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Figure 2-8. Different six types of adsorption Isotherms expected to be observed when
performing nitrogen adsorption-desorption studies. Taken with permission from Sing

[TBB. -ttt 78
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Figure 6-1. (a) Powder X-ray diffraction of LDHoche and LDHsy,. Typical LDH reflections
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Figure 7-1. (a) Struvite powder x-ray diffraction pattern and (b) Mg-Al COs powder ,-ray
diffraction pattern. Taken with permission from Kwok et al,, [152]. ....ccceoeirerreeninineencines 189
Figure 7-2. Characterisation of the ochre and struvite used to make the SO-LDHs. (a)
Shows the diffraction peaks obtained from the Powder X-Ray Diffraction. (b) Fourier
Transformed Infra-Red of both samples. (c) Thermogravimetric analysis of both samples.

Figure 7-3 Scanning electron microscopy images of (a) struvite (from waste). Although the
image is lacking some clarity, in the red box can be observed a trapezium-Llike
morphology. b) ochre from Saltburn, England. c) Synthetic struvite sample from chemical
SUPPULIET. ¢ttt ettt ettt 196
Figure 7-4 (a) Powder X-ray Diffraction analysis of SSO-LDH-R2 and SSO-LDH-R4. Typical
LDH diffraction patterns can be observed for both samples. The black ¢ corresponds to an
impurity related to the possible presence of a goethite phase. (b) Fourier Transformed

Infra-Red analysis of the SSOLDHR2 and SSOLDHRA............cccoirrreiinnieienire et 197
Figure 7-5 Scanning electron microscopy images of (a) SSO-LDH-R2 and (b) SSO-LDH-RA4.
......................................................................................................................................................... 199

Figure 7-6 Characterisation of SO-LDH-R2 and SO-LDH-R4, showing (a) the diffraction
peaks obtained from the powder X-Ray diffraction, (b) FTIR of both samples, (c)
thermogravimetriC @analySis. ..o 201
Figure 7-7 Scanning electron microscopy images of (a) SO-LDH-R2 and (b) SO-LDH-R4
showing the rose de sables morphology typical of layered double hydroxide minerals... 203
Figure A-1. 12-Tricosanone calibration CUMVE.........ccccveeirniiicinniccecer e 220
Figure A-2. Chromatogram of the crude reaction product, with the small peak at 11.83
related to the 12-tricosanone and the sharp, high peak at 9.60 representing the internal

STANAANA UCOSANE. ...ttt 220
Figure A-3. 1-phenyl-2-tridecanone calibration CUrve ...........coevveenenecneineeeeees 221
Figure A-4. Calibration curve of the 1,3-diphenyl-2-propanone...........ccccccoveeinrccninnnenee 223
Figure A-5. Calibration curve of the 6-heptadecanone.........cccccueeieciieeicciiee e 224
Figure A-6. Calibration curve of the 6-undecanone ..........occcoirrreinnccnnnee e 225

Figure A-7. Chromatogram corresponding to Entry 6 in Table 4-2 of the post reaction
crude mixture of the ketonic decarboxylation of the linoleic acid and the dodecanoic acid.

......................................................................................................................................................... 226
Figure A-8 m/z analysis of the unidentified product obtained at retention time of 7.37 min.
......................................................................................................................................................... 226
Figure A-9 m/z analysis of the unidentified product obtained at retention time of 7.40 min.
......................................................................................................................................................... 227
Figure B-1. Powder X-ray diffraction of the calcined ochre at 800 °C. The sample was

calcined for 3 hours under in @ MUFLE. .....cooiicii e 232
Figure B-2. Normalized production of hydrogen from LDHochre and LDHsyn..covevvvenveienennnes 235

Figure C-1 Powder X-ray diffraction pattern of the synthesis of the waste struvite and ochre
LDH synthesis dispersing the waste struvite in a solution with Na,CO3 and NaOH. The red
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Abstract

Concepts related to sustainability and the circular economy are more important
today than ever, with focus on reducing primary extraction of resources, geopolitics and the
high energy demand for primary resource exploitation and shipping [1-4]. In this thesis,
sustainability and circular economy concepts are explored through the study of the ketonic

decarboxylation of fatty acids and the use and characterisation of low-cost catalysts.

In Chapter 1, a review of the emergence of the need for circular economy principles,
and how this couples with energy demand and climate change is given, along with an
overview of the role of biomass and catalysis within a circular economy framework. A
detailed breakdown of what the circular economy is and how biomass could play a crucial
role to produce bio-derived added value products in the future is shown. Moreover, the
chapter goes further in exploring the different products that can be obtained from biomass,
such as ketones derived from fatty acids through the ketonic decarboxylation reaction. Thus,
the introduction explores in detail the different mechanisms that could potentially happen
during the latter ketonic decarboxylation reaction and the catalyst used to activate such
reaction. A wide variety of the catalysts mentioned in the literature and the different reaction
conditions in which the catalysts related to the ketonic decarboxylation reaction were used
is also covered. The final part of the review explores a particular family of catalytic materials
named the layered double hydroxides (LDHs), which can potentially be developed out of
waste materials to deliver the diverse range of applications the latter LDHs can be applied

for.

Chapter 2 explains in detail all the analytic methods used in this thesis, from the
methods employed to synthesise and characterise the catalysts, the reactants through to the
methods employed to quantify the latter obtained reaction products. Among the techniques
used and detailed in Chapter 2 are powder X-ray diffraction, Fourier-transform infra-red
spectroscopy, thermogravimetric analysis, inductively coupled plasma optical emission
spectroscopy, gas chromatography, mass-spectrometry, surface area analysis and scanning

electron microscopy.
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In Chapter 3, MgO was used to catalyse the ketonic decarboxylation of dodecanoic
acid to form 12-tricosanone at moderate temperatures (250 °C, 280 °C and 300 °C ) with
low catalyst loads of 1% (w/w), 3% (w/w) and 5% (w/w) with respect to the dodecanoic acid,
with a reaction time of 1 hour under batch conditions. Three different particle sizes for the
MgO were tested (50 nm, 100 nm and 44 um) and the ketone yield was found to increase
with increasing reaction temperature, reaching approximately 75% yield for all the samples
tested. The temperature was found to be the main control on reaction yield, rather than
surface area or particle size, which we show is related to recrystallization of the catalysts

during the reaction such that all particle sizes show similar crystalline domain sizes.

Chapter 4 continues to explore the use of MgO as an accessible and highly basic
catalyst to catalyse a more complex reaction mixture, the cross-ketonisation reaction of
different carboxylic acids (i.e. having different carbon chain lengths, unsaturated acids,
lacking a-hydrogens). This allows the study of the effect of catalyst-substrate and substrate-
substrate interactions in a given solvent system. The reactions were carried out at 300 °C for
1 hour, using a 5% (w/w) of MgO with respect to the carboxylic acid mixtures. The carboxylic
acids lacking a-hydrogens did not react to form ketones, whereas the saturated carboxylic
acids favoured the formation of symmetrical and asymmetrical ketone products, in clean
post-reaction mixtures. When carboxylic acids containing unsaturated C-C bonds were used,
a Diels-Alder reaction seemed to be outperforming the ketonic decarboxylation reaction,

favouring the formation of a variety of different products which were not fully identified.

Starting to explore the concept of circular economy, in Chapter 5, Mg/Fe layered
double hydroxide (LDH) materials, were successfully synthesised via the co-precipitation
method from a dissolved acid mine drainage precipitate waste mineral assemblage, known
as "ochre”, which is normally put to landfill. The prepared LDH materials were tested as a
heterogeneous base catalyst to promote the production of the ketone, 12-tricosanone,
from lauric acid, a component of plant oils, through a ketonic decarboxylation reaction,
giving a circular economy route to catalysts for sustainable ketone production. The highest
yleld of the ketone observed was 80%. In order to examine other sustainable uses, an
energy application was also considered in Chapter 6, where a Mg-Fe layered double
hydroxide material (LDH) of ratio 4 was synthesized from the acid mine drainage waste
“ochre”, which otherwise would end as landfill. The prepared ochre LDH was fully

characterised and compared against an LDH made of synthetic salts as an active
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photocatalyst for the hydrogen evolution reaction, producing up to 1272 umolh.g™" of

hydrogen.

Chapter 7 concludes ideas explored in Chapter 5 and Chapter 6, where a LDH catalyst
was prepared from ochre, by preparing a material wholly out of waste. Using a waste
material obtained from water treatment plants (i.e. struvite, a Mg mineral) and the Fe
containing mining waste ochre, LDHs of Mg/Fe ratio 2 and ratio 4 were synthesised.
Although the materials were not further tested as catalysts or adsorbents, obtaining a

material made wholly of waste was successful and the latter material was fully characterised.

Finally, Chapter 8 summarises the key findings from this study. Among some of the
achievements, it was concluded that the crystallite size might be playing a major role in the
ketonic decarboxylation reaction of dodecanoic acid in conjunction with the temperature
parameter, with the surface area and the active site availability having less impact on the
product yield. Moreover, it was also observed that the presence of unsaturation within the
carbon chain of carboxylic acids might influence the Diels-Alder reaction to outperform
ketonic decarboxylation reactions, however, as the literature is not fully clear on that process,
more experimental work was needed to give stronger conclusions. Finally, exploring the
concept of circular economy yielded the production of different LDH materials, partially and
wholly made of waste, producing the first ochre-struvite derived LDH material, which can
potentially be used in a wide variety of applications. The partial waste LDH was successfully
used for catalytic applications such as the production of ketones from carboxylic acids and
the production of hydrogen trough the hydrogen evolution reaction. Moreover, thefuture
work section discusses ways in which the gaps from this work could be addressed through

future work from other members of the group.
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1. Introduction

1.1. Context
During the 1980s, the concept of sustainable development was defined. This

definition stated that the needs of the current generation should be met without
compromising the needs of future generations [5]. Today, this definition remains as valid as
it was 40 years ago. However, and more importantly, the population worldwide has become
three times bigger than it was in 1950 (2.5 billion people to 7.8 billion in 2020) and it is
expected to keep growing up to 9.7 billion by 2050, according to an estimation made by
Yale University and the United Nations [6,7]. Undoubtedly, this rise in population will bring,
as well, increases in consumption of goods and energy resources from all around the World.
If we take into account that the impacts to the environment to fulfil today's population
demands in terms of energy and commodities can be already observed by way of global
warming, air pollution and resources depletion, it is no secret that efforts are being
undertaken by several nations to try to mitigate these negative effects by changing energy
policies and working towards the production of cleaner energy rather than using oil and
coal, aiming for a cleaner future [8,9]. Shylesh et al, [3] pointed out that the impact to the
environment caused by the use of oil and coal, such as the emission of greenhouse gases,
can be reduced when fuels are generated from renewable sources. Tied to the search for a
more sustainable industry sector, and society in general, exists the concept of the circular
economy, which has gained a lot of popularity in recent years, being an active part of many
countries and major private companies’ agendas [1]. Based on several contributions
throughout the years towards the circular economy concept, Geissdoerfer et al, [1] provided
the following definition: “a regenerative system in which resource input and waste, emission,
and energy leakage are minimised by slowing, closing, and narrowing material and energy
loops. This can be achieved through long-lasting design, maintenance, repair, reuse,
remanufacturing, refurbishing, and recycling.” However, sustainability and circular economy
should not be used as equal concepts, rather they share similarities and have differences,
where they share different relationships in terms of conditional, beneficial and trade-off
directions [1,2]. Addressing some of the energy problems society faces today, while trying to
work out the principles of circular economy and sustainable development, is not an easy
task. According to Manayil et al, [10] despite fossil fuel reserves still being added to, the

exploitation of 65 to 80 % of these would lead to a break with the United Nations framework
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convention on climate change (UNFCC) in which it is aimed to keep the rise in temperature
in this century to below 2 °C. The emission of greenhouse gases (GHG) is another key
environmental problem, directly related GHG include, notably, CO,, NOx and CHis. GHG
emissions are mainly produced when fossil fuel is combusted in order to produce energy
within an internal combustion engine. The reduction of the latter GHG are of significative
importance, due to the fact that the GHG not only accumulate in the atmosphere but also
contribute to also trap heat in the atmosphere, contributing hugely to what is called global
warming [11]. Despite significant efforts to mitigate the effects of GHG using renewable
electrical energy sources, there are still many transportation vehicles (e.g. ships, aircrafts and
trucks) that use, and will continue using, high energy-density hydrocarbon fuels [3,12,13].
Nevertheless, the increase in pollution and the negative effects on the environment are not
only due to the use of oil and coal, but also the waste generated by human activities plays
a role as critical as the one related to fossil fuels. Without a proper solid waste management
system, the shortage of landfills and the higher prices paid to dispose waste, as well as the
negative effects to the ecosystems (e.g., water contamination, spreading of diseases, erosion
of lands, etc) will keep increasing [14,15]. Tackling the pollution problems through circular
economy and sustainable development approaches could be achieved to some extend by
swapping gradually towards the use of clean energy sources such as wind, solar, biomass,

among others, to produce and offer environmentally friendly services and goods.

The use of biomass to transit towards a biomass-based economy could successfully,
in the coming future, produce the fuels and commodities that otherwise would be produced
following the conventional fossil fuel approaches [3,16]. Producing under green chemistry
principles, giving use to what otherwise could be considered waste to produce added-value
products such as catalysts or adsorbents for different applications using a circular economy
framework could also be another potential pathway to keep mitigating the negative effect

of any inefficient solid waste management and disposal.
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1.2. The circular economy framework

Waste materials could receive different uses rather than just being disposed of. This
trend, although not new, has been increasing in recent years as more and more countries
worldwide try to reduce their carbon footprint or fulfil environmental agreements with other
nations, pursuing the goal of a sustainable society development in the coming years [1,9,14].
The latter fits very well with the concept of the circular economy described by Geissdoerfer
et al, [1]. In his review, Geissdoerfer et al, encapsulates the essence of 114 statements made
by different authors. In their description, Geissdoerfer et al, [1] define the circular economy
as: "an economic system in which resource input and waste, emission, and energy leakages
are minimised by cycling, extending, intensifying, and dematerialising material and energy
loops. This can be achieved through digitalisation, sharing solutions, long-lasting product
design, maintenance, repair, reuse, remanufacturing, refurbishing, and recycling”. According
to the latter statement, it is clear that a circular economy approach for industrial purposes
is more advantageous than any other approach when moving towards sustainable societies.
However, nowadays societies are dealing with significant tasks when trying to tackle
problematic pollution. Among some of the latter societies having complex pollution and
emission problems is Mexico. Mexico is one of several countries where the pollution levels
and emission could be high enough to be detrimental for the inhabitants [17]. The country
growing at a fast pace during the last 20 years has lead to an unprecedent production of
waste streams [18]. In this work, the effect of the reaction parameters and the effect to the
catalyst in the ketonic decarboxylation reaction were explored (ie., the formation of ketones
from the coupling of two carboxylic acids, such as fatty acids). Thus, products from waste
streams (i.e., struvite and ochre) were used to prepare a catalytic material. The former and
the latter were decided to be explored as in Mexico, mine tailings, waste cooking oil streas
and wastewater treatment plant streams are pollutant streams from industrial processes
[19,20], which can be potentially included within a circular economy model. Although not
specifically related to Mexico, but to show the importance of using a circular economy
framework within the different production processes, some other examples are presented in
the following lines. he waste coming from the food industry can vary depending on the
specific business segment and geographic position, as the supply chain for the latter is
massive [21,22]. According to Redcorn et al, [23] up to 1.3 x 10° tons of food is lost annually
worldwide. However, most of the waste streams are organic in nature, which confers them

with an excellent opportunity to be exploited, possibly recovering valuable compounds from
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them [21,24]. For instance, phenols from fruit processing, as well as protein from cheese
production and hemicellulose from fiber product production are some examples among
others where waste steams could be potentially revalorized taking advantage of such “waste
materials” [25]. Nevertheless, although the circular economy is a concept that needs to be
further considered among the societies today, to work towards a more sustainable future,
there are several barriers that prevent circular economy to be implement in many economies
today, such as lacking economic viability of circular economy models, no compromise to
engage in circular economy projects and the lack of proven, mature and cost-effective
technologies nowadays to favour the implementation of the latter circular economy, in

Mexico and the world in general [26].

1.3. The role of the biomass and biofuels in a circular economy framework
Biomass involves all organic matter on the planet with the exception of fossil fuels.

It is mainly composed of carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulphur (S),
the latter in relatively small quantities, as well as trace elements, and can be found in
different forms. It can be found in high volumes and almost in every place around the globe.
It is considered to be renewable, CO, neutral, clean and the most abundant source of carbon.
Included in biomass resources are forestry, organic wastes originated from people’s daily
activities as well as agricultural wastes. Thus, biomass is a promising alternative to obtain
chemicals and fuels and has been seen as a competitive option to obtain bioresources,
generating high expectations, as reported in the literature [16,27-30]. Fitting into the
definition of the circular economy explained in Section 1.2, the use of biomass as a raw
material for energy and commodities production is not a new one, moreover when referring
to the production of so-called biofuels. Triglycerides, lignocellulose and starchy feedstocks
are all suitable feedstocks from which to produce biofuels [4,26,28]. Depending on these
sources, biofuels can be organized into four different generations. The first generation
(bioethanol, biodiesel and vegetable oils) comes from feedstocks based on traditional arable
crops for human consumption such as rice, wheat, sugarcane, oil palm, soybean, etc.
Pyrolysis of lignocellulose biomass (e.g. wood chips, bagasse, pine, oak, etc) produces bio-
oil that can be considered as a second-generation biofuel because the feedstock for its
generation comes from non-food based crops [4,27,28,31]. Algae (aquatic feedstock) lead to

third generation biofuels. Their rate of production is high and theoretically use considerable
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less land area than the other two generations in order to get a significant amount of fuel
[31-34]. According to Azizi et al, [31] genetically modified microorganisms (e.g., fungi,
cyanobacteria and microalgae) are the feedstock for fourth generation biofuels and direct

conversion of CO, to fuels can potentially be achieved.

1.3.1 Biofuels drawbacks
Despite first generation biofuels being a mature and proven technology, concerns

exist over the sustainability of their production, competing with the land normally used to
produce food, competitive cost against actual fossil fuels and limited reduction in
greenhouse gases emissions [35,36]. In addition, high viscosity and cloud point as well as
low energy content and high acid number make biodiesel unsuitable to use as a fuel for all
environments and engines [25,37]. First generation biofuels also include vegetable oils (e.g.
soybean, palm and waste cooking oil), as they can be used as a fuel directly within a
combustion engine instead of using them to produce biodiesel, however, high viscosity
remains a major problem in conjunction with low cetane number generating deposits within
the combustion chamber, delays in the ignition, clogging, poor atomization of fuel spray,
etc [37-39]. Modifications to engines, preheating methods and blending with fossil fuels are
some of the proposed solutions to overcome the latter drawbacks, making the use of
vegetable oils unsuitable with the existing infrastructure [38-41]. On the other hand, second
generation biofuels avoid the controversy of the first-generation fuels as they are made of
non-food-based crops. However, an important drawback is that the actual infrastructure and
the scope of this technology remains limited at large scale [42,43]. Thermochemical
processing, such as pyrolysis or gasification of biomass, leads to promising products for the
generation of fuels and chemicals. Bio-oil is the liquid fraction of the pyrolysis of biomass.
The major drawback is that it is a highly oxygenated, unstable and corrosive product [44,45].
In order for it to be used as a biofuel, this complex mixture of organic compounds needs to
be upgraded, for example through hydro-deoxygenation and hydro-denitrogenation [35,44-
46]. Although third generation biofuels can yield a significant amount of high quality fuel for
less landmass than the other two, the actual infrastructure for its production needs to be

improved in order to make the process feasible and sustainable at scale [33,47,48].
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1.4 Biomass-derived products
As mentioned in Section 1.3, biomass can be converted into biofuels, and depending

on their source, these fuels can be classified into different generations. However, biomass
could also be used to generate other added value products using diverse strategies [49].
Shylesh, et al, [3] discussed different routes that can lead to conversion of biomass into
diverse products using pyrolysis, plant and algal oils as well as Csand Cs sugars coming from
hemicellulose and cellulose from lignocellulosic biomass. They identify two different
“biomass-derived synthons” as intermediate products coming from the sugars and oils from
biomass. The first ones are ketones and alcohols derived from glucose and xylose. The
second ones are carboxylic acids derived from pyrolysis oils and fatty acids [3]. The latter

mentioned biomass-derived synthons are presented in Figure 1-1.
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transformation of the latter into different value-added products following (a) self-cross ketonisation, (b)
condensation, (c) hydro-deoxygenation, (d) alkylation, (e) direct etherification and (f) reductive etherification
reactions. Reprinted with permission from from Shylesh, et al, [3]. Copyright 2021 American Chemical Society.

