Use first x peaks = "10"

- Modification time = "06/07/2013 19:51:54"
- Modification editor = "admin"

Cell Search:

- Indexing method = "Dicvol04"

- Maximum beta = 130"

- Maximum axis = "25"

- Maximum volume = "1000"

- FOM better than = "12"

- Include monoclinic system = "False"
- Include triclinic system = "False"

- Test monoclinic super axis = "False"
- Minimum peak intensity = "0.1"

- Use first x peaks = "10"

- Modification time = "06/07/2013 19:53:17"
- Modification editor = "admin™

Unit Cell Refinement:

- No. of refined parameters = "2"

- Snyder's FOM = "7.15330982208252"
- Chi square = "3.85639424393958E-7"
- No. of not indexed lines = "0"

- No. of indexed lines = "7"

- H max. ="20"
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- K max. ="20"

- L max. ="20"

- Use SVD ="True"

- Refinement mode = "Cell only"

- Weighting scheme = "Unit weights"

- Intensity min. = "0"

- 2Theta max. = "160"

- Delta 2Theta max. = "0.9"

- Use Included and Excluded = "False"

- Use only Single Indexed Lines = "False"
- Automatic Refinement = "True"

- Start with Cell = "True"

- Apply known offset = "False"

- Known offset = "0"

- Modification time = "06/07/2013 19:53:25"
- Modification editor = "admin"
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