According to Figure 1-1, diesel-like products, gasolines and lubricants can be
obtained once the three main raw materials (carboxylic acids, ketones and alcohols) undergo
different transformation routes. Thus, it can also be seen in Figure 1-1 that
hydrodeoxygenation is involved in most of the transformation routes as a final conversion
step, favouring the deoxygenation of the synthons. However, hydro-deoxygenation has
important disadvantages when being considered as an upgrading process, nevertheless, that
will be covered in the following pages. A clear observation from Figure 1-1, is that,
theoretically using biomass as the starting point and producing a diverse range of different
synthons, the synthons can be further processed into something else, and so on until
obtaining the desired final product, which is what was further explored in subsequent
chapters (ie., Chapter 3 and Chapter 4, where fatty acids were used as reactants when
analysing the ketonic decarboxylation reaction). For instance, carboxylic acids can be further
reduced to ketones and alcohols, which are the other two building blocks to produce other
molecules, they are also presented in Figure 1-1. Thus, the carboxylic acids can be obtained
from plant oils and animal fats (e.g. soybean, jatropha, rapeseed, sunflower oil, etc.) in the
form of triglycerides [50]. Carboxylic acids also have a large carbon number, similar to the
length of the carbon chains from fossil fuels and this has made researchers focus their
attention on trying to produce bio-derived fuels using them [51]. Common fatty acids
structures in vegetable oils are presented in Table 1-1 [52]. The effect of the unsaturations
within the fatty acid’s chain was further explored in Chapter 4, in an attempt to understand
how the presence of such unsaturations could potentially affect the reaction mechanisms of
the ketonic decarboxylation. Table 1-1 is a summary of the most common fatty acids that

exist in vegetable oils, divided by the degree of saturation.
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Table 1-1. Common fatty acid presented in vegetable oils. Adapted from from Issariyakul, et al, [52].

System name Common name Symbol Formula Double bond
position2
Saturated
Decanoic Capric C10:0 C10H2002 -
Dodecanoic Lauric C12:0 C12H2402 -
Tetradecanoic Mystiric C14:0 Ci4H2802 -
Hexadecanoic Palmitic C16:0 Ci6H3202 -
Octadecanoic Stearic c18:.0 C1gH3602 -
Eicosanoic Arachidic C20:0 C20H4002 -
Docosanoic Behenic C22:0 C22H4402 -
Tetracosanoic Lignoceric C24:.0 C24H4802 -
Unsaturated
Hexadecenoic Palmitoleic c16é:1 C16H3002 9c
Octadecenoic Petroselinic C18:1 CigH3402 6¢
Octadecenoic Oleic C18:1 CigH3402 9c
Octadecenoic Elaidic C18:1 CigH3402 ot
Octadecenoic Vaccenic C18:1 CigH3402 11c
Eicosenoic C20:1 CaoH3802 5¢
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Eicosenoic Gadoleic C20:1 CaoH3802 9c
Eicosenoic Gondoic C20:1 Ca0H3802 11c
Eicosenoic Euric C20:1 C20H3802 13c
Polyunsaturated

Hexadecadienoic C16:2 Ci6H2802

Octadecadienoic Linoleic C18:2 CigH3202 9c12c
Octadecatrienoic Linoleic-a c18:3 C1gH3002 9c12c15¢
Octadecatrienoic Linoleic-Y c18:3 C1gH3002 6c9c15¢
Octadecatrienoic Eleostearic Cc18:3 CigH3002 9c11t13t
Octadecatrienoic Calendic c18:3 C1gH3002 8t10t12c

ac = cis-form; t = trans-form

The most common vegetable oils (edible and non-edible) with their respective fatty

acid composition are presented in Table 1-2 [52-54].

Table 1-2. Fatty acids composition in common plant's oils [52-54]. Each oil is composed from different fatty

acids with different carbon chains, such as C12, C14, etc.

Fatty acids (% of total fatty acids)

Oil type C12:0 | C14:0 | C16:0 | C16:1 | C18:0 | C18:1 | C18:2 | C18:3 | C20:0 | C22:0 | C22:1 | Reference
Soybean 0.0 0.0 10.1 0.0 43 223 | 53.7 | 8.1 0.0 0.0 0.0 [53]
Sunflower | 0.0 0.0 5.2 0.1 37 337 |565 |00 0.0 0.0 0.0 [53]
Palm 0.0 0.0 448 | 0.0 46 389 |95 04 0.0 0.0 0.0 [53]
Jatropha | 0.0 0.0 185 | 0.0 23 49 29.7 |00 0.0 0.0 0.0 [54]
Canola 0.0 0.0 3.1 0.2 13 56.6 | 224 |14 04 0.2 0.1 [52]
Coconut 509 | 211 9.5 0.0 49 84 0.6 0.0 0.0 0.0 0.0 [52]

It can be seen from Table 1-2 that every oil (e.g., soybean, sunflower, etc) have

different fatty acid composition, which derives in a mixture of carboxylic acids with different

carbon chain lengths. As further explored in Chapter 4, the effect of the carbon chain as well

as the unsaturation degree of the fatty acids seemed to be impacting the ketonic

decarboxylation reaction, unfavouring a clean reaction product. Another important message
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to take from Table 1-2 is that when further processing the bio-derived synthons, the oxygen
content of the molecules is reduced. For instance, carboxylic acids are reduced to ketones,
alcohols to alkenes, ketones to alkanes, and so on. The latter reduction of the molecules is
due to the fact that current infrastructure for chemical commodities and fuel production
mostly use non-oxygenated compounds, which are petroleum derived products [35,44],
therefore bio-derived products need to fulfil the latter infrastructure requirements.
Therefore, if the bio-derived synthons are planned to be used without modifying the current
oil infrastructure, these bio-derived synthons are required to be upgraded, in most cases,

reduced (i.e., deoxygenated) into other compounds.

1.5 The deoxygenation of biomass-derived products

Biomass derived synthons, which are further used as building blocks for the
production of fuels and chemical commodities have seen exponential research growth over
the past decade [55,56]. As observed in Figure 1-1, some studies suggest the production of
a first set of synthons, such as glucose or oils, which can be obtained from biomass sources
[3,57] and use the latter synthons to further undergo into chemical transformation to more
complex molecules. A great example in terms of a well-known technology that represents
the latter statement is the production of the first-generation biofuels. As explained in Section
1.3.1, biodiesel is produced through transesterification of triglycerides coming from
vegetable oils, animal fats or waste cooking oil. The result is a mixture of esters with
properties which are similar to a diesel fuel [58]. Bioethanol, on the other hand, is produced
on large scale using sugarcane and starch grains, raising the problem of using food for fuel
production [59]. Although blends of biodiesel and bioethanol with petroleum-derived fuel
are used globally, both of them are not fully compatible with the petroleum infrastructure
existing today, as the oxygen content present within these biofuels leads to poor storage
stability, poor cold flow properties and reduced energy density [60,61]. Another example
where upgrading to the bio-derived product is needed, specifically mentioned in Section
1.3.1, is the liquid product from biomass pyrolysis (i.e. bio-oil). The most important drawback
of bio-oil to be accounted as an efficient petroleum substitute, is the highly oxygenated
composition of the oil, which leads the latter to have undesirable and poor ignition
properties, which makes the bio-oil unsuitable even for preliminary combustion

applications, inside boilers or kilns [62,63]. Therefore, alternatives to completely remove the
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oxygen from the produced biofuels or at least reduce their oxygen content is crucial if the
alm is to incorporate such biofuels into the actual petroleum infrastructure while seeking to
achieve the highest energy potential possible [64,65]. Through catalytic deoxygenation, the
aforementioned goal could be attained. The latter reaction encapsulates three main
chemical transformations, which are: 1) hydro-deoxygenation (HDO); 2) decarboxylation (the
reaction of interest within this word); and 3) decarbonylation. All three are of use to reduce
the oxygen content within a molecule. Depending on the conditions and the required
properties of the final products, HDO, decarboxylation or decarbonylation can be used to
improve the properties of oxygenated fuels to the point where they can be considered
oxygen-free [60]. When the deoxygenation reactions are used with olils, typically the oxygen
is eliminated from the carboxylic acid structures and leaves in the form of H,O, CO,and CO.
Temperature, type of catalyst, reaction atmosphere, reactant types and pressure, all play an
important role in the total conversion of the fatty acids into petrol-like fuels [61]. HDO
transforms fatty acids and oils into diesel-like fuels removing oxygen to form water and n-
paraffins [66]. There are some large companies, such as Neste Oil and UOP-Eni (with the
NExBTL and the Ecofining processes, respectively) that have implemented HDO into a large-
scale scheme [67]. Despite the advantages of achieving a full conversion of the biomass raw
materials to produce hydrocarbons compatible with the current fossil fuel infrastructure
(e.g., green diesel), hydrodeoxygenation operates at a range of temperature, typically
between 325-360 °C and uses high pressure hydrogen (between 50 to 80 bar of pressure),
making the process expensive to engineer and energy demanding. In addition, special care
needs to be taken with the facilities where hydrogen is used, due to the explosive nature of
the molecule [66-68]. Green diesel composition and properties are close to conventional
diesel, and unlike biodiesel, it is a hydrocarbon mixture rather than an oxygenated
compound with some desirable diesel properties [69]. A comparison between different diesel
types is presented in Table 1-3.

Table 1-3 Properties comparative between diesel, biodiesel and green diesel. Adapted from Baldiraghi, et al,
[69].
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As observed in Table 1-3, green diesel is almost identical to diesel fuel, with a high
cetane number, low sulphur content and a good heating value among other desirable
properties, making it adequate to use with conventional fuel infrastructure in engines and
refineries, avoiding the need to adapt the existing technology to make it compatible with
the fuel. Both, the biodiesel and the green diesel can be obtained using waste raw materials
such as waste cooking oil, as the former and the latter are products of chemical reactions
with carboxylic acids (e.g., fatty acids) through the transesterification reaction (biodiesel) and
the hydrogenation reaction (green diesel) [4,68,70]. The other two deoxygenation reactions
are decarbonylation and decarboxylation. Decarbonylation is a reaction in which oxygen is
also eliminated from fatty acids and oils molecules. The carbonyl group present in carboxylic
acids leaves in form of CO [71]. The decarboxylation of fatty acids and their esters is a well-
studied process in which oxygen leaves in the form of CO,. Although this process is less
expensive than HDO, selectivity to certain products can be low and enlargement of the

carbon chain length cannot be attained [25,67,68,72-74].

Ultra-low sulphur Biodiesel (FAME) Green diesel
diesel (ULSD)
Oxygen content (%) 0 11 0
Specific gravity 0.84 0.88 0.78
Sulfur content (ppm) <10 <1 <1
Heating value (MJ kg-') 43 38 44
Cloud point (°C) 0 -5to 15 -20 to 20
Distillation range (°C) 200-360 340-370 200-320
Polyaromatics (wt%) 11 0 0
NOx emission (wt%) Baseline +10% -10%
Cetane number 51 Between 50 and 65 Between 70 and 90
Stability Baseline Poor Baseline

The two latter deoxygenation reactions are illustrated in Figure 1-2 [75].
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I. Decarboxylation = R-COOH — R-H+CO,y(g)

II. Decarbonylation = R-COOH —>» R-H+ CO(g) + H,0(g)

III. Decarbonylation = R-COOH + H,(g) ——3= R-H + CO(g)+ H,0(g)

Figure 1-2. Production of linear hydrocarbons from fatty acids. Adapted from Murzin et al, [75].

Romero et al, [76] worked with deoxygenation reactions, specifically with the
decarboxylation and decarbonylation of Jatropha curcas and waste cooking oil, using Mg-
Al mixed oxides and calcium oxide as catalysts (without hydrogen involved in the reaction)
to evaluate the grade of conversion of these compounds into diesel-like fuels. In their study,
Romero et al, used approximately 180 g of each oil with 3% wt. of catalyst in batch and
semi-batch schemes at 400 °C for 6 hours, each reaction. The researchers concluded that
batch experiments led to a higher yield of liquid products, over 80% of them. On the other
hand, the semi-batch experiments gave less liquid yield and higher gas phase products.
Liquid products were composed of high hydrocarbon composition, concluding that the oils
could be potential raw material to produce diesel-like fuels. The results are presented in

Figure 1-3.
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Figure 1-3. GC/MS analysis of the products obtained from the different deoxygenation reactions. JCO refers to

Jatropha curcas and WCO refers to waste cooking oil. CaO (i.e., Calcium oxide) and MG70 (i.e.,, hydrotalcite)

were used as catalyst. Taken with permission from Romero, et al, [76].

In a different study, Fu et al, [77] conducted hydrothermal decarboxylation reactions
using palmitic and oleic acids with activated carbon as catalyst (no metals involved). Some
of the catalyst samples were treated with either H, or N> to remove impurities that could be
present over the surface of the activated carbon. The control experiment in which SiOz was
used instead of the activated carbon showed no pentadecane formation after 3 hours at 370
°C. The subsequent results of the hydrothermal decarboxylation with the different carbon
catalysts are shown in Table 1-4. All reactions were performed at 370 °C over 3 hours using
different catalyst loadings (5 to 100 mg). Thus, the reactions were performed varying the
temperature from 330, 350, 370 up to 385 °C over 3 hours and using a catalyst load of 15
mg.

Table 1-4. Conversion and selectivity of the decarboxylation reactions of palmitic and oleic acid, where AC-1N
is the activated carbon pre-treated with nitrogen, AC-1H is the one pre-treated with hydrogen, AC-1 is activated

carbon made via a phosphoric acid washing and AC-2 was made of peat and was activated using steam. Adapted
from Fu, et al, [77].
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a 17-hour batch without catalyst

Catalyst Reactant Decarboxylation = Conversion Molar yield Selectivity (%)
(acid) product (%) (%)

None2 Palmitic pentadecane - 07+0.2 -

AC-1N Palmitic Pentadecane 20+ 4 102 525

AC-1H Palmitic Pentadecane 212 10+2 48 £ 6

AC-1 Palmitic Pentadecane 24 +£3 9+2 386

AC-2 Palmitic Pentadecane 33+13 196 58+4

AC-1 Oleic Heptadecane 80+4 61 7+1

According to the results in Table 1-4, pretreatment did not play a significant role in
the conversion and selectivity towards the desired product as the results were similar.
However, the source of the activated carbon affected the activity of the catalyst as observed
between AC-1 and AC-2. Fu et al, concluded that neither hydrogen nor noble-metal
catalysts are required and that the activated carbon can transform fatty acids (saturated and
unsaturated ones) to petrol-like fuels. In addition, the lack of unsaturated compounds as
products is a clear indicator that hydrogenation occurred during the decarboxylation
reactions, with the hydrogen donors coming from either water or fatty acids molecules [77].
Also, by using activated carbon as catalysts, Hossain et al, [78] examined the effects of the
decarboxylation of oleic acid without using either hydrogen pressure or hydrogen-donor
solvent. The reaction temperature was set to 400 °C using 5 g of catalyst, and H,O to feed
ratio of 4:1, with a stirring speed of 800 rpm and for a reaction time of 2 hours. The products

from the experiment are presented in Table 1-5.

Table 1-5. Product distribution of the hydrothermal decarboxylation. Adapted from Hossain et al, [78].
Compound Selectivity (% composition)

Octane (CsH1s) 0
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Nonane (CoH20) 0

Decane (CioH22) 0
Undecane (C11H24) 0
Dodecane (Ci2H26) 2.2
Tridecane (C13H2s) 5.1
Tetradecane (C14Hz3g) 2.8
Pentadecane (Cis5H32) 44
Hexadecane (CieH34) 40
n-Heptadecane (C17H36) 81
Heptadecene (Ci7H3a4) 0.6
Octadecane (C1gHzs) 0
Nonadecane (Ci9Ha0) 0
Icosane (CaoHa42) 0
Oleic acid 0

The production of n-heptadecane in greater quantity than heptadecene indicates
that hydrogen is generated in situ during the decarboxylation process as no source of
hydrogen was added to the reactor. A possible explanation is that the CO produced by
decarbonylation (which is occurring at the same moment during decarboxylation) reacts
with water in the water-gas shift reaction to produce hydrogen. In addition, at elevated
temperatures, oleic acid can undergo thermal cracking, which will generate hydrogen too

[78]. The proposed reaction mechanism can be observed in Figure 1-4.
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Figure 1-4. Hydrothermal decarboxylation mechanism, adapted from Hossain et al,[78]

Zhang et al, [79] worked with supported Cu-Ni bimetallic catalysts to carry out the
decarboxylation of oleic acid. The authors used methanol as a hydrogen donor to examine
the production of hydrogen in situ during the reaction and what effect the catalyst has in
hydrogen generation. They used 50 mg of oleic acid with 15 mg of catalyst and an
unspecified amount of water and methanol, with reaction temperature of 330 °C In addition,
they concluded that for decarboxylation reactions using Cu-Ni catalysts, CuNi,Al favours the
hydrogen generation in situ whereas a NiAl catalyst favours the decarboxylation of
unsaturated fatty acids. Moreover, they also concluded that the presence of the Cu-Ni alloy

inhibited the possibility of the carbon bonds to crack into forming smaller molecules,
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favouring a higher selectivity towards heptadecane. Their results are presented in Figure 1-5

and Figure 1-6, respectively.
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Figure 1-5. Yield in moles of the products from the decarboxylation reaction of oleic acid using different
catalyst. Taken with permission from Zhang et al, [79].
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Figure 1-6. Yield of products over the CuAl and NiAl catalyst with the reaction times used. Taken with
permission from Zhang et al, [79].
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Dominguez-Barroso et al, [80] investigated the production of diesel oil-like fuels
using sunflower oil as the raw material using subcritical water conditions and Pt-Ni/Al,Os
and Pd/C catalysts. The parameters were varying according to the experiment using a water
to oil ratio of 1 or 2, 2 0.5 to 1 % w/w of catalyst respect to the feed, a reaction time from 2
to 4 hours and using different temperatures from 200 to 300 °C. The pressure was generated
by the reaction within the vessel reaching from 2 up to 10 MPa. Prior to the reaction, the
catalysts were activated in a H, atmosphere at 700 °C for 2 hours. The main products
obtained by Dominguez-Barroso were a mixture of hydrocarbon with diesel-like properties,

in a wide range of yields (from 20% up to 45% yield).

From the paragraphs above, it can be seen that the deoxygenation of molecules with
and without the presence of hydrogen through the use of a diverse set of different catalysts
is achievable, to greater or lesser extents. However, most of the latter mentioned reactions
where hydrocarbons were planned to be obtained from fatty acids, used catalysts with a
wide variety of metals, which are mainly composed of acidic lewis sites, non exploring the
use of solid base catalyst and the outcome of the deoxygenation reaction when basic lewis
sites are involved. Some deoxygenation of molecules, specifically through decarboxylation
also occurs through a specific mechanism named ketonic decarboxylation, in which it has
been found that the basic lewis sites play an important role. The ketonic decarboxylation
reaction will be further explored in detail as the latter mechanism is highly important to
produce ketones, which as discussed in Section 1.2 and Section 1.3, can be considered a

highly valuable biomass-derived synthon

1.5.1 Ketonic decarboxylation
Another deoxygenation pathway that has been extensively investigated is the

ketonisation reaction (also known as ketonic decarboxylation) [81-83]. This reaction can be
classified within the decarboxylation reactions mentioned in Section 1.5 and, as observed in
Figure 1-1, a ketone, CO; and water are formed from the coupling of carboxylic acids (which
could be referred to as primary bio-derived synthons, Shylesh et al, [3]) and proceeds as

follows:

R1 COOH + RzCOOH — R1COR2 + COz + Hzo 1.1
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Thus, the carbon chain length of the compounds can be increased by removing
carboxylic groups and generating a stable product with an increase in density, melting point,
flash point, boiling point and viscosity for subsequent hydrogenation or aldol condensations
to yield liquid alkanes [29,64,81,84,85], or used as ketones in their own right. Despite being
studied through the years, there is no agreement within the field regarding a single
mechanism by which the reaction proceeds. However, there are two different pathways that
have been proposed for the ketonisation reaction; these are a surface-based process and a
bulk reaction pathway [64,81]. The latter was derived according to the behaviour of acetic
acid with metal oxides with different lattice energies, when trying to convert the acetic acid
into acetone [86,87]. Oxides present high catalytic activity for the ketonisation reaction, which
is mainly attributed to the crystal structure, bond strength between metal and oxygen of the
catalyst and finally, the reaction is influenced by the presence of Lewis acid and base sites
in the catalyst [87]. According to the literature, low lattice energy or strong basicity oxides
lead to the formation of a bulk carboxylate that then undergoes decomposition into
acetone, water and carbon dioxide, whereas high lattice energy oxides lead to a reaction on

the catalyst surface [29,81,83,88].

1.5.1.1 Ketonisation through the surface carboxylate mechanism
According to Pham et al, [81], high lattice energy oxides (e.g. TiO,, CeO,, ZrO; and

MnO;) drive the acetic acid molecules to react over the catalyst's surface to form acetone
though the ketonic decarboxylation reaction. However, Pestman et al, [89] reformulated the
idea from results obtained from their experiments, stating that oxides with high metal-
oxygen bond strength proceed via surface ketonisation, since no salt was observed to be
formed when the strength of the bond of the oxides was high. According to Kumar et al,
[64], ketonic decarboxylation occurs through the surface of the catalyst used for the reaction,
but following any of the three identified possible surface routes, which are based on either
a ketene intermediate mechanism, a concerted mechanism or a B-ketoacid mechanism.
Thus, several authors agreed with the importance of the a-hydrogen within the mechanism
of the ketonisation reaction [81,82,89-92]. This hydrogen is the one bonded to the carbon in
the a-position in the molecule. Pestman et al, [89] demonstrated that as the amount of a-
hydrogen decreased in the experiment (Le., four different acids were used were the number

of the a-hydrogens varied from 3 to 0), less ketone was formed. Pham et al, [81] stated that
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it is common to observe a strong relation between the number of a-hydrogens on the
carboxylic acids and the reaction activity in all surface ketonisation studies. Corma et al and
Pulido et al, [82,90] showed that a B-ketoacid mechanism involving a-hydrogens was
kinetically favoured over other possible mechanisms. Pacchioni [91] highlighted the
importance of the abstraction of the a-hydrogens, in concordance with other researchers,
to form the correct intermediates for the ketonisation to occur. Finally, according to the work
of Neunhoeffer and Paschke [92], a carboxylic acid without a-hydrogens does not undergo

the ketonisation reaction.

The B-ketoacid mechanism
As mentioned before, according to Pham et al, [81] the activity of the ketonisation

reaction depends on the number of the a-hydrogens present in the molecule. Neunhoeffer
and Paschke [92] proposed a mechanism taking into consideration the a-hydrogen effect.

This can be observed in Figure 1-7.

o)
H, COOH {j
HOOC
) &

OH Hooc

Figure 1-7. Mechanism in which the B-ketoacid is formed. The B refers to the position of the specific carbon,
within the carbon chain-lengh, which is the second carbon to the right of the carbonyl group. Adapted from the
proposed mechanism by Neunhoeffer and Paschke [92].

According to Figure 1-7, the reaction to transform adipic acid to cyclopentanone proceeds
with the formation of a B-ketoacid intermediate. The catalyst basic surface abstracts an a-
hydrogen to form a nucleophile that attacks a different carbonyl group to form a ketone. A
B-keto acid intermediate is obtained through the coupling an enolate (or equivalent) and
another carboxylate (or equivalent, such as an acylium ion), which can then undergo further
decomposition to form a ketone and CO; following a concerted decarboxylation pathway.
The B-keto acid mechanism has been studied by some authors and despite being widely

supported, no B-keto acid has ever been detected in the reaction, perhaps due to its rapid
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decomposition [81]. Looking further into the ketonic decarboxylation mechanism involving
B-keto acid formation, Nagashima et al, [93] conducted a cross-ketonisation reaction using
propanoic acid and branched carboxylic acids over a CeO;-based catalyst. The authors
reached the conclusion that the less a-hydrogens involved in the reaction, the less the
ketonisation proceeded. According to these authors, the route for the cross-ketonisation of
the propanoic acid to happen was through the B-keto acid mechanism, as the carboxylates
were formed at the surface for a subsequent a-hydrogen abstraction to produce a B-keto
acid intermediate that underwent decarboxylation to form a ketone. In a different study,
Pham et al, [88] prepared and tested a Ru/TiO,/C (activated carbon) catalyst to study the
ketonisation of acetic acid in the liquid phase, in which incorporating Ru helped to increase
the activity of the catalyst by more than 50%. Their research is in concordance with other
authors in pointing out the existence of a-hydrogens as a requirement for the ketonisation
to proceed. Thus, the authors proposed an explanation for the ketonisation mechanism in
which two carboxylates, one of them previously enolised, react to form a C-C bond for the
subsequent formation of a B-keto acid intermediate that then undergoes decarboxylation
to form the ketone. Moreover, Pulido et a/, [82] worked with different oxide catalysts in order
to transform decanoic acid into 10-nonadecanone through ketonisation. Monocyclic
zirconium oxide was chosen as the most appropriate catalyst leading to good conversion
and selectivity towards the ketone. They concluded that the latter could not only be used
with decanoic acid, but with other carboxylic acids with a wide range of molecular weights.
To have a better understanding of the mechanism behind the ketonisation, these authors
conducted a computational chemistry density functional theory (DFT) study of the
decarboxylation of two molecules of acetic acid. The results showed that the B-keto acid
mechanism is kinetically more favoured that the any other possible route. The mechanism

proposed is shown in Figure 1-8.

43



B H H CH3

H +
& O
CHs CHs : HOH 0:27<0 H H OH
+ + (O ” \ O u \\o
OH g OH m- Zr02 | | | |
m—Zr02 m-ZrO,
HZC%T,CH3 YCH3
OCO H HOH o OCO HOH
— I
m-ZrO, m-ZrO,

Figure 1-8. B-Keto acid mechanism for the conversion of acetic acid over monocyclic zirconium oxide. Adapted
from Pulido et al [82].

The concerted mechanism of ketonisation
This is another proposed pathway for the ketonic decarboxylation to occur, which

mainly differs from the B-keto acid mechanism due to the fact that C-C bond formation as
well as CO; formation occurs at the same step (i.e., in a concerted step) [64,82]. Figure 1-9
shows the concerted route for acetic acid over a zirconium oxide catalyst. Recent research
has proven that this route is not as strongly favoured as the B-ketoacid one [82,90], however

it works to explain the ketonisation reaction in molecules lacking a-hydrogens [82].

- HaC HyC CH,3
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Figure 1-9. Mechanism for the concerted route of the ketonic decarboxylation. Adapted from Pulido et al,
[82].
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1.5.1.2 The Effect of the different catalysts on ketonisation
According to the literature, the ketonisation reaction is likely occurs through a

surface carboxylate mechanism, as seen in Section 1.5.1.1. For the latter to happen, it is
imperative that a carboxylate species can be formed over the surface of, for instance, an
oxide catalyst and that the oxide can favour adsorbate-adsorbate interactions though
coordination at unsaturated cation sites that can lead to intermediates for further
production of a ketone, as discussed by Pham et al, [81]. The intermediates would likely be
produced through the B-keto acid mechanism, also described in Section 1.5.1.1. The metal
oxides are one type of catalyst that have shown high activity for the ketonisation reaction,
in which acetic acid has been the most tested carboxylic acid. Possibly, the basicity of the
sites, the strength of metal-oxygen bonds and the lattice energy are the main variables to
take into account when considering ketonisation on metal oxide surfaces [64]. Some widely
studied metal oxides include CeO, MnO, ZrO; and in less quantity MgO and TiO.. Presented
below, Table 1-6 is a condensed report of the information found in the literature regarding
the catalysts used for the ketonisation reactions. A deeper review for each of the main

catalysts for ketonisation mentioned in Table 1-6 is presented in the following sections.
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Table 1-6. Condensed table with a wide variety of catalysts used in the literature to promote the ketonic
decarboxylation reaction, with the optimal reaction temperature and the obtained conversion of the desired

product.

Type of Desired

catalyst reaction
product

CeO2 Acetone

Ce02-Mn203 3-Pentanone

CeO2 Acetone

Ce02/Si02 Acetone

(Supported

over silica)

CeO:2 Acetone

Ce02 10-
Nonadecanone

MgO 12-tricosanone

MgO Acetone

Rutile TiO2 C>-C4 Ketones

Monoclinic C>-Cs Ketones

ZrO;

Ce02-ZrO2 5-Nonanone

Monoclinic 10-

ZrOz Nonadecanone

ZrO2 5-nonanone
(intermediate)

ZrO» 5-Nonanone

TiO2 5-Nonanone

Conversion
(%)

97
73.9
51.3

973

Traces

95

93.2

100

100

82

80

Reaction
phase

Vapour
Vapour
Vapour

Vapour

Liquid

Vapour
Vapour
Vapour

Vapour

Vapour

Vapour

Vapour

Vapour

Vapour

Vapour

Optimal
performance
temperature
Q)

400
350
350

450

150

425

400
300
530-560

530-560

355

400

400

355

355

Reference

(76]
[93]
(87]

[94]

(83]

(82]

[95]
(86]
[96]

[96]

[97]

(82]

[90]

[16]

[16]
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CeO: catalyst
Cerium oxide has several characteristics that make it a suitable oxide for ketonisation

at high temperatures. These are its stability at elevated temperatures as well as its high lattice
energy and its strong metal-oxygen bond strength [64]. Glinski et al/, [98] carried out
experiments with twenty different oxide catalysts at a temperature range between 250 to
450 °C. Using 10% wt. of metal oxide supported on silica, they determined that at 400 °C the
CeOy, La;03, CdO and the MnO; catalysts presented higher activity in comparison with the
rest of catalysts for the ketonisation of acetic acid, with a quantitative conversion observed,
with the CeO; and the MnO; being the most active ones. The results from the latter research
are shown in Table 1-7.

Table 1-7. Yield of acetone at different temperatures using a 10 wt.% of metal oxides supported on silica
catalysts. Adapted from Glinski et al, [98].

Active Yield of acetone (%)

phase 300 °C 325 °C 350 °C 375 °C 400 °C 425 °C 450 °C
Pure  silica 2 2 3 4 5 20 32
support

B2Os 2 2 2 2 3 6 7
MoOs 2 2 1 4 5 5 5
WOs3 2 4 6 6 5 5 6
P20s 1 1 6 10 12 9 5
V20s 3 4 4 9 21 29 24
Bi.O3 10 6 5 11 18 28 44
NiOP 7 9 10 31 B b B
AlLOs 0 0 4 15 37 45 52
CuOrc 5 5 6 29 39 43 50
ZnO 6 9 10 19 33 54 67
PbO 6 10 15 36 76 79 75
Cr203 1 8 52 48 39 46 54
Fe203 13 32 39 66 59 60 52
CoO 13 15 48 50 63 64 68
MgO 7 20 39 53 59 68 74
Nd203 3 3 6 22 61 70 -
La20s3 3 12 14 50 87 - -
MnO> 18 22 34 72 96 - -
Cdo 6 27 73 76 94 - -
CeO> 9 24 31 96 97 - -

47



Table 1-7 includes MgO, a highly basic catalyst used in this work (see Chapter 3 and
Chapter 4). Nevertheless, the ketone yield (i.e., acetone) produced in Glinski et al, work when
using MgO showed a relatively small yield percentage, which is contrary to the results
obtained in this study at a temperature of 300 °C, which were superior (up to 80% yield of
ketone) meaning other factors apart from temperature are involved in the ketone production
through the ketonic decarboxylation reaction. In another study, Nagashima et a/, [93] used
CeO;-based composite oxides to perform the ketonisation of propanoic acid at 350 °C and
with 10 mol% of a second metal added, achieving significant results when Mn was put
together with the CeO,. The resultant compound (CeO,-Mn;0s) delivered the highest
percentages of conversion and selectivity with 73.9% and 97.4%, respectively, among other
metals used including Mg, Al, Cr, Fe, Co, Ni, Cu and Zr. The authors found out that not only
the Mn, but also the Mg and Cu, showed higher conversion of the carboxylic acid when
combined with CeO; in comparison with the CeO, without any metal added. Moreover,
Yamada et al, [87] showed that CeO,, as well as other rare metal oxides such as La>Os, PreOqs
and Nd»Os, had high catalytic activity for the conversion of acetic acid to acetone at 350 °C.
The conversion and selectivity values for CeO: were 51.3% and 99.9%, respectively. Working
with bio-derived products, Deng et al, [94] undertook research that was focused on
upgrading bio-oil produced from fast pyrolysis using weak solid bases to reduce its high
acidity and oxygen content and synthetize ketones that can further be converted to diesel-
like fuel with aldol condensation and hydrotreatment. In their experiments, CeO, catalyst
supported over silica (CeO,/SiO;) showed excellent performance as it was still converting

97.3% of acetic acid after a run of 96 hours at 450 °C.

Snell and Shanks [83] also worked with bio-oil and a ceria catalyst in order to
understand how the reaction of acetic acid with this oxide catalyst proceeded at lower
temperatures. They found out that the reaction occurred in toluene at 230 °C but when the
temperature was decreased, almost all acetic acid remained unreacted. On the other hand,
when the temperature rose to 300 °C, full conversion of the acid was obtained. In a different
study, Pulido et al, [82] showed full conversion of decanoic acid to 10-nonadecanone with
Ce0: at 425 °Creaching a selectivity of 95%. As ceria is a catalyst that has shown an excellent
performance to favour surface ketonisation of acetic acid, different temperature ranges have
been investigated to understand its behaviour. According to Pulido et al, no metal

carboxylates were formed when the temperatures were under 150 °C. Within the
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temperature range, between 150 °C to 300 °C, the acetic acid form cerium acetates and at

temperatures higher than 300 °C, the metal carboxylates decompose into acetone [64].

MgO catalyst
Corma et al, [95] used a fixed-bed reactor at 400 °C to promote the formation of 12-

tricosanone using dodecanoic acid as starting material. Corma et al, however does not
disclose the characteristic of the MgO used during the study. After several runs at different
catalyst to feed ratios, high conversion of the dodecanoic acid up to 96.4% and high
selectivities towards the desired ketone product (98%) were achieved. No mechanism was
proposed in this study, however, they concluded that MgO could easily work as a reliable
catalyst for the ketone production at high yields. Mekhemer et al, [86] studied the formation
of acetone using MgO as the catalyst for the ketonic decarboxylation, trying to bring insights
regarding whether the reaction proceeds over the surface of the catalyst or through a
possible bulk mechanism, as the one mentioned in Section 1.5.1.2,, although the latter
seemed to be unlikely as it is believed that high-lattice energy oxides will tend to avoid the
formation of bulk carboxylate structures [89]. The authors carried out the reactions at 300 °C
as they mentioned temperature above 400 °C could bring secondary reactions into play,
such as cracking and pyrolysis, affecting the maximum yield of expected ketone product. /n
situ IR studies were performed during the reactions, in conjunction with the reaction
products, leading Mekhemer et al, [86] to conclude that despite the MgO being a high-
lattice energy oxide, the magnesia powder did promote the formation of bulk carboxylates
that were activated at around 225 °C to decompose into acetone, water and carbon dioxide
followed by an activation of the adsorbed carboxylate species over the surface at around
300 °C. Acetone is further adsorbed and oxidised into acetate and carbonate species. The
work performed by Mekhemer et al, was important during the development of Chapter 3
and Chapter 4 in this work, as in Chapter 3 and Chapter 4, the formation of bulk carboxylate
species (as Mekhemer et al, suggested) was discarded through the analysis of the obtained
FTIR peaks, which lead us to think rather than forming the bulk carboxylate species, the
reaction proceeded merely through a surface reaction mechanism, as mentioned in Section
1.5.1.1.
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ZrO; and TiO: catalysts
In work presented by Wang and Iglesia [96], a comparison between the aldol

condensation reaction and ketonisation of carboxylic acids in the gaseous phase was
studied, pointing out that ketonisation requires enolate-like species in the form of 1-hydroxy
enolates for a subsequent reaction with another acid to occur, and further decompose via
CO; and H;O elimination. They considered the latter enolates as important intermediates
species for the reaction over the catalysts TiO, (anatase and rutile) and ZrO, (monoclinic and
tetragonal) at 230 — 260 °C with a selectivity of >95%. They also reported the behaviour of
the carboxylates depending on which TiO; oxide they were using. Monodentate carboxylates
can saturate acid-base pairs of the anatase form of TiO, while bidentate carboxylates will do
the same over the rutile TiO; structure. According to their research, some side products were
present at the end of the reaction. Acid anhydrides and o,B-unsaturated alkanones can be
formed due to intermolecular dehydration of the reactants, or from a further aldol
condensation of the alkanone products first formed, respectively. The work of Wang and
Iglesia resulted interesting when performing the ketonic decarboxylation reactions in
Chapter 3 and Chapter 4, as when analysed through FTIR, carboxylate species were observed
to be adsorbed over the surface of the MgO, which lead us to think that the surface
mechanism (see Section 1.5.1.1) could be happening promoted through the presence of the
called enolate specie, further reacting with another adsorbed carboxylate specie over the

surface of MgO.

Shutilov et al, [97] also worked with ZrO, and CeQO;-ZrO; catalysts to convert
pentanoic acid into its corresponding ketone (5-nonanone). In their study, Shutilov et al,
used different zirconium catalysts. ZrO, was made by calcination in air at 450 °C (Zr-450) and
a different one following the same calcination route but with a subsequent calcination in H:
at 355 °C (Zr-450-H). According to their results, at 355 °C, both zirconium oxide catalysts
achieved a conversion of 85.5% and a selectivity of 78.4% for Zr-450 and 75.9% for Zr-450-
H. However, maximum conversion under the same conditions was obtained by CeO,-ZrO;
catalyst, with values of conversion and selectivity of 93.2% and 78.7%, respectively. Pulido
et al, [82] tested the performance of alumina, silica, ceria, zirconia and mixed zirconium
cerium oxides to decarboxylate decanoic acid into 10-nonadecanone at different

temperatures and getting full conversion of the carboxylic acid at 400 °C with ZrO, and
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CeZrO4 with a selectivity in between 90 to 95%. As the m-ZrO, (monocyclic zirconium oxide)
exhibited full conversion at 400 °C and a selectivity of 95% without showing significantly
lower activity below that temperature when compared to the CeZrO4 and CeO,, they
concluded that m-ZrO; is a suitable catalyst to perform ketonisation of carboxylic acids.
Corma et al, [90] conducted experiments using zirconium oxide as a metal oxide support
catalyst for the ketonisation of decanoic acid and valeric acid (i.e., pentanoic acid, a
carboxylic acid with the formula CsH100z), separately, at 400 °C. In the case of the decanoic
acid, using 2.5 g of the catalyst for the reaction favoured full conversion of the latter acid
and a selectivity superior to 95% without changes for 24 hours. Even though they processed
100 g of substrate per gram of catalyst, the results did not change. On the other hand, 1 g
of catalyst was used for the reaction of the valeric acid, a substrate that was chosen for being
a biomass-derived compound. The conversion reached 85% and dropped to 70% when more
than 90 g of valeric acid was used per gram of catalyst. To reactivate (after four catalytic
cycles), the catalyst was calcined at 500 °C for two hours with an air flow of 50 mL/minute.
The authors concluded that ZrO; is a suitable catalyst to perform ketonisation reactions. Wu
et al, [84] investigated the ketonisation of acetic acid over ZrO; in an aqueous-phase at 340
°C for 12 hours. However, they included different amounts of carbon within the catalyst to
study their behaviour and how ketonisation was affected by its use. Their results are
summarised in Table 1-8, where ZrO,-HT600C, ZrO,-HY600C, ZrO,-UiO600C and ZrO:-
CA600C are the catalyst made by hydrothermal precipitation, hydrolysis of organic
zirconium, carbonization of Zr-based MOF materials and the Sol-Gel with citric acid
methods, respectively. Only ZrO,-UiO600C and ZrO,-CA600C were carbonized during their
preparation method and further characterization showed poorly crystallized t-ZrO; existence

for them.
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Table 1-8. Ketonisation of acetic acid in aqueous phase with zirconia catalysts with different amounts of
carbon within them. Adapted from Wu et al, [84].

Catalysts Acid conversion Production Production
(%) (mmol/gcat) (mmol/gZr02)
Zr0O2-HT600C 13.27 13.32 13.54
ZrO2-HY600C 18.24 14.99 15.51
Zr02-Ui0600C 25.30 23.72 34.13
Zr02-CA600C 38.56 38.09 62.09

As observed in Table 1-8, ZrO,-UiO600C and ZrO,-CA600C presented higher
conversion, acetone yield and also possessed higher carbon content than the other two.
They concluded that the presence of carbon helped poorly crystallised t-ZrO, enhancing its
surface properties, leading to the results presented before. Tosoni and Pacchioni [99] worked
with a zirconium catalyst in its tetragonal phase (t-ZrO,) trying to find a reaction route for
the ketonisation of acetic acid. They highlighted that the reactivity of the catalyst was
determined by Lewis basicity of the surface cations, their under-coordination and the
presence of reduced centers, and that the catalyst possess excellent thermal and mechanical
properties. They conducted a DFT study, concluding that a hydrogen pre-treatment that can
result in surface reduction to help to stabilise key intermediates and make the reaction
proceed more readily was beneficial. According to Pham et al, [88] who worked with two
different catalysts for the ketonisation of acetic acid in the liquid phase, TiO,/C and
Ru/TiO,/C, in which C is activated carbon, it was expected that activation could enhance the
dispersion of TiO,. The reaction parameters were 180 °C, lower in comparison with most
studies as they usually work with higher temperatures (<300 °C), and a varying pressure of
400-800 psti. The authors concluded that pre-reduction of the catalyst is an important step
to improve ketonisation activity no matter whether the reaction is in the gas phase or liquid
phases, as the conversion with non-reduced catalyst was compared with the pre-reduced
one and the latter showed a better conversion percentage (10%, in comparison with 1.5%
exhibited by the non-reduced catalyst). The Ru/TiO,/C catalyst obtained a conversion of
54.2%, which was higher than the 15.9% obtained by the TiO,/C catalyst, showing that the
addition of Ru enhanced the activity of the catalyst, making it suitable for a ketonisation
reaction in the liquid phase at low temperatures. Simakova and Murzin [16] tested Al.O3, TiO,
ZrOz and CeO: at 355 °C in a ketonisation reaction to couple carboxylic acids. Among the
tested catalyst, ZrO, and TiO, showed the highest conversion (82 and 80 %, respectively).

Thus, binary systems were tested in order to discover a catalyst showing a better activity
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than the single ones. When adding ceria in a 10% to the zirconia-based catalyst, the
conversion raised up to 92 — 93%, however, the selectivity was not affected by the amount

of ceria in the system.

Zeolites as heterogeneous catalysts to promote ketonic decarboxylation
Ketones from acetic acid have been reported since 1980 over acidic zeolites,

however, the mechanism details, the role of the water and the condition for high selectivity
remains uncertain. When performing the ketonisation over a zeolite catalyst, reactions like
aldol condensation or aromatisation may appear, leading to difficulties to track the
mechanism. In addition, the catalyst can be deactivated by secondary reaction of products,
such as acetone, when working with acetic acid [100]. Stefanidis et a/, [101] highlighted that
the use of acid zeolitic catalysts with strong Br@nsted sites leads to the formation of CO,
H20 and aromatic compounds with a low concentration of oxygen. The findings in the work
of Stefanidis et al, seems to agree with has been discussed throught the use of oxides to
promote ketonic decarboxylation, which is that the presence of basic sites (e.g., Br@nsted
basic sites and Lewis basic sites) favour the possible abstraction of a a-hydrogen which leads
to the formation of an enolate species which further reacts with the other carboxylate species
adsorbed over the surface of the basic catalyst, as pointed out in Section 1.5.1 and Section

1.5.1.1.

53



Other catalysts and the reaction atmosphere effect on the ketonic
decarboxylation reaction
Finally, some recent studies have demonstrated the efficiency of layered-double

hydroxide (LDH) materials to act as catalysts to promote ketonic decarboxylation, mostly
due to their basic properties [102]. Layered-double hydroxides are a hydrotalcite-like
materials with several applications, of which one is serving as heterogeneous catalysts. An
hydrotalcite is part of a class of clays called anionic clays with brucite-like layers (ie,
Mg(OH)2) containing interchangeable anions in the interlayer [103]. The structure of these
types of materials (LDHSs) consist of octahedrally coordinated layers of M2* and M3* cations
with hydroxides, with anions in the interlayer balancing the positive charge [104]. In this
thesis, apart from studying the effects of a low-cost catalyst as MgO, LDHs were also
synthesised using different methodologies and raw materials, such as waste materials,
therefore, before going into more detail of LDHs, the preparation of the catalysts using waste
raw materials, appealing to green chemistry principles and the circular economy framework

(Section 1.2), gains importance on being addressed.

1.6 Catalyst development from waste raw materials, improving process
sustainability
The production and use of heterogeneous catalysts are highly important areas for

the chemical industry. Heterogeneous catalysts have been used over the past decades as an
alternative to catalyse reactions while avoiding some of the inconveniences from using
conventional homogeneous catalysts for chemical reactions, such as corrosion of the
machinery, difficulties to recycle the resultant streams, catalyst separation, amongst others.
[105,106]. Therefore, a heterogeneous catalyst can be described as a solid material which
promotes the conversion of reactants into products while regenerating during the process
and that can be easily separated from gas or liquid mixtures [107]. Moreover, the production
of such heterogeneous catalysts from waste sources has increased in the last decade [108-
110]. The latter sentence is relevant to this work, as in Chapter 5, Chapter 6 and Chapter 7,
waste materials (ie, the mining waste ochre and the phosphorous waste from
watertreatment plants, struvite) were used to produce a catalytic material, therefore, the
review of what has been done with waste and potential catalytic applications of the latter
waste is important for this thesis. A well cited work proved the efficiency of using eggshells

as a basic heterogeneous catalyst to promote the transesterification reaction to produce
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biodiesel more than a decade ago [108]. In a similar manner, Maneerung et a/, [111] calcined
chicken manure at 850 °C to obtain a highly active and low-cost CaO catalyst, which was
subsequently used to produce biodiesel through transesterification of waste cooking oil. In
another interesting work, also focused on biodiesel production with high yields, Mohamed
et al, applied a fast pyrolysis process to produce a highly stable sulphonated catalyst using
rice straw (i.e., lignocellulosic biomass, that is plant dry matter) as the raw material [109].
Castro-Leodn et al,[112] explored the production of catalysts derived from waste sludge (such
as the mining waste used during the development of Chapter 5 to Chapter 7) obtained from
the mining and petroleum industries. Such catalysts proved to be efficient enough when
compared against commercial catalysts for CO chemisorption and cracking of crude oil.
Zhan et al,[113] used the Bayan Obo tailings in China (the largest deposit of rare earth
elements on earth) for catalytic purposes. With the presence of elements such as Fe, Ce, Ti,
F, St and O, the catalyst produced through calcination of the tailings proved to be efficient
for the catalytic combustion of low-concentration methane. In a recent effort from the
Greenwell group, the mining waste material Ochre (FeO(OH)) from Saltburn, England, was
used to synthesise a layered-double hydroxide (LDH) which was employed as a basic
heterogeneous catalyst for the production of a ketone (12-tricosanone) from dodecanoic

acid through the ketonic decarboxylation reaction[114].

1.7 The abundant and non-toxic magnesium oxide (MgO) as a catalytic
alternative for sustainable processes
MgO, periclase, can be found naturally in other minerals such as magnesite (i.e.,

magnesium carbonate) and dolomite, which is a mixture of calcium and magnesium
carbonate. Through the mining of magnesium carbonate and subsequent thermal
decomposition, MgO can obtained [101,115]. MgO has been widely studied in the literature
because it is an oxide that exist in abundance in nature, also considered to be non-toxic (i.e.,
not harmful when manipulated) [101,116,117]. Due to these characteristics of MgO, the use
of MgO in the literature covers a vast range of applications related to sustainability, such as
being used as an adsorbent, as an insulator, as a heterogeneous catalyst, as a photocatalyst,
among others [116,118]. The intrinsic characteristic of the MgO as a catalyst include a highly
basic nature, having various Mg?* and O coordinated sites on the surface and a ionic high

lattice bulk structure [86,119]. As already described in Section 1.5.1.2, MgO has been explored
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as a catalyst to promote the ketonic decarboxylation reaction of carboxylic acids, however,
as a heterogeneous catalyst, MgO has been widely used with different sustainability
applications. Demirbas [120] used MgO as a catalyst for the production of biodiesel through
the transesterification of vegetable oils such as rapeseed, soybean and sunflower oil, with
methanol at supercritical conditions. Varying the catalyst loads from 1% wt. to 5% wt. while
increasing the temperature (from 250 °C to 400 °C) of the reaction favoured the production
of the derived methyl esters [120]. Hae Won et al, [121] used MgO in conjunction with
supports such as carbon, ALOs; and ZrO, to examinate the effect of the latter MgO in
suppressing the production of coke that would inhibit the catalyst activity towards
transforming lignin biomass into pyrolysis derived oil (i.e., bio-oil). The MgO supported over
carbon proved to be efficient in producing a high yield of aromatic hydrocarbons when
lignin was put to react in pyrolytic conditions. In an interesting study, Zheng et al., [122]
produced highly photocatalytic MgO particles with a flower-like morphology. The MgO
samples were obtained after calcination of the reaction product of precipitating Mg** and
COs? at a temperature of 70 °C. The product which size was in the microns, proved to be
efficient to degrade organic dyes under, such as Congo red, thymol blue, bromothymol blue
and a mix of all the latter dyes plus the presence of methylene blue. All the latter dyes were
degraded at UV light irradiation and using 10 mg of the catalyst per 100 mg/L of dye
solution. Moreover, for the same conditions, the MgO particles also degraded more than

other photocatalyst such as ZnO and Degussa P25 TiO2.

1.8 The Layered-double hydroxides (LDH) materials
The layered-double hydroxides (LDHs) are a family of synthetic and naturally

occuring layered minerals, often referred to as hydrotalcite-like materials, after the most
commonly encountered natural mineral form. The most widely used forms have the chemical
formula [M?2*1,M3*,OH2]** [A" Jun y.H20, where M?* and M3* represent a divalent and trivalent
cation respectively, with A representing the anion which will lay in the interlayer [123,124].
These materials are made of layers consisting of positively charged metal hydroxides, which
has the charge balanced with the anions that exist in the interlayer region [102]. LDHs have
attracted a lot of research attention due to their versatility as a material when it comes to
the synthesis (relatively easy synthesis protocols), recyclability and tuneability in terms of

cations on the layer and anions in the interlayer [125]. It is the tuneability factor of the LDHs
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that make their applications span a vast range. They can be found in the literature being
used for different applications, not necessarily related one another, however the catalytic
uses of LDH have been increasing over the years. In a comprehensive review, Xu and Wei
[126] explored the uses of the LDHs as solid-base catalysts. Xu and Wei mention that LDH
can be "activated” by firstly calcining the sample and subsequently hydrating the latter
calcined LDH, which causes the material to regenerate, through the so-called “memory
effect”, which according to Xu and Wei, the re-hydrated LDH will perform better than the
original LDH material. Such LDHs, as mentioned before, can be used for base-catalysed
reactions such as aldol condensations, Claisen-Schmidt condensation, among others, which
are important chemical reactions to produce value-added chemical commodities. For
instance, Bing et al, [127] prepared Ca-Al LDHs which were re-hydrated after the calcination
and used the later re-hydrated LDH to promote the aldol condensation of isobutyraldehide
with formaldehyde to produce hydroxypivaldehyde with a yield of ~ 65%. Feng et al, [128]
summarised the potential uses of LDHs as supports for catalytic applications, such as the
catalytic oxidation and hydrogenation reactions, more in concrete the partial hydrogenation
of acetylene, methanation, selective oxidation of biomass, among others that are
representative reactions in different chemistry fields, such as the petrochemical and fine
chemical industries but also related to the new sustainability and green energy fields. In
terms of the partial hydrogenation of acetylene and methanation, one of the main
conclusions is that the capabilities of the LDH to introduce active cations onto the
interlayers, which then after calcination and reduction should improve the catalytic
properties of the material. Due to the basic properties of the LDH and the basic sites act in
conjunction with the metallic sites, potentially selective oxidation reactions of biomass occur
towards the production of added-value bio-derived products. Focusing into the use of LDH
in the sustainability area, Gupta et al, [129] used an LDH-supported gold nanoparticle
catalyst to promote the production of 2,5-furandicarboxylic acid (i.e., FDCA) up to a yield of
~99%, from the reaction of the latter catalyst with 5-hydroxymethylfurfural, which is
considered to be among the 12 most important bio-derived products. The catalyst had a
reusability of up to three times without significatively losing the activity [129]. Smith et al
[102], used LDH compounds as heterogeneous basic catalyst to promote the ketonic
decarboxylation reactions of carboxylic acids at high temperature. Smith et al, obtained a
conversion of stearic acid into the corresponding symmetric ketone (i.e., stearone) towards

the use of Mg-Al LDHs of different R-values (i.e, [Mg?*]/[M**]) ranging the latter R-values
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from 1 to 6 and obtaining ketones yields up to 90% at reaction temperatures of 250 °C. To
aid to visualise what an LDH is, Figure 1-10 is a schematic representation of the LDH

structure.

| | "

Figure 1-10. Schematic structure of the LDH material. The interlayer anion as well as the layers
are represented. Taken with permission from Smith et al, [102].

As observed in Figure 1-10, the LDH are composed of brucite-like layers (ie.,
Mg(OH),). In the brucite, the Mg?* is 6-fold coordinated to OH" (i.e., octahedral coordination)
where the Mg?* shares edges which subsequently forms infinite sheets that exists being
stacked on the top of one another [103]. In the LDH layers, similar to the brucite, some of
the M?* (i.e., divalent cations, which are 6-fold coordinated to OH") are replaced by M** (ie,,
trivalent cations) which results in positively charged layers that are balance by the presence
of an anion in the interlayer (the interlayer also contains water) [103,130]. Due to the latter
characteristics of the LDHs and as a summary of the advantages that the latter LDHs
represent for the area of heterogeneous catalysis, LDHs have high cation tuneability in the
layers and the anion present in the interlayer is highly exchangeable. Moreover, LDHs also
can be calcined to form mixed metal oxides which make them suitable to immobilise active

catalytic species on the surface. Finally the basicity of the LDHs can also be tuned [128].
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1.8.1 Layered-double hydroxide synthesis through co-precipitation
The synthesis of LDH materials can be performed following different approaches.

According to Smith et al, [102] the most used synthesis approach is the co-precipitation
method, as the latter would lead to the formation of a crystalline material with a high surface
area, due to the low supersaturation conditions. On a typical co-precipitation procedure, a
solution of a desired M?*/M3* ratio to form the LDH would be precipitated into a solution
containing an excess of the anion (supersaturation conditions) that will reside in the
interlayer. The pH of the solution during the whole co-precipitation procedure is an
important parameter to consider, as varying or keeping the latter constant, would highly
influence the characteristics of the obtained product [102,124]. According to Crepaldi et al,
[124] and He et al, [123] keeping the pH constant during the co-precipitation synthesis of
the LDH materials lead to a highly crystalline and phase pure material when compared to
the ones obtained through a synthesis where pH was varied. The pH is usually controlled by
adding a highly basic solution into the reaction such as NaOH or KOH. The conditions of
constant pH favour the precipitation of the divalent and trivalent cations into an LDH
material under low super-saturation conditions. When the pH of the solution is constantly
varied throughout the whole LDH preparation, it is said the reaction was carried under high
super-saturation conditions. Contrary to the low super-saturation conditions in which higher
crystallinity is obtained, when working under high super-saturation conditions, rapid
nucleation is favoured over crystal growth, which then results in more crystals but with a less
crystalline condition [123]. He et al, [123] mention that, in order to precipitate the cations to
form the brucite-like layers, it is necessary to carry out the reaction in high super-saturation
conditions, obtained by having control over the pH of the solution, tuning the pH to a higher
number than the one expected for the most soluble hydroxide to precipitate. The pH values
of some common hydroxides formed with divalent or trivalent cations are presented in Table
1-9.
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Table 1-9. The pH at which hydroxides made of trivalent and divalent cations would precipitate. Adapted from
He et al, [123].

Cation pHat 102 M pHat 104M pH at which hydroxide
re-dissolves

AL+ 3.9 8.0 9.0-12.0

Cr3+ 5.0 9.5 12.5

Cu?* 5.0 6.5

Zn2+ 6.5 8.0 14

Ni2+ 7.0 8.5

Fe2+ 7.5 9.0

Co?* 7.5 9.0

Mnz2+ 8.5 10.0

As observed in Table 1-9, the pH conditions over 7, and circa 10 ~ 11 favour the
precipitation of divalent and trivalent cations, as hydroxide species, such as the ones used
in this study (Fe3* and Mg?*), during the development of Chapter 5, Chapter 6 and Chapter
7. Once the co-precipitation product is formed, an ageing of the resulting mixture at room
temperature or higher is required for the product to crystallise even further [104,123]. Finally,
the mixture should be passed through a filter and washing to remove any presence of
impurity. The steps of the co-precipitation method found in the literature seem to be
considered advantageous in terms of synthetic procedures when compared to others such
as sol-gel or hydrothermal, as most of the literature agrees the methodology is easy to
follow and reliable [102,123,124], however, it is far from being the right approach as a scaled-
up process for the production of LDH materials. The latter statement arises from the fact
that some of the major drawbacks from the latter lies mostly in the excess of the anion
solution needed to be incorporated in the interlayer to avoid competing carbonate, the
necessity for inert atmosphere to prevent carbonate inclusion as well as the highly basic

supernatants generated when the product is washed [123,124].
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1.8.2 Other methodologies to synthesize LDH materials
The co-hydration is another LDH synthesis procedure which overcomes the

disadvantages of the co-precipitation methodology. The co-hydration synthesis (ie., the
mixing of oxides with water) of LDHs has been explored by Greenwell et al, [131]. Rather
than using inorganic interlayer anions, in this study organic anions were used in the
interlayer. The co-hydration synthesis could be considered cleaner and more sustainable
than the co-precipitation method, since the oxides containing the M?* and the M3* cations
are mixed with water (at a slurry of 1% wt. with respect the amount of metal oxides) and the
organic acids (e.g., malonic acid, succinic acid, glutaric acid and adipic acid) are incorporated
later at a slight molar excess with respect of the M3* cation. In their study, Greenwell et al,
obtained a phase pure organo-LDH after the stirring, filtering, and drying of the resulting
reaction product. Following the methodology of Greenwell et al, [131], Smith et al, [102]
prepared Mg-Al LDH materials through the co-hydration approach and tested them as
effective catalysts to promote the ketonic decarboxylation of stearic acid. When compared
against Mg-Al LDH prepared through co-precipitation, the difference in reactivity of both,
co-hydrated and co-precipitated LDHs, was not big enough to establish that one route could
lead to the formation of a material with better reactivity to act as a heterogenous catalyst.
In a slightly different approach but following the same principles, Madej and Tyrala [132]
used a co-hydration approach with nano particles of MgO and ALOs. Both samples mixed
with water at a weight ratio of dry mix to water of 3 to 1 which produced Mg-Al COs LDHs.
The crystallinity and phase purity of each sample varied with the time left for them to age at
50 °C and humidity conditions of 95%, resulting in the sample left for 49 days as the one
with best crystallinity and phase purity.

LDH can also be prepared through ion exchange methodologies. According to He et
al, [123], when the layer cations or the interlayer anions are unstable under basic conditions
or the co-precipitation of the solutions is not viable, ion-exchange offers an alternative
synthesis process. For the ion-exchange to be suitable, the affinity of the incoming anion,
the exchange medium, the pH value and the chemical composition of the layers needs to
be considered. For instance, Bish et al, [133] deintercalated carbonate anion from the
interlayer and intercalated chloride anion when takovite (ie. nickel hydroaluminate) was

treated with HCl, with the samples left to age over one month period at 200 °C. In a recent
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study, Bhojaraj et al, [134] through butanol mediation at 120 °C, accomplished the removal
of carbonate anions from Mg-Al and Ni-Al LDHs to successfully incorporate monovalent
anions such as bromide, iodide, nitrate and chloride. Moreover, Bhojaraj et al, also
mentioned that the monovalent anions could also be incorporated into the interlayer
through mechanochemical conditions (solid-solid reactions with no presence of solvent
under standard conditions), that although more environmentally friendly, has the drawback
of making the LDH material lose the morphology. Mechanochemical anion exchange was
also explored by Intasa-ard et al, [135] with a vast list of formed M?* (i.e. magnesium, copper
and calcium) and M3*(i.e. aluminium, iron and tin) LDHs. Most of the materials produced
were made with no solvent and with or without mechanical actions such as grinding, milling
or stirring involved. Nevertheless, according to Intasa-ard et al, the process is limited as
there was no control over the morphology and particle size of the formed material. However,
the solvent-free synthesis environment, as well as the selective intercalation of anions, make
the process efficient and feasible. Hydrothermal synthesis of LDHs has also been explored
in the literature. According to He et al, [123], there are organic species which will not be
intercalated into the interlayer by co-precipitation or anion exchange, due to a lack of affinity
of such species with LDHs. Hydrothermal synthesis seems to be an alternative solution to
the latter, as insoluble hydroxides could be used to provide the cations to form the LDH,
with no other anion competing against the organic molecules to go into the interlayer of
the material[123]. Greenwell et al, [136] prepared ordered-organo-layered double
hydroxides of Mg-Al terephthalate with a Mg to Al ratios of 2, 3, 4 and 5. The intercalation
of the terephthalate anion into the interlayer obtained by Greenwell ef a/, was in a range of

76 to 80% with a highly ordered arrangement.

Xu et al, [137] formed a Mg-Al LDH using a hydrothermal process. The pH seemed
to affect the formation of the material, as working at pH 7 reduced the presence of hydroxide
impurities such as Mg(OH). when compared to the formed material at more alkaline pHs,
which agrees with Greenwell et al, [136]. Finally, another interesting LDH synthesis is the so-
called "rehydration through memory effect”. The latter is a procedure in which after
controlled thermal decomposition (calcination) of the LDH, they can be rehydrated in
aqueous solutions to incorporate anions into the interlayer, which are dissolved in solution.
During the calcination process the LDH loses the interlayer and adsorbed water, as well as

the anion in the interlayer and will also dehydroxylate, forming mixed metal oxides

62



[102,123,138]. However, once rehydrated, the anion incorporated does not need to be the
one that the LDH was originally made from, which gives the material greater versatility to
produce different inorganic and organic anion variations of LDHs [123]. Invoking the latter,
the LDH memory effect has been extensively studied due to the applicability of such
synthesis in adsorption studies. Santos et al, [139] prepared Zn-Al COsz LDHs through the co-
precipitation method at room temperature. The materials were used to remove the pollutant
Acid Blue 113 (AB) dye through adsorption mechanism. The adsorption capabilities of the
Zn-Al COs3 LDHs were compared against adsorption capabilities of the resulting mixed metal
oxides from calcining the former at 450 °C. Through the removal of the AB dye,
reconstruction of the lamellar LDH structure was obtained, incorporating the dye into the
new formed LDH material rather than the carbonate anion, which was the initial interlayer
anion when the Zn-Al CO; LDHs were first synthesized through co-precipitation. Moreover,
and according to Santos et al, the resulting synergy between the intercalation of dye into
the interlayer of the LDHs and the removal capacity of the mixed metal oxides outperformed
the adsorption capacities of the Zn-Al CO3 LDHs by up to six times. Appealing to the same
principle, Teixeira et al, [140] prepared photoluminescent LDHs (Zn-Al-Eu NOs) which were
subsequently calcined at two different temperatures (350 °C and 600 °C). Apparently,
according to the Teixeria et al, study, a better memory effect was found to occur in the
samples calcined at lower temperature, with rehydration happening faster, incorporating
1,3,5-benzenetricarboxilate (BTC) into the interlayer. The lower calcination temperature
better effect on the reformation of LDH seems to be in agreement with the
literature[123,139], as when higher calcination temperatures are reached, more stable spinel,
which then have a negative effect on the rehydration of the LDHs. Although in this study,
LDH were prepared from using the co-precipitation method (Section 1.8.1), it is important
to understand the drawbacks of such methodology, in producing highly basic supernatants

which cannot be disposed without further chemical treatment to make them pH neutral.
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1.8.3 Synthesis of LDH from waste materials
Appealing to the circular economy framework (Section 1.2), production of LDHs

using waste materials as the cation donors has also been explored. In a recent study,
performed by Kwok et al, [141] an LDH using struvite (i.e. a magnesium orthophosphate
mineral) which is encountered in water treatment plants as a precipitate due to the
insolubility of the latter in water. The struvite chemical formula is MgNH4PO4(6H.0). Kwok
et al, used the magnesium and phosphate content in the struvite to produce Mg-Al COs3 -
PO4 LDH through a in situ solid-solid growth method. In a recent study, Ping et al, [142]
managed to extract MgO from waste serpentine tailings in China, which is believed to have
over a thousand millions tonnes of waste of the latter serpentine tailings. The serpentine is
a layered crystal structure, and the main composition of the latter serpentine is ~38% of
MgO and 40% of SiO,. The extracted MgO was used to produce a partially waste-derived
Mg-Al LDH through a co-precipitation approach. The latter Mg-Al LDH was used as an
adsorbent of Pb and P, with an efficiency of 99% and 85%, respectively. The work of Ping et
al, is similar to the work performed during the development of Chapter 5 to Chapter 7 as
the LDH obtained by Ping et al, was also prepared using mining waste, such as the ochre
waste used in this work. Moreover and working with red mud (i.e, mining waste mostly
composed of goethite and hematite, also similar to the ochre waste used in this work), Li et
al, [143] used a mechanochemical approach that took advantage of the high amount of iron
oxides-hydroxides presents in the latter red muds to prepare a Fe;Os/Zn-Al LDH. The
mechanochemical approach consisted of a dry-wet milling operation, using a mixture of

Zn(NOs3)2-6H,0 to red mud of 2:1 which resulted in a crystalline LDH material.
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1.9 Summary and conclusions
The world is changing and moving towards more sustainable approaches to the

current manufacture and production chain infrastructures. From the simple task of
transportation to the complexity of producing chemical commodities and fuels, nowadays
and more than ever, green chemistry is taking an important role. Moreover, the circular
economy approach gains in importance as more research concludes that in the future,
producing goods under a circular economy framework could bring more advantages than
disadvantages to the next generations. Using waste to generate added-value products
encompasses the definition of what the circular economy is. Several authors [108-110,144]
have studied the production of added-value products such as biofuels or heterogeneous
catalysts using waste as the source of the raw materials, with a wide variety of results. A
particular type of material that becomes relevant when dealing with circular economy and
sustainability issues, is the layered-double hydroxide (LDH). The LDHs are a brucite-like
material with plate-like sheets stacked upon one another with a wide variety of synthesis
methodologies as well as different applications. Mostly used as heterogeneous catalysts or
adsorbents, LDH materials can also be prepared using waste. LDH synthesis using ochre or
struvite as raw materials have proved the capabilities of the latter waste materials as the
foundation to produce heterogeneous catalysts to promote different chemical reactions as
well as acting as efficient adsorbents [114,141], while providing value to materials that
otherwise would be considered waste and either disposed properly or end up contaminating
the environment. On the other hand, biomass, an accessible raw material for the production
of blo-derived products, is already producing an impact on the environment to generate
bio-derived products that can help combat pollution and greenhouse gas emissions
nowadays. Nowadays, much of the technology to produce bio-derived products from
biomass is being commercialised or is already at pilot/demonstration plant scale [145].
However, fully commercially available first-generation biofuels such as biodiesel and a few
of those coming from second generation have some drawbacks, one of the most important
being the high amount of oxygen content they have. The latter affects their energy density
and make them have undesirable characteristics in cold weather scenarios [146].
Deoxygenation processes of biofuels are mandatory when a diesel-fuel like compound is
desired. Processes as hydrodeoxygenation and decarboxylation are two of the most studied
ones. The first one, however, requires a vast amount of hydrogen in order to deoxygenate

biomass raw materials as fatty acids and convert them into diesel-like compounds[68]. Thus,
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a different pathway to remove oxygen out of biomass raw materials or bio-derived products
is decarboxylation. In this process, the molecules lose oxygen in the form of CO,. The latter
can occur when a C-C coupling reaction happens, as with ketonic decarboxylation, in which
long chain hydrocarbon chains are formed out of biomass derived molecules, which usually
are not that long before coupling [147]. Ketonic decarboxylation (ketonisation) is a reaction
that has been well-studied, however, no agreement regarding the mechanism has been
reached since it was discovered [64,82,148]. Several studies have been conducted using
different catalyst types, in order to finally find a reaction pathway and fully understand the
behaviour of the ketonic decarboxylation. Although no agreement has been reached yet,
several researchers conclude that the most logic pathway for the reaction to occur is the one
involving the so called B-keto acid mechanism, a reaction that need high lattice energy
oxides (e.g. TiOz, CeOy, ZrO; and MnO2) and in which the molecules react over the catalyst
surface [64,81,82,88,93]. Therefore, the use of low-cost or waste-derived materials to be
further utilised in sustainable processes to transform biomass into valuable bio-derived
added value products is a topic of research worthy of being explored due to the climate

change circumstances our society is living under.
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Aim of this study

In today's world, societies are moving faster towards a more sustainable and circular
economy, as new green objectives and policies are being push forward in order to mitigate
the adverse effects that the current production infrastructure is causing to the environment
[1,2]. In alignment with the trend towards more sustainable production processes, this work
focuses in exploring low-cost (in the context of using catalysts that does not require
expensive metals) catalytic alternatives to transform potentially biomass derived feedstocks
into added-value bio-derived products, thereby coupling a sustainable catalyst to a
sustainable process. Going one step further, applying a circular economy framework of waste
reuse, to recycle and minimise waste, waste streams derived materials could potentially

deliver low-cost catalysts wholly made of waste [1-3].

The specific objectives of this thesis are: Objective 1. To evaluate whether highly basic low-
cost catalysts based on MgO can be used in biomass transformations using vegetable oil
components. The use of abundant and environmentally friendly catalyst for heterogeneous
catalytic processes has been encouraged over the years, aiming to make the chemical
conversion processes more sustainable [3,55,101]. MgO is a mineral derived low cost and
non-toxic oxide that has been widely used for catalytic purposes, due to its highly basic
nature [101,117]. MgO has been used for biomass transformation reactions in the past
[86,120,149], however, in this study different particle size MgO powders will be evaluated to
promote the ketonic decarboxylation of dodecanoic acid. The variability of the surface area
in conjunction with varying the reaction parameters such as the catalyst loads, and reaction
temperature will also be tested in order to identify key reaction conditions to tune to further
favour the production of the desired ketone products. Often, the use of nanoparticles results
in additional reactivity owing to the increase in grain boundaries. The role of the substrate
interactions will also be studied through using binary mixtures of different carboxylic acids

and studying the product distribution

Objective 2. Using a mining waste material for catalyst production. In the search of other
low-cost catalytic alternatives for catalytic purposes within the sustainability framework and
adhering to the concept of circular economy, the production of a catalytic material such as
a layered double hydroxide (LDH) using a waste stream as one of the mineral precursors for

the synthesis of the latter LDH will be performed. The mining waste ochre was selected as
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the high amount of iron in the sample could work as the M" donor during the LDH synthesis
and ochre is a prevalent regional waste material [150]. The formed LDH material will be tested
as a catalyst to promote the ketonic decarboxylation of dodecanoic acid into the respective
ketone product, in comparison with the MgO work, and also in the search of giving more
added-value to a waste-derived material, the production of hydrogen through the hydrogen
evolution reaction. Hydrogen can potentially be subsequently used for the hydrogenation

of biomass-derived products [102,151].

Objective 3. Using waste materials from mining and watertreatment plant waste streams for
catalysts synthesis. If the ochre successfully acts as the donor of the M" to form a ochre-
derived LDH, due to the ochre’s high content of iron, if used in the proper stoichiometric
amount, another waste stream containing a M" cation can be potentially act as a M" donor
and a wholly made of waste LDH material would form [150,152]. We will attempt to use ochre
and struvite (struvite is obtained from concretions within the pipelines of a wastewater
treatment plant) to act as cation donors for the production of an LDH material, which
encloses the essence of the circular economy, the revalorisation of waste and the extended

lifespan of the products.
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2. Analytical methods and experimental

In the present study different materials were synthesised. Some of them (i.e., layered-
double hydroxides (LDH)) were synthesized and evaluated as catalysts to promote
deoxygenation reactions (e.g., ketonic decarboxylation), while some other LDHs were
synthesized using waste materials as precursors in the search of giving a novel use to what
otherwise would be considered a waste to dispose. Moreover, magnesium oxide of different
particles sizes (i.e., MgO) were also used as catalysts to promote the ketonic decarboxylation
reaction in an effort to use a low-cost, environmentally friendly and effective catalyst to
further investigate the effect that the particle size, the temperature or the catalyst load could
cause in the ketonic decarboxylation reaction. Therefore, characterisation of such materials
had to be performed, for the as-synthesised LDHs as well as for the MgO powders that were
supplied by the chemical manufacturers. Characterisation analysis of the all the reactants
and precursors used in this study as well as the post-reaction products were performed using
analytical techniques such as powder X-Ray diffraction (PXRD), Fourier-transform infra-red
(FTIR) spectroscopy, nitrogen adsorption and desorption isotherms, scanning electron
microscopy (SEM), inductively coupled plasma optical emission spectrometry (ICP-OES),
inductively coupled plasma mass-spectrometry, gas chromatography (GC), mass
spectrometry (MS), differential scanning calorimetry (DSC), ultraviolet-visible spectroscopy
(UV-Vis), photoluminescence (PL) and thermogravimetric analysis (TGA). Thus, the
experimental procedure to carry out the chemical reactions are also explained as well. All
the latter techniques and experimental procedure are explained in detail, however, in each
subsequent results chapter, a brief description of the instrumentation and the experimental

procedures used is also presented.
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2.1 Powder X-Ray Diffraction (PXRD)

Powder x-ray diffraction (PXRD) is a well-known analytical technique used for
identification and characterization of crystalline structures. PXRD was employed during the
whole of the work presented in this thesis, for instance, in Chapter 3 and Chapter 4, the MgO
powders used to catalyse the ketonic decarboxylation reactions of fatty acids were
characterise before and after being put to react. From Chapter 5 to Chapter 7, PXRD was
used as an essential technique in order to determine whether the LDH was successfully
formed or not, after the co-precipitation synthesis procedures. Moreover, the crystallinity of
the LDHs and the possible different phases existing within the LDHs can also be addressed
through the use of PXRD. X-rays belong to the electromagnetic radiation spectra with
wavelengths within the 0.5 to 2.5 angstroms (A) (0.05 to 0.25 nm) [153]. Collision and loss of
kinetic energy of electrons between two electrodes at high voltage result in production of
X-rays with different wavelengths [154]. Electrons around the nuclet of the atoms from the
samples scatter the incident X-rays, resulting in constructive or destructive interference,
giving peaks or flat lines when full in-phase or out of phase. The latter behaviour can be
detected and measured by different approaches, with measuring the diffraction angle using
a diffractometer being the most commonly applied one [154]. A diffractometer is an
analytical instrument which can collect data as a function of angle to satisfy Braggs' law,
which is an equation that was formulated as a relation between the diffraction angles,
interplanar spacing and wavelength. Using the Miller indices (crystallographic indices that
describe crystallographic planes) and based on mirror reflections, the appliance of the

Braggs' law is shown in Figure 2-1 [155].
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Figure 2-1. Illustration of the fundamental mechanism which derived into the Braggs' law. Taken with
permission from Pecharsky, and Zavalij [155].

For the scattering of the x-rays to occur, a solid sample is needed. However, not all
solids can be included in the crystalline material category. The less order exists in a solid,
the more amorphous can be considered. Therefore, the more ordered the particle of a solid
ts, the more crystalline it can be considered [154,155]. Assuming that by nature a crystal will
be an infinite repeated arrangement of three-dimensional molecules or atoms, such

arrangements receive the name of unit cell, as observed in Figure 2-2.

Figure 2-2. Three-dimensional representation of a unit cell, showing all the lattice parameters. Taken
with permission from Pecharsky, and Zavalij [155].
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The unit cell components are called the lattice parameters a, b, ¢, o, B and y, which
are the representation of vectors or lengths (a, b and c) and the interaxial angles (o, B and y)
of the unit cell, usually measured in angstroms (A). Although in reality the crystallography
planes are used as a spatial representation of mathematical equations emerging from the
diffraction over a unit cell, they can be represented as observed in Figure 2-3. The latter
crystallography planes can be fully described by the Miller indices (i.e., A kand § and are
usually enclosed within a parenthesis (e.g., (hk)). Therefore, when using the indices, the
plane’s lattice vectors a, b and c are respectively divided into A, kand /equal parts (Figure
2-3). The space in between planes correspond to the interplanar space or d-spacing . The
value of the latter indices will be set to 0 whenever the plane is parallel to the corresponding

axis [154,155], as seen in Figure 2-3.

P g Ve a %

Figure 2-3. Representation of a unit cell with the plane parallel to c and b. The simple cubic structure showed
in this figure was chosen due to the simplicity of such structure, where the planes can be observed easily.
Taken with permission from Pecharsky, and Zavalij [155].

For this work, all the PXRD analysis of the as-synthesized LDHs (ie., Chapter 5,
Chapter 6 and Chapter 7) and the MgO powders (Chapter 3 and Chapter 4), were performed
in a Bruker D8 Advanced XRD machine in the Chemistry department, at Durham University.
The machine used a copper tube with radiation of 1.5418 A wavelength. The 26 angle range
was set to be 10-90 degrees. All the samples, MgO and LDHs, characterised in this work, ran
for a period of 60 minutes as total scan time. In a typical preparation of an XRD sample
within this work (all the samples from Chapter 3 to Chaper 7 analysed through PXRD,

followed the same preparation steps), a few mg (~20 mg of the sample) were ground and
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placed over a PXRD slide through a 120-mesh sieve to uniformly disperse the sample over
the whole surface of the slide. To fix the dispersed sample over the slide, a thin layer of
vaseline was put over the surface of the latter slide, prior dispersion of the sample.
Characteristic lattice parameters and diffraction patterns exist for LDH materials,
consequently, when synthesized and analysed through PXRD, the lattice parameters of LDHs
can be calculated with ease. The diffraction patterns obtained from PXRD for some of the
materials used in this study are shown in Figure 2-4((Figure 2-4(a), goethite (red asterisk)

and hematite (blue asterisk), respectively) and a LDH (Figure 2-4(b)).
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Figure 2-4. Powder X-ray diffraction patterns from different samples. a) The diffraction pattern of the Saltburn
ochre. b) The diffraction pattern characteristic of LDH materials. Taken from Chapter 5.
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In Figure 2-4(b), the diffraction peaks (003), (006) and (009) represent the characteristic
LDH diffraction peaks. Due to LDHs being rhombohedral/hexagonal systems, different
reflections are used to obtain the all the different unit cell parameters (e.g., Figure 2-3),
where ais equal to b, in this particular case. Using the (110) reflection, ais calculated as a =
2d10)and using the (003) reflection ¢ = 3dleo3). As observed, to obtain aand ¢ the d-spacing

was needed to be calculated first. To calculate @ the following equation is used.

2d sin@ = A 2.1

Equation 2d Sin@ = A 2.1 is the most used form of the Bragg's law where d'refers

to the interplanar d-spacing, A and 6 the wavelength and angle of the incident x-rays,

respectively.
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2.2 Fourier-transform infra-red spectroscopy (FTIR)
The importance of the infra-red spectroscopy analysis relies on the capability of the

technique to obtain data related to the functional groups that form different molecules [156].
According to the FTIR theory, the absorption of infra-red light within a molecule can be
observed as a transition from one energy level to a different one in terms of the molecules’
bond vibration represented by a vibrational spectrum (ie., where the energy of the light
wave is equal to the vibrational frequency , the latter light wave will be adsorbed) [157]. The
most common way that the bonds vibrate in molecules are through stretching and bending,

as observed in Figure 2-5.
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Figure 2-5. Different vibration and stretching of bonds in a water molecule. Taken with permission
from Cristy et al, [157].

Nevertheless, the latter vibration or stretching of the molecule bonds can be
registered using an infra-red spectrometer, which gives readings of the energy needed for
the bonds to move in terms of a wavenumber (cm™) once the infra-red light has been
absorbed by the molecule [158]. In this study, the MgO powder used in Chapter 3 and
Chapter 4, before and after being put to react, as well as the as-synthesized LDHs in Chapter
5, Chapter 6 and Chapter 7 were characterized through FTIR using a Perkin Elmer FTIR
Spectrophotometer, in the Chemistry department at Durham University. In a typical
characterisation through FTIR performed to all the samples from Chapter 3 to Chapter 7, a

few mg of the sample (~5 mg) were carefully placed on the instrument. The wavelength
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range was set from 4000 to 400 cm™". The force gauge set at a consistent 105 units on the
ATR cell anvil. Finally, pressure was applied on the sample through the force gauge on the
sample and the readings were observed on the screen of the computer. A FTIR spectra typical

of an LDHs (specifically in this picture, a Mg-Fe COs3 LDH) is presented in Figure 2-6.
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Figure 2-6. Fourier-transformed infrared spectra from a Mg-Fe COs LDH spectra with characteristic adsorption
peak related to the interlayer carbonate at 1356 cm-'. Taken from Chapter 5.

As observed, the carbonate LDH exhibited a behaviour specifically attributed to the
antisymmetric deformation of the carbonate anion, which is usually observed at 665 cm
and antisymmetric stretching vibration of the carbonate is observed at 1356 cm[86,114].
The broad peak ca3410 cm™ can be assigned to the stretching vibrations of the OH groups
in the brucite-like layers. Therefore, in the case of LDHs, for instance, the material will have
a characteristic FTIR "blueprint” (i.e., expected peaks to be observed at certain wavenumbers
due to the interlayer water, the OH bonds with the metals in the brucite-like layer, the anion
in the interlayer) that can be used as an identifier, to ensure the synthesized material meet

the desired characteristics that were aimed to be obtained.
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2.3 Nitrogen adsorption and desorption isotherms

According to Rouquerol et al, [159] adsorption occurs when a liquid or gas get in
contact with a solid surface and can be described as: “The enrichment of material or increase
in the density of the fluid in the vicinity of an interface”. Adsorption and desorption of gases
is powerful technique when it comes to the characterisation of the surface properties of fine
powders, with nitrogen (at 77.4 K or -195.7 °C) being the most used gas for such task
[160,161]. Adsorption occurs as a measure from a surface to reduce the surface tension, as
molecules located at the solid’s surface will feel a resultant force pointing towards the bulk
of the solid, differing from zero, as shown in Figure 2-7. The adsorption mechanism can
occur through chemisorption (i.e., adsorption due to covalent or ionic bonds) and
physisorption, which is mainly attributed to the Van-der-Waals forces) [162]. Desorption, in
the other hand is the inverse process in which the molecules leave the surface to return to

the fluid phase [159].
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Figure 2-7. Resultant forces experienced by surface molecules at a solid. Molecules in the bulk will experience
resultant forces equals to zero whereas molecules at the surface will feel a resultant force towards the bulk,
leading to a surface tension. Taken with permission from Che and Vedrine [161].

Most of the heterogeneous catalysts developed nowadays belong to the porous
materials category. Some of them would include zeolites, LDHs, metal oxides, among others.
The pores of a material can be classified according to their size in micropores, mesopores

and macropores, with a size of < 2 nm, between 2 nm and 50 nm and above 50 nm,
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respectively [163,164]. The work of Freundlich, Langmuir and in more recent years the
introduction of the BET method (Brunauer-Emmet-Teller) regarding the adsorption and
desorption of nitrogen to analyse surfaces [165], have become a tool to characterise a
material in terms of the latter mentioned pore size as well as the pore volume and the
specific surface area [161] therefore, according to the pore characteristics of the material,
different adsorption and desorption isotherms can be obtained [163]. The adsorption and
desorption isotherms can be divided into six different types with sub categories (according
to IUPAC), as observed in Figure 2-8 however, when solely used for catalysis, the isotherms
classification can be reduced to four different ones, which are Type |, Type Il, Type IV and
Type VI [159,160,164], which correspond to the isotherms for microporous, macroporous,
mesoporous and to ultra-microporous solids, respectively [166]. Type Il and Type V
isotherms are uncommon; however, Type Il is considered to be a reversible isotherm with
presence in systems such as nitrogen on polyethylene. Type V is related to the Type Il as it

is expected to happen when the adsorbent-adsorbate interactions are weak [162].
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Figure 2-8. Different six types of adsorption Isotherms expected to be observed when performing
nitrogen adsorption-desorption studies. Taken with permission from Sing [166].
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In this study, MgO powders were characterised through BET in Chapter 3 and Chapter
4, as the study of the surface area of each sample was important during the development of
the experimental analysis of such chapters. From Chapter 5 to Chapter 7, BET was also
employed to characterise the as-synthesized LDHs, in terms of surface area and pore volume.
Moreover, MgO powders and LDHs usually display Type IV isotherms, and they are classified
among the category of mesoporous materials [8,102,114]. Thus, mesoporous materials, when
analysed using nitrogen adsorption-desorption isotherms, often present what is called a
hysteresis loop. As observed in Figure 2-8, on the Type IVa isotherm, hysteresis loop is the
name given when the adsorption and desorption curves does not match one another
[160,162,166]. In the studies carried out in this thesis, the nitrogen adsorption and desorption
experiments were performed using a Micromeritics ASAP 2020, in the Chemistry department
at Durham University. The system was set at -196 °C, with the samples being degassed at 80
°C. Thus, all the samples (The MgO or LDH samples, from Chapter 3 to Chapter 6) were dried
prior analysis overnight at 70 °C. In a typical experiment, a few mg (~25 mg) of dried samples
were placed inside the degassing glassware, to further proceed with the degassing under
vacuum of 200 um Hg for a period of 5 hours. Once completed, the samples were removed
from the degassing port and placed into the analysis port with an isothermal jacket covering
the glassware and using liquid Nz to cool while running the adsorption and desorption
experiments. As mentioned before, one of the main purposes of using a nitrogen
adsorption-desorption technique to characterise a porous material is to measure the surface
area of the latter material. For such task, it is important to carry the experimental work having

some concepts in mind, such as the equation describing the BET method.

The BET equation can be described as follows:

p 1 (C-Dp
= 2.2
n3(p%-p) n{(©)  ndO©OP

where 7 refers to the amount of gas adsorbed at the relative pressure p/p° and n%, is the
monolayer capacity [162]. The monolayer refers to the surface layer of the material, where,
according to Sing [162], when working with mesoporous materials, physisorption is expected

to happen through monolayer and multi-layer adsorption. To obtain the BET surface area, a
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linear relation needs to exist between and %]) to obtain the values of n% and

N
ne(p°-p)

G, which will subsequently be used in the following equations.

A,(BET) = n? .L.a, 2.3

2.4

a,(BET) = —As(ff“

where As (BET) and as (BET) are related to the total surface area and the specific surface area,
respectively, m refers to the mass of the material and L to the Avogadro number [160,162].
Nevertheless, due to certain considerations made when running the BET procedure (ie., a
constant a,, value for nitrogen at -196 °C, which is the molecular cross-sectional area, as
well as assuming the monolayer of the adsorbent is filled first rather than the other layers,
which is unlikely to always occur) the surface area determination has an estimated error

value of 20 % [160,162].
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2.4 Gas Chromatography (GC)
The gas chromatography (GC) is an analytical technique used to identify and quantify

chemical compounds using a mobile phase (i.e., a carrier gas), which transports the analyte
of interest and will move through the stationary phase that reside inside a column [167]. The

Figure 2-9 is a schematic representation of how to represent a gas chromatography process.
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Figure 2-9. The schematic representation of a gas chromatography process from injection to elution of the
analyte of interest. Taken with permission from Jennings [167].

As observed in Figure 2-9, once a sample containing 2 different analytes of interest
(A, B) goes inside a column, they will be distributed based on their affinity with the stationary
phase and their relative vapour pressures, being eluted at ideally, different times (ie.,
retention time) to pass through a detector that will generate a signal that will be later

interpreted as a chromatogram [168,169].
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2.4.1 Columns and detectors
To further understand the gas chromatography analytical technique, it is important

to introduce the concept of columns and detectors. columns are considered the most
important part within the chromatography instrument, and depending on the characteristics
of the adsorbent residing inside the operation modes, they can be differentiated from one
another [170,171]. Table 2-1, which was extracted from Rahman et al, [171] presents a good

overview for the understanding of the columns classification.

Table 2-1. Column classification based on the manufacture characteristics. Adapted from Rahman et al, [171]

Columns

Packed columns Capillary columns

Stationary phase is coated directly in the column Stationary phase is coated with the inner wall of the
column

Applicable for both GSC and GLC Applicable only for GLC

Liquid phase is adsorbed onto the surface of the | Liquid stationary phase is immobilized on the

beads in a thin layer or onto the solid inert packing capillary tubing walls

*GSC refers to the stationary phase being a solid adsorbent, i.e., gas-solid chromatography and when the solid
phase it is a liquid in an inert support it is called GLC, i.e., gas-liquid chromatography.

According to the literature, packed columns were used during the early days of
chromatography however, nowadays capillary columns are involved in up to 90 % of all the
chromatographic analysis [168]. Packed columns are restricted in length up to 10 meters
longs and most packed columns used nowadays go up to 4 meters long. The latter restriction
is due to the mobile phase experiencing resistance to flow due to the packing within the
column [169]. On the other hand, as capillary columns have the stationary phase located as
a layer in the inner wall, resistance is unlikely to occur as in packed columns, therefore
lengths of up to 50 meters are possible [169]. Differences between both columns can be

further appreciated in Figure 2-10.
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Column type

Packed column Open tubular capillary columns

Wall coated open  Porous layer open
tubular column tubular column

(weor) (PLOT)
Inner wall is coated with a:
Stationary phase  a) Porous support Thin film of a high Porous layer of a
(retentive medium)  impregnated with a boiling liquid solid adsorbent
liquid
b) Adsorbent particles
Retention a) Partition Partition (solubility) Adsorption
mechanism b) Adsorption
Dimensions
Length 05-6m 5-100m 5-30m
Inner diameter 2 -4 mm 0.1-0.6 mm 0.2-0.6 mm
Particle size 100 - 300 pm 5-50 pym
Film thickness 0.1-10 ym

Figure 2-10. Graphic representation of the physical differences between a capillary and packed column. Taken
with permission from Dettmer-Wilde and Engewald [169].

Among a wide range of detectors (over 60), the most used is the flame ionization
detector (FID), which is the one used for this study to quantify the analytes of interest. In a
FID detector, a high temperature flame produced by hydrogen burns the effluent from the
column to its ionization state to form a current and deliver a signal that can be read by the
detector [168]. When introduced in 1958, the detector capabilities in conjunction with the
little to none maintenance needed, low detection limits (103 g/s) as well as its universality
to be used with organic compounds made the latter FID detector very popular in

laboratories around the world, something that is maintained until nowadays [169].
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A schematic representation of the FID detector is shown in Figure 2-11.
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Figure 2-11. A representation of the flame ionization detector used in a gas chromatography system. Taken
with permission from Dettmer-Wilde and Engewald [169].

Another powerful use of the chromatography technique occurs when the
chromatograph is coupled with a mass spectrometer. Initially developed in 1955 to solve
industrial difficulties, the gas chromatography mass spectrometry technique (GC-MS) is
extremely powerful for compound identification [172]. When the GC-MS technique is used,
the sample will receive the same treatment as explained in Section 2.4, for gas
chromatography. However, when the vaporized sample leaves the chromatography column,
the mass spectrometer ionizes the sample and proceeds to fragment it, which are further
accelerated through the quadrupole or ion trap, where the separation of the ions occurs

based on their m/z (mass/charge) ratios [173].

One important consideration when using lipids during GC analysis is that the lipids

need to be derivatised (ie., silylated) to improve the quality of the analysis, that is make
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them more volatile so they can reach the detector. The silylation reaction was presented in

Figure 2-12.
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Figure 2-12 Sylylation mechanism of fatty acids using N,O-Bis(trimethylsilyl)trifluoroacetamide.

In this study, to have a proper quantification of the non-reacted fatty acid post-
reaction, derivatisation was used. Though derivatisation, highly polar hydrogens from the
analyte are converted to lower polarity, which therefore reduces the boiling point of the
molecule and making it more volatile, which is essential to carry on a GC analysis [174,175].
In this work, from Chapter 3 to Chapter 5, several fatty acids were studied and derivatised
accordingly. The un-reacted fatty acids as well as the ketonic decarboxylation products
obtained were quantified and conversion and purification processes qualitatively analysed
by applying the corresponding derivatisation and quantification procedures (through gas

chromatography) explained in the following sections.

2.4.2 Derivatisation process using the crude post-reaction mixture of the
ketonic decarboxylation reaction
The extracted crude product from the ketonic decarboxylation reaction was put into

a 50 ml Falcon tube and centrifuged using a Beckman Coulter Avanti J-20XP centrifuge (1000
rpm, 30 min) to separate the solid catalyst. Prior to the GC analysis, the crude post-reaction
mixture (2 ml) of the ketonic decarboxylation reaction of dodecanoic acid was derivatised
using N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) in the presence of pyridine as
catalyst [175]. The samples were left in continuous agitation for 2 hours and 1 ml was taken
afterwards. Depending on the initial amount of fatty acid used for the ketonic

decarboxylation reaction, the amount of BSTFA and pyridine was stoichiometrically
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calculated based on the assumption that if no reaction occurs at all, all the initial fatty acid
would remain in solution, therefore, depending on the amount of fatty acid initially used,
BSTFA and pyridine would be added at 100 % excess.

2.4.3 Quantitative analysis of ketonic decarboxylation reaction products
using GC-FID
After derivatisation, 1 ml of the sample with 0.5 ml of 0.1 M eicosane solution (in

toluene) were put inside a chromatography glass vial and analysed using a Shimadzu GC-
2010 instrument with a flame ionization detector (FID) with a HP-5 30M length column, of
0.25 mm internal diameter and 0.25-micron film thickness coating. Before injection, a
calibration curve using the internal standard method was constructed to subsequently

perform the quantitative analysis (Section 2.4.5).

2.4.4 Qualitative analysis of crude reaction products through GC-MS
The same extraction procedure from Section 2.4.2. After derivatisation, 1 ml of the

sample was put inside a chromatography glass vial and analysed through a Xevo QToF mass
spectrometer equipped with an Agilent 7890 GC. The library of chemical compounds within
the database of the instrument and the use of standards from chemical suppliers were used
to assess a qualitative analysis of the post-reaction crude product. Using the software
Chemdraw®, the possible m/z ratios for all compounds were calculated and compared with

the data obtained by the GC-MS analysis.

2.4.5 Calibration curve and the internal standard methodology for quantification
of post-reaction products.
All the calibration curves and the dilution tables, as well as the linear regression plots

are given in detail in Appendix A, however, a brief description on how to properly prepare a
calibration curve was explained in the following lines. In a typical quantitative analysis of the
analytes using the internal standard method for GC [176], a stock solution containing either
a known amount of the analyte of interest was prepared, assuming no conversion of the

substrate happened during the reaction (based on the initial amount (mol) of the substrate
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used for the latter reaction) or a known amount of the product assuming full conversion and
selectivity of the starting material into the desired product. The mother solution was diluted

to into smaller concentrations using the following equation:

(V1)x (C1) = (V2)x(C2) 2.6

Where V1 and C1 represents the initial volume and concentration of the mother
solution, respectively and V2 and C2 represents the final volume and concentration,
respectively. After a wide variety of different solutions with reduced concentrations of the
analyte were prepared, a known concentration of an internal standard was added in the
same quantity to all the different prepared solutions. It is important to consider than the
internal standard retention time peak does not interfere with the peak of the analyte of
interest expected to be observed in the chromatogram. The more points a calibration curve
has, the better in terms of accuracy. According to the internal standard method, once the
different peak areas of the analyte of interest and the standard are obtained [176], a linear
regression plot is needed, where the X-axis will be the concentration of analyte to
concentration of internal standard ratio (Ca/CIS, where Ca is concentration of analite and
CIS is concentration of the internal standard) and the Y-axis will be the area of the analyte
to area of the internal standard ratio (Aa/AlS, where Aa is area of the analite and AIS is area
of the internal standard). In case some points of the latter calibration curve are out of the

linear regression line, they could be removed to increase the R? of the analysis.

2.5 Column chromatography and Thin-Layer Chromatography (TLC)
The column chromatography is a purification technique used to separate individual

chemical compounds from a mixture of compounds [177]. According to Chakravarti et al,
[178], from a simplified approach, a chromatographic column can be considered a

continuous filtration device. A schematic representation is presented in Figure 2-13.
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Figure 2-13. A schematic representation of a packed column to analyte purification through column
chromatography. Taken with permission from Chakravarti et al, [178].

As observed in Figure 2-13, several things are part of the whole chromatographic
column extraction process, such as the stationary phase, the glass column, and the dissolved
analyte, among others. Different strategies can be used to separate a mixture of products
through column chromatography. In this study, when column chromatography was needed
to be performed, the glass column was first packed with cotton, which allowed the fluid to
pass through and support the stationary phase. Over the cotton, a layer of sand was added
(which allowed the retention of insoluble materials, in case they exist) and over the sand a
layer of silica powder (stationary phase) was added up to two thirds of the column size,
mixing the silica powder with the mobile phase intended to be used. The same principle
explained in Section 2.4 for gas chromatography applies for the column chromatography, in
terms of mobile and stationary phase. Once the silica powder was added, another layer of
sand is added on top of the silica to help to retain impurities or insoluble materials, as well
as to avoid disturbing the silica bed [177,179]. Once the latter addition of sand was

performed, some flushes of the column using the mobile phase were done to ensure the
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column was properly packed. Subsequently, the analyte was added into the column and the
mobile phase was also added slowly increasing the polarity of the mobile phase. To define
the ratio of solvents used for the mobile phase during the column chromatography
separation, a first approach using the Thin-Layer Chromatography (TLC) technique was
performed. On a typical TLC experiment used in this study, a small amount of the
concentrated mixture (post-reaction mixture, Section 2.4.2) after evaporating all the solvents
was taken using the capillary tubes designated for TLC analysis and deposit over a silica
plate (Fischer). By trial and error (as the behaviour of the sample within the mobile phase
can vary depending which concentration and polarity the mobile phase hase), increasing the
polarity of a hexane to petroleum ether solution from the ratios 99:1 to 95:5, the TLC plates
with the concentrated solution were put inside a glass container that contained the latter
hexane/petroleum ether solution, and left inside until the mobile phase travelled upward
the silica plate due to capillary effects. Once the mobile phase travelled up to 1 cm before
the top of the silica plate, the plate was taken out and further analysed through UV light to

observe the separation spots.

2.5.1 Rotary evaporation and addition of the sample onto the column
When needed, the rotary evaporator was used to fully remove any solvent present in

the post-reaction mixtures in this study. Moreover, and during the development of Chapter
4, the rotary evaporation was performed to have a dry solid to be further dissolved in an
appropriate solvent to be added into the column for the mixture separation through column
chromatography. In a typical rotary evaporation procedure, a specific temperature and
pressure are set on the instrument to favour the evaporation of a solvent. The temperature
and pressure conditions to operate the rotary evaporator are set according to the
manufacturer data sheet. The mixture with the solvent to be evaporated was poured into a
round bottom flask and heated through a water bath until the desired temperature is
reached. The solvent was then evaporated at reduced pression and further condensed. The
rotation speed of the round bottom flask was set as desired by the user. Once the solvent
was completely removed, the remaining dry solid was subsequently concentrated dissolving
the solid using a few drops of another solvent to be further poured onto the column. The
concentrated mixture was poured onto the column using a Pasteur pipette spreading the

solution on the sides of the column to ensure a homogeneous distribution of the sample.
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2.6 Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC)
and temperature-programmed desorption (TPD).

The International Confederation for Thermal Analysis and Calorimetry defines
thermal analysis as “a group of techniques in which a property of a sample is monitored
against time or temperature while the temperature of the sample, in a specified atmosphere,
is programmed” [180]. According to the desired property of a material to be studied,
different techniques for analysis exist in the area of the thermal analysis. Optical properties
can be evaluated using thermoptometry whereas differential scanning calorimetry for power
difference gives insight into enthalpic changes during adsorption/desorption, among
others. The mass change of a sample during processes involving dehydration, oxidation and
decomposition can be analysed through thermogravimetry (thermogravimetric analysis,
TGA) [181]. TGA consist on an analysis based on the change of mass of a sample in function
of the sample’s temperature or time [182,183]. The sample is placed over a balance, with the
temperature increasing at a constant rate, in an oxidizing or inert atmosphere, depending
on the required data to obtain [182]. A thermogravimetric analyser (Thermobalance), the
instrument to perform the latter mentioned analysis, contains four important parts (the
electrobalance, the furnace an temperature sensors, the computer and the recorder), as

shown in the schematic in Figure 2-14 [181].

Electrobalance Balance control unit’ 7
Gasljn
Furnace Programmer
Sample
Thermocouple Recorder and/or computer —

G;s out

Figure 2-14. Schematic representation of the thermogravimetric analyser system. Taken with
permission from Hainess [181].
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The data obtained from the TGA experiments is plotted in a curve that can vary
depending on the process the sample goes into (decomposition, dehydration, etc.), as

observed in Figure 2-15 [180].
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Figure 2-15. Different thermogravimetric curves related to the process experienced by the sample. Taken
with permission from Brown [180]. The description of each different plot is explained below.

According to Brown [180] the seven types of plots observed in Figure 2-15 for any

compound can be interpreted as follows:

e Type (i): The material is stable at the whole range of temperature examined.

e Type (ii): Often related to the drying or desorption of molecules over the surface
of the material.

e Type (ii): Related to a single stage decomposition.

e Type (iv): A multistage decomposition with stable intermediates.

e Type (v): A multistage decomposition without stable intermediates.

e Type (vi): Rather than loosing mass due to any heating effect, it gains mass due
to reactions with the atmosphere in which the sample is involved.

e Type (vi)): Not often observed, relates to the oxidation of a metal followed by

decomposition soon after.
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In this work, TGA analysis was performed using a Perkin Elmer Thermogravimetric
Analyzer 8000 under N, gas flow (30 mlLmin-1) in the Chemistry department, at Durham
University. The temperature was varied from room temperature to 1000 °C, increasing at 30
°C per minute. The TGA analysis were mostly used to characterize the as-prepared LDHs
(Chapter 5 to Chapter 7), however, the MgO samples used in Chapter 3 and Chapter 4 were
also analysed through TGA. In a typical TGA analysis, a few mg of the sample were placed
over the balance within the instrument, and the temperature was put in a 10 °C/min ramp,
until the desired final temperature was reached. The experiments were performed by the
laboratory technician, Doug Carsten. For instance, usually for LDH materials, three
decomposition steps occur, with the loss of adsorbed water when the temperature raises up
to 120 °C. Secondly, the water in the interlayer is lost from 120 to 250 °C, which corresponds
to the second decomposition step. Finally, an overlap occurs when temperature raises over
250 °C, with the loss of the interlayer anion, followed by the dehydroxylation of the layers
from 400 to 700 °C, resulting in spinel formation above 750 °C [102,114,184]. Depending on
the material composition, different mass losses curves are expected to be observed. The
differential scanning calorimetry (DSC) analysis is one calorimetric technique usually applied
to materials when insights of the latter material can be obtained when analysing the
chemical reactions or transition phases of such materials in terms of temperature [185]. In
other words, when analysing the sample while the temperature increases, a curve with peaks
representing the enthalpy changes in terms of the rising temperature would be obtained
[186]. Thus, these enthalpy changes observed as peaks on the curve could be assigned to
different exothermic and endothermic processes that the sample undergoes when its

temperature increased.

Specifically for Chapter 3, the DSC analysis were carried out by Professor Vladimir
Zholobenko from Keele University. On a typical DSC analysis, the thermal decomposition of
the samples would be studied once the sample has been weighted and put it over the
instrument balance to be subsequently heated up to 850 °C, at a rate of 30 °C per minute.
The DSC scans obtained from the analysis of the MgO samples are shown in Chapter 3,
Figure 3-5. Moreover, also during the development of Chapter 3, temperature-programmed
desorption (TPD) analysis was performed, trying to quantify the number of active sites in the
as-received MgO samples. One of the most important uses of TPD experiments through the

years, is the possibility to study more in depth the interaction of the surface of a material
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with a gas (in this case, CO,), to keep gaining insights into the mechanism of adsorption,
desorption and the possible reactions occurring over the surface of such material [187]. The
TPD and the DSC analysis were performed by Professor Vladimir Zholobenko from Keele
University using a Rheometric Scientific STA 1500 instrument. On a typical TPD analysis, only
performed during the development of Chapter 3, blank experiments were first run for all the
as-received MgO samples using a heating ramp of 10 °C per minute from room temperature
up to 800 °C in flowing nitrogen. After the blank experiments (which mainly removed all the
adsorbed species over the surface of the CO,), all the as-received samples were activated to
300 °C prior saturation at room temperature with CO; for 30 minutes. After saturation,
another heating ramp of 10 °C was used to heat up the samples up to 800 °C for the

desorption experiments. The TPD plots are shown in Chapter 3, Figure 3-5.

2.7 Inductively coupled plasma optical emission spectrometry (ICP-OES) and
inductively coupled plasma mass spectrometry (ICP-MS)
The quantification and trace of the elements that exist within a sample are of

relevance when performing analytical chemistry analysis. The most common techniques
used for such tasks rely on atomic spectroscopy, which uses light that interacts with the
atoms, to be adsorbed or emitted [188]. Atomic spectroscopy techniques involve
decomposition at elevated temperatures due to the presence of thermal sources, which
could be flames, furnaces and electronic discharges. Depending on the chosen technique,
they can be further sub-divided into atomic adsorption, atomic emission, atomic
fluorescence and atomic mass spectrometry [188]. A representation of such techniques is

shown in Figure 2-16.
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Figure 2-16. The four different atomic spectroscopy systems used for atom and ion detection. Taken with
permission from Boss and Fredeen [188].

According to Boss and Fredeen [188], when working with a technique such as the
atomic emission spectroscopy, ionization of the atoms from the sample occur due to the
high temperatures used during the analysis, favouring the atoms moving from ground state
energy levels towards an excitation state. As a consequence of the atom decay into lower
energy states, energy is emitted in the form of light, which is further quantified and can be
assigned to the concentration of a specific element in the sample. The latter summarizes the
working principle of the ICP-OES technique. Although the same plasma torch is used for
both, ICP-OES and ICP-MS, to ionize the gas, the analysis procedure between the two
instrument differs from one another. Contrary to the ICP-OES, which quantifies characteristic
wavelengths of the elements that are emitted when the atom decay from higher energy state
to a lower one, the ICP-MS generates positive plasma ions from the atoms, which are further
quantified in large amounts. Based on that principle, the ICP-MS can quantify up to four
orders of magnitude more than the ICP-OES, making the technique suitable for precise low-
ppt concentrations (i.e., ng/L concentrations). In the present study, ICP-OES and ICP-MS were
used specifically to quantify the amount of the M" and M" cations within the as-synthesized
LDHs and to semi-quantify the amount of other metals also present within the samples,
respectively (Chapter 5 to Chapter 7). The experiments were performed using a Jobin Yvon

Horiba Ultima 2 ICP-OES, fitted with a sequential monochromator and a radial torch (power
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1050 W) with cyclonic spray chamber and concentric nebulizer. For semi-quantitative
analysis of elements, the instrument scanned across the electromagnetic spectrum from 190
to 800 nm. The emission lines recorded are then processed with the 'Image’ software which
compares them with those in its library to identify and quantify the elements present in the
sample. All the analysis were performed at the Department of Chemistry at Durham

University with the aid of Dr. Emily Unsworth.

2.8 Scanning-Electron Microscopy (SEM)

SEM techniques are widely applied to characterise materials, to gain insights into
the morphology and composition of the materials by enlarging them up to several orders
of magnitude bigger (i.e., 200,000x) [189,190]. Through the scanning of an electron beam of
high energy over the surface of the material, and due to the wavelength of the electrons,
which are smaller in comparison to the wavelength of visible light (see Figure 2-17),
significantly higher resolution imaging of the adsorbent can be detailed than when using an

optical light microscope [189].
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Figure 2-17. Wavelength of the different techniques used for microscopy. Taken with
permission from Ul-Hamid [189].
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SEM images are formed when the electrons, traveling in vacuum from the source
through a column which contains electromagnetic lenses, are directed into a small probe
which is located over the surface of the material under study [189]. The interaction of such
contact is collected by the SEM detectors which then transform such interactions into
observable images. SEM can be used for bulk samples, with a resolution of 1 nm and a useful
magnification up to 200,000 x. With the aid of the Physics department at Durham University,
SEM analysis of LDHs and MgO were performed by Mr. Leon Bowen, using a FEl Helios
Nanolab 600 with a field-emission gun (FEG) source, 5kV and a Karl Zeiss Sigma 300 VP SEM,
10kV. In this study, SEM characterisation was mainly used to determine the morphology of
the as-synthesized LDHs (Chapter 5 to Chapter 7), however, SEM was also used in Chapter 3
to further characterise the MgO. For instance, in terms of LDHs, the morphology of the
material could vary; nevertheless, it is usual for LDHs to have either a platelet-like

morphology or a rose des sables as observed in Figure 2-18 [102,191].

Figure 2-18. Expected scanning electron microscopy morphology obtained when analyzing layered-double
hydroxide materials. Taken with permission from Smith, et al, [102].

96



In a typical SEM experiment, all the samples were prepared dispersing a few mg (~10
to 20 mg) over the aluminium stubs and were further coated with a 20 nm (thickness) layer
of carbon. The same prerparation procedure were followed along for MgO and LDH samples.
A typical MgO SEM image looks as the one presented in Figure 2-19, showing the typical
agglomerations of particles [192,193].

Figure 2-19. Scanning-electron microscopy image obtained from MgO particles. Agglomeration of the
particles can be observed. Taken from experimental data in this work.
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2.8.1 Transmission-Electron Microscopy (TEM)
Although sharing similarities with the SEM, the TEM technique provides more details

of the inner structure from a material than what is usually obtained through SEM. The main
difference between both techniques is that with SEM electrons are reflected from the sample
whereas with TEM the transmitted electrons are the ones that create the image (i.e., the
electrons that pass through the sample, allowing to obtain structural imaging and
crystallography details of the sample [194,195]. An illustrated example of the TEM is shown
in Figure 2-20.
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Figure 2-20. Diagram of the distribution of the signals resulting from a transmission-electron microscopy
analysis. Taken with permission from Ayache et al, [194].

Moreover, during TEM analysis, the sample needs to be thin (ca 200 nm) using a high
voltage which can be in the range of the 80 to 200 keV[194,195]. In this study, the TEM
experiments were performed using a bright field (BF) and high-angular annular dark field
(HAADF-STEM) imaging technique in a FEI TITAN G2 80-300, microscope, which was
operated at 300 kV, by Dr Ali Huerta-Flores, at Universidad Autonoma de Nuevo Leon,

Mexico.
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2.9 Spectroscopy in the ultraviolet and visible region (UV-Vis)
UV-Vis is a spectroscopy technique which allows the quantification of analytes of

interest. Moreover, UV-Vis can also be used to perform optical characterisation of materials.
The basic principle consists of the irradiation of electromagnetic rays, which will be further
absorbed by an unknown sample dissolved within a cuvette. Then, the instrument (ie., the
UV-vis spectrophotometer) will measure (with the aid of the corresponding detector) and
compare the intensity of the light before it passes through the cuvette containing the sample
with the intensity of the light after it passed through the aforementioned cuvette [196,197].

A schematic representation is presented in Figure 2-21.
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Figure 2-21. Functionality principle of the UV-vis spectroscopy analysis. Taken from De Caro and
Claudia [196].

Based on the measurements from the light attenuation when passing through the
cuvette, a relation between the latter attenuation of light, the particles within the cuvette
and the path length of the cuvette. The name of such relationship is the Lambert-Beer law,
which is the foundation of the light-absorption measurements [198] and corresponds to the

following equation:

2.7

Where ¢ refers to the extinction coefficient, d'to the path length of the cuvette, cthe

concentration of the analyte and A to the absorbance. Therefore, the absorbance can be
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expressed as a function of the cuvette path length and the concentration of the analyte, as

observed in Figure 2-22.
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Figure 2-22. The relation between the light attenuation, the concentration of the analyte and the cuvette
length. Taken from De Caro and Claudia [196].
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The main parts of a spectrophotometer consist of a light source, a monochromator
which is in charge of splitting the light into light's wavelengths and the usual range of the
instrument to operate goes from 190 to 900 nm. The light passes through the sample and
goes directly to the detector. Then, the instrument compares the intensity of the light that
passed through the sample with the intensity of the light obtained with a blank. In most
cases, the instrument has two lamps which serve as light sources. A deuterium lamp which
emits in the ultraviolet wavelength and a tungsten lamp which emits in the visible range

[197-199]. A conventional spectrophotometer configuration is shown in Figure 2-23.
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Figure 2-23. Schematic representation of a conventional spectrophotometer parts. Taken from De
Caro and Claudia [196].

In this study, UV-Vis analysis was performed in Chapter 6, as the use of an LDH as
photocatalyst was explored. The instrument used for such analysis was a UV-vis NIR
spectrophotometer (Cary 5000), setting the wavelength range from 200 nm to 800 nm. The
simples were optically characterised through UV-vis but also through photoluminescence.
Considered a routine characterisation tool for materials, usually for semiconductors,
photoluminescence is used to give insights regarding the bandgap of the material. Due to
the intrinsic characteristic of LDH materials, semiconductor characterisation such as
photoluminescence can be applied to them. In a simple photoluminescence experiment,
light directed into a sample will be absorbed to excite the electrons, which will move from
the one energy state to a different one. When returned to ground state, the electrons will
release energy in the form of light which equals the energy difference between the ground
state and the excited state [200,201]. In this work and also for Chapter 6, a fluorescence
spectrophotometer (Cary Eclipse) was used. The latter spectrophotometer is integrated with
a Xenon flash lamp. The width of excitation as well as the emission slit were both 5 nm. A

photoluminescence plot is shown in Figure 2-24.
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Figure 2-24. A photoluminescence plot from an AlGaN sample. A peak of relative high
intensity can be observed mostly due to the band-edge emission. Taken from with permission of
Razeghi [202].
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2.10 Using the Parr Autoclave for the ketonic decarboxylation reactions

To perform the ketonic decarboxylation experiments in this study (Chapter 3 and
Chapter 4) a Parr autoclave was employed. In a typical ketonic decarboxylation reaction
performed in this study, the catalyst used (either LDHs or MgO) as well as the reactants used,
and the solvent were put inside a Parr Autoclave (0.075 L). Once all the materials were inside
the autoclave, it was sealed and further purged with N2 several times. The N2 pressure was
up to 10 bars to 15 bars. Once the pressure was raised to the latter 15 bars, it was released
so the manometer goes back to zero. Subsequently, the autoclave was heated up to a
temperature range varying between 250 to 300 °C to yield a crude post-reaction mixture
that also had to be analysed. The autoclave was left to react over the period of one hour and
automatically stopped until the autoclave cooled down, naturally, for a period of 3 hours,
until reaching room temperature. The crude-post reaction mixture could be extracted. The
latter experimental procedure was executed within the control room in the High-Pressure
lab in the chemistry department, at Durham University. Figure 2-25 shows the autoclave
connected prior the starting the heating ramp. The Parr Autoclave was mainly used during
the development of Chapter 3, Chapter 4 and Chapter 5. In a typical experiment performing
the ketonic decarboxylation inside the Parr Autoclave, 2 mmol of the carboxylic acids that
were decided to be used (i.e., dodecanoic acid, hexanoic acid, pivalic acid, etc) were weighted
and the corresponding number of catalysts (i.e., MgO or LDH) with respect the carboxylic
acid in %wt. (L.e., 1 %wt., 3 %wt., 5% wt. or 10% wt.) was also weighted. Both, carboxylic acid
and catalyst were added into the Parr reactor, with a subsequent addition of solvent, and
further sealed to put it to react at the desired temperatures. The detailed procedure of the
ketonic decarboxylation reaction was further explained in Chapter 3, Chapter 4 and Chapter
5.
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Figure 2-25. Parr autoclave set up prior reaction
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2.11 Preparation of Layered-Double Hydroxides (LDH) materials through co-
precipitation
The co-precipitation methodology was the synthesis technique used in this study to

prepare the all the LDH materials presented in this work. As already explored in Chapter 1,
Section 1.8, LDHs can be prepared using different techniques such as co-hydration, ion-
exchange or co-precipitation. In a co-precipitation experiment a solution containing the
dissolved precursors containing the M"and the M" in the desired stoichiometric ratio would
be added dropwise into a solution containing an excess of the desired anion that wants to
be incorporated in the interlayer of the material, at low-supersaturation conditions, keeping
the pH constant (depending on the desired LDH to be synthesized, the constant pH can be
set to different ranges) through the addition (dropwise as well) of a solution of NaOH. The
temperature needs to be constant (~65°C to 75°C) and the stirring high and constant as well
[103,203]. LDHs were prepared and used in Chapter 5, Chapter 6 and Chapter 7, with further

details about the synthesis of each particular LDH described in the corresponding chapters.
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3. Promoting ketonic decarboxylation of dodecanoic acid with magnesium

oxide: The key role of temperature

3.1 Introduction

Among renewable energy sources and sustainable provision of chemical
feedstocks, biomass plays an important role. To date, biomass contributes to the
production of 2 million barrels a day of transportation fuels and to 14% of the world'’s
primary energy demand [3,204]. Biomass is thus key to the search for a more
sustainable infrastructure for the future that helps to reduce dependence on fossil
fuel derivatives as well as meeting demands from society in terms of green energy.
Although generally referring to organic matter coming from plants, biomass can be
subdivided into wastes (e.g., agricultural production wastes, crop residues, urban
organic wastes), forest products (e.g., wood, trees, shrubs, wood residues from forest
cleanings) and energy crops (e.g. starch crops, sugar crops, oilseed crops). The most
important drawback of using biomass as an energy source compared to fossil fuels is
its low heating value, making it less suitable for direct application for primary energy
production. However, due to its high ignition stability and sustainability, biomass can
be easily processed using thermochemical approaches and converted into higher
value fuels [204]. Different strategies are also being studied to transform biomass-
derived oils and sugars into commodity chemicals [3]. One class of thermochemical
transformation routes for biomass-derived oils are the deoxygenation reactions, in
which oxygenated compounds (e.g., biodiesel, pyrolysis oils and fatty acids) are
converted into higher energy density fuels. These reactions include decarboxylation,
decarbonylation and hydro-deoxygenation, with the latter the most expensive in
terms of energy requirements and the only one that involves hydrogen [64,65,205].
Ketonic decarboxylation (i.e. ketonisation) is a deoxygenation reaction widely studied
over the last decades, although the reaction mechanism has yet to be fully
determined. Increasing carbon chain length while removing oxygen in the form of

carbon dioxide and water, the reaction proceeds as follows:

R1 COOH + RzCOOH — R1COR2 + COZ + Hzo 3.1

106



The reaction mechanism for ketonic decarboxylation has been studied extensively in
recent years, as well as the behaviour of different catalysts and substrates under
different conditions [16,81-83,95,98,148,206,207]. In a recent study, [102] ketonisation of
stearic acid in the liquid phase was explored using solid mixed metal
hydroxides/oxides catalyst with promising results. The catalysts used were layered
double hydroxides (LDHs) and the respective mixed metal oxides (MMOs) obtained
from LDHs after calcination. Yields of the ketonisation product from stearic acid (Le.,
stearone) of up to 90% were obtained using the LDH at relatively moderate reaction
temperatures (250 °C). The corresponding MMOs also exhibited a ketone yield of
80%. In this initial study the feed to catalyst ratio was high (20% wt.) and the effects
of varying key parameters were not explored. In this study, a different catalyst has
been used for the ketonisation reactions. In our earlier study, we used MgO as a
control against the LDH and it was shown to also possess activity for the ketonisation
reaction [19]. Due to its strong basic properties, magnesium oxide (MgO) is used here
as the heterogeneous catalyst. Following the findings from our last study, moderate
to high reaction temperatures are explored, as well as the impact of varying the
catalyst to feed ratio. In addition, the effect of the particle size of the catalyst on the
production of the ketones was explored using three different sizes, two in the range
of the nano-size (100 nm and 50 nm) and a third one within the um range. Through
evaluating the effect of particle size, and hence surface area, whether the reaction
was controlled by surface reactive site availability could be probed. The effect of
particle size on intrinsic reactivity of the MgO is also studied through analysis of basic

site strength and distribution.

3.2 Experimental

All chemicals and reagents were used as received from commercial sources, without
any further purification: magnesium oxide 100 nm (Alfa Aesar, 99%), magnesium oxide -325
mesh (44 um, Alfa Aesar, 98%), magnesium oxide 50 nm (Sigma-Aldrich, 99%), dodecanoic
acid (TCl, 98%) and toluene (Fischer, analytical-grade 99%). All the characterisation
techniques employed to characterise the MgO powders used in this section of the study
have been explained in further details in Chapter 2, however, a brief description of the

instruments and techniques employed are also provided below.
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3.2.1 Catalyst characterization

The catalysts were characterised through Powder X-ray Diffraction (PXRD), Fourier
Transform Infrared (FTIR) Spectroscopy, Thermogravimetric Analysis (TGA), N2 adsorption
and desorption measurements, Scanning- Electron Microscopy (SEM) and Temperature
Programmed desorption (TPD) as described in Chapter 2, for each of the characterization
techniques employed in this chapter. The TPD plots were put in Figure 3-5. The rest of the

figures were added into Section 3.3.1.

3.2.2 Ketonic decarboxylation reaction procedure

0.4004 g (2 mmol) of dodecanoic acid (TCl, 98%) were reacted at temperatures
ranging from 250 to 300 °C with different catalyst loads of each of the different MgO
samples. The amount of catalyst used was varied between 5, 3 and 1% wt., with respect to
the feed of dodecanoic acid. The different samples were named using the letters UR as a
prefix on the name to refer to the as-received un-reacted MgO powder. MgO 325 mesh (as-
received, un-reacted MgO micron size: URMgO micro), MgO 100 nm (as-received, un-reacted
MgO 100 nm size: URMgO 100 nm) and MgO 50 nm (as-received, un-reacted MgO 50 nm
size: URMgO 50 nm). The carboxylic acid as well as the catalyst were put inside an autoclave
(0.075 L Parr) using toluene (20 ml) as solvent (analytical grade, Fischer chemicals). Once
sealed, the autoclave was purged with nitrogen four times to remove any trace of oxygen.
Afterwards, the autoclave was heated up to the desired temperature and left to react for one
hour. Once the reaction time was over, the vessel was left to cool down and, once at room
temperature, the crude product mixture was extracted. Further details about the autoclave

use, see Chapter 2, Section 2.10.
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Analysis of crude product

The extracted crude product was put into a 50 ml Falcon tube and centrifuged using
a Beckman Coulter Avanti J-20XP centrifuge (1000 rpm, 30 min) to separate the solid catalyst.
Catalyst material, spun to the bottom of the tube, was recovered to be further analysed using
PXRD and FTIR spectroscopy. Afterwards, the crude product was analysed using a Shimadzu
GC- 2010 instrument with a flame ionisation detector (FID) with a HP-5 30M length column,
of 0.25 mm internal diameter and 0.25-micron film thickness coating. Before injection, a
calibration curve using the internal standard method for the expected ketone was employed

to perform the quantitative analysis (Appendix A, Figure A-1).

Analysis of the MgO powders

For the spent catalyst (used for reaction at 300 °C), the letter S was used as a prefix
before the name of the different spent MgO powders. MgO 325 mesh (spent MgO micron
size: SMgO micro), MgO 100 nm (spent MgO 100 nm size: SMgO 100 nm) and MgO 50 nm
(spent MgO 50 nm size: SMgO 50 nm). The spent catalyst from the 300 °C reactions, for all
the different particle sizes, was recovered by centrifugation. The samples were filtered to
recover the wet catalyst, which was subsequently dried at room temperature for 1 hour and
put inside an oven at 70 °C for 12 hours. Following this, the samples were put under high
vacuum for 4 hours to remove any trace of the toluene solvent. In order to determine the
relative sorption of the dodecanoic acid on to the catalyst, the as-received MgO powders in
all the different particle sizes, (named URMgO), were contacted with dodecanoic acid
dissolved in toluene using the exact same conditions as when the dodecanoic acid, catalyst
and toluene were put inside the autoclave. Concentration of the dissolved dodecanoic acid
was 0.1 M. The reaction proceeded at room temperature and at a stirring speed of 500 rpm
for 12 hours. After completion, the samples were separated following the same
methodology as the one mentioned above for the SMgO. These room temperature samples
were named with the letters RT as a prefix before the name of each MgO sample. MgO 325
mesh (44 um; MgO micron size: RTMgO micro), MgO 100 nm (MgO 100 nm size: RTMgO 100
nm) and MgO 50 nm (MgO 50 nm size: RTMgO 50 nm). The SMgO samples, as along with
the RTMgO and URMgO samples, were analysed by TGA, PXRD and FTIR. For further

description of the instrumentation used, refer to Chapter 2.
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3.2.3 Preparation and analysis of magnesium dodecanoate

As a potential reaction byproduct analytical standard, and surface species on the

MgO, magnesium dodecanoate (Mg dodecanoate) was prepared following a methodology

described elsewhere [208]. 10 g of dodecanoic acid (50 mmol) and 60 ml of water were

heated and stirred inside a round-bottom flask in a bath at 80 °C until dodecanoic acid fully

melted. Excess sodium hydroxide (NaOH, 100 mmol, 4 g) was added to the round bottom

flask and leave it to react for 90 minutes. 10.1 g of MgCl, (50 mmol) was added to the sodium

dodecanoate slurry and left to stir over 60 minutes. Once the reaction was completed,

sample was collected and washed with plenty of water and ethanol and left to dry at 70 °C

for 12 hours. Magnesium dodecanoate was characterised through FTIR and PXRD.

3.3 Results

3.3.1 Magnesium oxide characterisation

The PXRD patters for the URMgO, RTMgO and the SMgO samples are shown in Figure

3-1 respectively. Moreover, the peak width (FWHM) was calculated for all samples (Table

3-1) based on the strongest diffraction peak (200), ca 43.03°

Table 3-1. Full witdh at half maximum (FWHM) for all the MgO samples. Note that almost the same values of
FWHM can be observed for the spent catalyst.

FWHM Sample

0.257 URMgO micro
0.744 URMgO 100 nm
0.224 URMgO 50 nm
0.168 RTMgO micro
0.688 RTMgO 100 nm
0.215 RTMgO 50 nm
0.268 SMgO micro
0.265 SMgO 100 nm
0.239 STMgO 50 nm
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Figure 3-1. Powder X-ray Diffraction patterns of the different size MgO samples. Figure 3-1(a) refers to
the as received MgO samples (URMgO). Figure 3-1(b) refers to the MgO samples exposed to the
dissolved dodecanoic acid for 12 hours (RTMgO) and Figure 3-1(c) shows the diffraction patterns for

the spent MgO.

111




Analysing Figure 3-1, typical sharp peaks referring to a cubic phase of MgO can be
observed ca 437 62 °and 74°, for all the samples [209,210]. However, for the MgO samples
contacted with dodecanoic acid (RTMgO), an extra peak, at ca28 °can be observed. The peak
may arise owing to the formation of magnesium dodecanoate [210]. As a point of
comparison, the plot corresponding to the diffraction of the Mg dodecanoate is given in
Figure 3-1(b), which seem to support the latter statement, as the same peak ca 28 °is
observed for the Mg dodecanoate sample. As the PXRD patterns from the RTMgO samples
and the SMgO ones are otherwise similar to the URMgO, complete change in the bulk
structure can be discarded. Nevertheless, and as seen in Figure 3-1(c), the SMgO samples
present almost the same intensity principle XRD reflections across the three different particle
sizes, also observed in Table 3-1, where the FWHM for the latter samples are almost equal
to one another. This is a possible indicative of recrystallisation of the MgO at the reaction
temperature of 300 ° C, as the crystallite domain size increase is dependent of the FWHM,
according to the Scherrer equation [211,212]. The FTIR spectra from URMgO, SMgO and
RTMgO samples are shown in Figure 3-2.
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Figure 3-2. The Fourier Transformed Infra-red spectra of the URMgO, RTMgO and SMgO shown in
Figures 3-2(a), 3-2(b) and 3-2(c), respectively. Figure 3-2(a) is the evaluation of the catalyst as received,
whereas Figure 3-2(b) shows the catalyst after exposition with dodecanoic acid. Figure 3-2(c) is the

analysis of the post reaction MgO.
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The characteristic vibration of the Mg-O bond is exhibited with a broad shoulder
from around 470 cm™ [213] for all samples. For the URMgO samples (Figure 3-2(a)), some
amount of adsorbed atmospheric water is present in the form of rehydrated Mg(OH),, with
a clear peak at 3700 cm™ for all three samples [214]. Thus, the presence of peaks related to
adsorbed atmospheric CO, are observed around 1417 — 1420 cm™ for the symmetric
stretching of monodentate carbonate species, whereas other peaks can be encountered
within the range of 1410 to 1480 cm™. Those are assigned to the symmetric stretching of
the bicarbonate species [215]. In the case of the RTMgO samples, the spectra of the
magnesium dodecanoate was added to the ones of the MgO, to be used as a point of
comparison and to evaluate the formation of the carboxylate species over the surface of the
material. As can be observed in Figure 3-2(b), specifically for the magnesium dodecanoate
curve, the sharp peaks at 1567 and 1450 cm™' could be assigned to the antisymmetric and
symmetric stretching of the COO bonds [216]. These stretching bands were also observed
on all three RTMgO samples, indicating that the carboxylate species adsorbed over the
surface of the catalyst. Moreover, the presence of stretching of the C-H bonds can be
observed, which are usually encountered at around 2900 cm™" [217]. A small 3700 cm™ peak
can be observed for all the samples Figure 3-2(b), related to the presence of brucite (i.e,
Mg(OHy)) in the material, as the stretching vibration of the O-H is characteristic at 3700 cm-
1. The samples corresponding to the SMgO (Figure 3-2(c)) show small peaks at 1705 cm”
and a broader one at 1572 cm™, associated to the stretching of the CO bonds [86,218,219].
Another set of small peaks from 1460 to 1420 cm™ associated to the stretching of the C-H
bonds, as well as the vibration of the C-O and C-C bonds, are present. No brucite was
observed by FTIR in the SMgO samples, suggesting the temperature was sufficient to drive
dehydroxylation. Several TGA analysis were performed for all the catalyst samples. The

results are shown in Figure 3-3.
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Figure 3-3. Thermogravimetric analysis graphs for all the MgO samples. Figure 3-3(a) is for URMgO, whereas
Figure 3-3(b) and Figure 3(c) are for RTMgO and SMgO respectively.
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Although URMgO samples showed almost no presence of adsorbed atmospheric
water, the presence of rehydrated Mg(OH); is clear, as well as the presence of some adsorbed
atmospheric CO,, with the latter confirmed by FTIR in Figure 3-2(a) and by TGA, as observed
in Figure 3-3(a). A clear dehydroxylation (loss of the Mg(OH).) species is observed around
270 T [114,132], followed by decarbonylation [114,220], causing a mass loss of up to 9 %.
Figure 3-3(b) shows a clear two-step decomposition for the RTMgO samples. The first step
could be attributed to dehydroxylation of the Mg(OH). species, followed by decomposition
of the carboxylate species 290 T up to 400 T [220,221]. The TGA curve of Mg dodecanoate
shows a similar behavior to the rest of the RTMgO samples, supporting the idea that the
reaction requires sorption of the acid as an initial step. For RTMgO 100 nm, a small shoulder
around 450 T is observed, which could be attributed to some MgCOs species formed due
to the contact of the sample with environmental CO,. Subsequent degradation could be
attributed to the complete decarbonylation of the catalyst, losing the carbonate to fully
convert again into a metal oxide [220,221]. Figure 3-3(c) shows a one-step decomposition
for SMgO samples, which could be attributed to the presence of adsorbed post-reaction
ketone as observed in Figure 3-2(c), being completely removed from the catalyst once 400
T is reached. Thus, no, or negligible, presence of Mg(OH)2 was observed in the samples, as
presented by Figure 3-2(c), which then implies no dehydroxylation occurs. The surface area
and pore analysis results are presented for the all the URMgO samples in Table 3-2. Nitrogen
adsorption/desorption isotherms as well as the pore size distribution plots are shown in

Figure 3-4.

Table 3-2. Specific surface area and pore volume and pore radius obtained for the URMgO samples.

Sample Surface area Pore volume  Pore
(m%g) (cm3g™) radius
(nm)
URMgO micro 35 0.003 8.7
URMgO 100 nm 60.4 0.11 3.6
URMgO 50 nm 46.2 0.05 53
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Figure 3-4. (a) Nitrogen adsorption/desorption isotherms for the URMgO samples and (b) pore size

distribution of URMgO samples.
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TPD analysis of the URMgO samples are shown in Figure 3-5. The behaviour of the
material regarding the desorption of the CO, molecules did not favour the quantification of
the active sites, as neither the derivative of the TGA could be calculated, nor the mass loss
due to desorption. The SEM characterisation of the three URMgO samples is shown in Figure
3-6 URMgO 50 nm, URMgO 100 nm and URMgO micro corresponds to Figure 3-6(a), Figure
3-6(b) and Figure 3-6(c), respectively.
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Figure 3-5. Temperature-programmed desorption curves from the URMgO samples. Figure 3-5(a) represents URMgO
50 nm, whereas URMgO 100 nm and URMgO micro are Figure 3-5(b) and Figure 3-5(c), respectively.
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c)

Figure 3-6. Scanning electron microscopy images of the different URMgO samples. More plate like aggregates
can be observed for the nano sized materials (a) URMgO 50 nm and b) URMgO 100 nm) whereas the micro size
() URMgO micro) MgO presented the cubic particle morphology.

Agglomeration of the particles can be observed for all the three samples, being the
agglomeration more evident with the URMgO 50 nm and URMgO 100 nm, which also have
clusters of spherical-like particles, whereas URMgO micro have a more cubic-like particle

morphology.
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3.3.2 Magnesium oxide as catalyst for the ketonic decarboxylation of
dodecanoic acid
The ketonic decarboxylation of dodecanoic acid was performed using different

catalyst loads (1% w/w, 3% w/w and 5% w/w relative to the reactant) of the as received MgO
samples. The ketone yields produced by MgO 50 nm, MgO 100 nm and MgO micro are given
in Figure 3-7(a), Figure 3-7(b) and Figure 3-7(c), respectively. The reaction time was set to
be a one-hour reaction, as some experiments with higher reaction times (i.e., 12 hours and
6 hours show that the ketone yield did not vary significantly) trying to obtain the highest
yleld of ketone possible using the shortest reaction time possible. Moreover, different
temperatures were tested for this study, setting the reaction at 250 °C, 280 °C and to 300 °C.
All experiments were performed in triplicate. Figure 3-7 shows that increasing the
temperature resulted in increased yield for all the MgO particle sizes. It is also evident that
the difference in particle sizes from all MgO samples are not impacting greatly the yield of
ketone at the optimal temperature of 300 °C. Interestingly, the ketone yield remains the
same for all catalyst loadings at 300 °C. The three different particle sizes yield similar results,
irrespective of the particle surface area (Table 3-2) or the crystallite domain size of the
starting material (URMgO), as given in Table 3-1. It is important to notice that as no other
product peak was observed during the post reaction analysis of the crude product mixture,

selectivity towards the desired ketone product, 12-tricosanone, was assumed.
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Figure 3-7. Ketone yield (12-tricosanone) product of ketonic decarboxylation of dodecanoic acid using the different catalyst samples.
(a) shows the results from the URMgO 50 nm. (b) represents URMgO 100 nm and (c) represents URMgO micro. All samples shown a
similar yield trend, and although the highest production was of 83 % in (c), the differences from one another at different particles
sizes are not high enough to assume the particle size could be making a significant impact to the yield.
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3.4 Discussion

In this section, analysis of the production of 12-tricosanone from dodecanoic acid
through the reaction of ketonic decarboxylation using MgO of different particle sizes as the
catalyst to promote the reaction was performed. First, the characterisation of the different
catalyst samples (URMgO, RTMgO and SMgO) was discussed to further move towards the
evaluation of different reaction parameters (e.g., temperature, catalyst load and particle

size).

3.4.1 Characterisation of the MgO catalysts at different process stages

URMgO materials. XRD analysis of the URMgO show sharp and intense reflection
corresponding to the MgO structure (Figure 3-1(a)). URMgO-100 also shows some
secondary reflections at ca 38° and 59° two theta, which closely correspond with the more
intense brucite (Mg(OH),) reflections [222]. The as received URMgO samples of different
sizes, and particularly notable in the FTIR analysis (Figure 3-2(a)) for URMgO 100 nm and
URMgO micro, showed the presence of some adsorbed CO,, as carbonate, at ca 1410 cm”’
to 1480 cm™, related to the symmetric stretching of monodentate and bidentate species
[213]. Though no strong water adsorption peak is observed at ca 3500 cm™, the brucite
characteristic peak at ca 3700 cm™ is also observed in Figure 3-2(a). This is clear indication
of some rehydration to Mg(OH).. The latter was further investigated using the TGA analysis,
given in Figure 3-3(a), which showed little surface bound water, with < 1% for URMgO micro
and URMgO 50 nm, and slightly more (~2% mass) water on URMgO 100 nm. TGA analysis
also evidenced the existence of some brucite phase in the starting material at the smaller
particle sizes, with both URMgO 50 nm and URMgO 100 nm showing characteristic losses
through dehydroxylation at an onset temperature of ca 280 °C. At above this temperature,
all materials showed a small 1-2% mass loss, presumably through loss of the carbonate
fraction evidenced in the FTIR (Figure 3-2(a)). It should be noted that the higher adsorption
of carbonate by URMgO 100 nm and URMgO micro could be attributed to the samples being
older batches than URMgO 50 nm, therefore, they have been more in contact with
atmospheric carbon dioxide and water than the latter, forming Mg(OH). and MgCOs, which
is in agreement with the TGA plot in 3-3(a). The URMgO samples were left to dry at 200 °C

inside an oven for 24 hours and TGA was performed again, however, the behaviour of the
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mass loss curves were the same as the ones presented in Figure 3-3(a). The SEM analysis in
Figure 3-6 showed differences in morphology between the nanoparticles (i.e., URMgO 50
nm and URMgO 100 nm) and URMgO micro. Nanoparticles showed spherical agglomerates
of plate-like particles whereas URMgO micro have cubic morphology. Specific surface area,
given in Table 3-2, and crystallite domain size (from FWHM, Table 3-1), do not follow a trend

according to particle size.

RTMgO materials. The XRD patterns for the RTMgO (Figure 3-1(b)) did not change
significantly, when compared to the URMgO, though the presence of a minor phase, possibly
owing to magnesium-dodecanoate complexes, was observed. The latter could be confirmed
as magnesium dodecanoate was prepared as a reference compound and used for
comparison, as observed in Figure 3-1(b). Nevertheless, and contrary to what is pointed out
by Mekhemer et al, [86] the bulk structure of the MgO was unchanged when in contact with
a carboxylic acid at room temperature. FTIR results, presented in Figure 3-2(b), showed that
after contact with dodecanoic acid the RTMgO samples all showed characteristic C-H
stretching modes at ca 2900 cm™, showing the MgO adsorbs toluene/dodecanoic acid. C-H
peaks associated to toluene were discarded as the samples were dried and put under
vacuum, as described in Section 3.2.2. This was further confirmed by the characteristic
symmetric/anti-symmetric stretching of the carboxylate group at 1450 cm™ and 1567 cm™,
respectively. The latter were also compared with the spectra obtained from the reference
compound Mg Dodecanoate, which showed the same trend, as observed in Figure 3-2(b),
which confirmed the presence of the carboxylate species. The TGA thermograms in Figure
3-3(b) showed a strong surface area effect for the adsorption of the organic molecules, with
the low surface area (3.57 m2.g™") RTMgO micron showing a ~5% mass loss above 300 °C,
whereas the high surface area RTMgO 100 nm (60.47 m?.g™") and RTMgO 50 nm (46.24 m2.g°
") show mass losses of ~19%, and 22% respectively, though including any small
dehydroxylation contribution as noted above. The presence of a small shoulder at 450 °C for
RTMgO 100 nm could be attributed to the formation of MgCOs as a result from the
adsorption of environmental COz The FTIR and TGA also indicate the presence of adsorbed
water in the form of rehydrated Mg(OH). at ca 3700 cm™. The FWHM (Table 3-1) for the
RTMgO samples also closely follows those of the URMgO, indicating similar domain sizes

within the particles.
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SMgO_materials. Following the reaction process, the recovered MgO materials
(SMgO) were analysed again to allow comparison with the RTMgO. SMgO were evaluated
from the other two temperatures (250 °C and 280 °C) to find if their bulk structure suffered
any change as, for example, Snell & Shank found for ceria at a specific temperature at the
onset of ketonic decarboxylation [83]. However, this was not the case. None of the samples
showed significant changes to the XRD patterns reported in Figure 3-1, though the different
particle size patterns now seem more uniform, suggesting a degree of recrystallization has
occurred at the higher temperatures used. The latter argument is in agreement with the
FWHM data obtained in Table 3-1 for all the MgO samples, with the SMgO showing very
similar crystal domain sizes across the different particle sizes relative to the URMgO and
RTMgO samples, where crystal domain sizes vary significantly according to particle size. This
supports the hypothesis than the ketonic decarboxylation reaction happens to occur purely
as a surface mechanism rather than affecting the bulk structure of the MgO, in contrast to
the work of Pestman, et al, [89] in which ketonic decarboxylation was postulated to only
occur over the surface of the catalyst at nonstationary reaction conditions and a possibly
bulk carboxylate restructuring of the latter occurring at stationary conditions. TGA analyses
were also used to validate the information obtained through the PXRD (Figure 3-1(c)) and
FTIR analysis (Figure 3-2(c)), in which decomposition curves from the different MgO samples
were observed (Figure 3-3 (c)). SMgO samples show the presence of an FTIR adsorption at
ca 1740 cm™, indicative of ketone C=0 stretching, not present in the RTMgO samples. The
relative intensity of the carboxylate symmetric and anti-symmetric bands, as compared to
C-H stretching intensity, are also reduced in the SMgO samples, particularly in the high
surface area nanoMgO, confirming the conversion of the dodecanoic acid starting material
to the product. The FTIR of the SMgO samples shows no broad water adsorption band at ca
3500 cm™, as might be expected post heating in a non-polar solvent, though the TGA trace
shows the SMgO 50 nm material to have picked up water during sample preparation. The
% of material lost during pyrolysis in the TGA from 300 °C to 500 °C, indicating sorbed
reactant/product, was close to 8%, 40% and 42% for the SMgO micro, SMgO 100nm and
SMgO 50nm samples, respectively. This is approximately double that observed for the
comparative samples treated at room temperature and, as for the RTMgO samples, a strong
surface area effect is notice with the nanometer sized samples holding approximately five

times the organic matter (% wt.) compared to the MgO micro.
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In summary, the two roughly comparable URMgO 50 nm and URMgO 100 nm
samples appear to show a strong surface area determined adsorption effect both pre- and
post-reaction. If the active sites are of similar strength and the reaction is controlled by
number of active sites available, we would expect to see a significant difference in yield for
these two samples when compared to the URMgO micro. Through TPD-CO; desorption, a
quantification of the active sites on the URMgO samples could be achieved, to further
measure the basicity strength. Moreover, the plots, as observed in Figure 3-5, provides some
insights regarding a possible crystallization of the material ca 310 °C (the exothermic peak
observed in the DSC plots for all the URMgO samples) which seems to agree with the results
reported in Table 3-1 regarding the FWHM of the SMgO. However, further in-depth analysis
is required to disclose the latter crystallisation assumption. Thus, the behaviour of the
URMgO adsorbing CO, through the TPD analysis, as observed in Figure 3-5, seems to be the
same, probably to all the basic sites within the samples being of similar strength and
quantity. In the next Sections we will explore the impact of various parameters on reaction

yleld for a fixed reaction time of 1 h.

3.4.2 Effect of temperature on ketonic decarboxylation over MgO

Test reactions were undertaken with dodecanoic acid dissolved in toluene, at the
three different reaction conditions of 250 °C, 280 °C and 300 °C, and with no MgO catalyst
present, to ascertain whether any thermal conversion occurred. No appreciable formation of
the desired ketone product, 12-tricosanone, was observed in these tests. As observed in
Figure 3-7, when the MgO catalyst was added to the dissolved dodecanoic acid, the desired
ketone produce was obtained. From Figure 3-7 it is apparent that for the two lower
temperatures used, the yield of 12-tricosanone was dependent on catalyst load. When
temperature was increased from 250 °C to 280 °C, an increase on the yield of the ketone was
observed in comparison with the results obtained for the lowest temperature reactions. This
suggested that either (i) the reaction was controlled by the availability of certain active sites
in the catalyst, which are temperature dependent, or (i) the temperature was approaching
the activation energy for the a-hydrogen abstraction from the carboxylate acid necessary
for the ketonisation reaction [81-83], and the turnover frequency was limited at the catalyst
base sites. It is notable that at ca 280 °C in the TGA analysis in Figure 3-3, the onset of
dehydroxylation of any hydrated MgO is observed. When a reaction temperature of 300 °C
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was used, the highest yield of ketone (> 70%) was observed in all but one case (mean of
64%) and, even allowing for the different catalyst loads and particle sizes used, the 12-
tricosanone production was not significantly different from one another. If the reaction
temperature was increased above 300 °C, a whole set of different aromatic products started
to appear within the post-reaction analysis, probably by a pyrolytic degradation effect of the
products [86]. PXRD analysis (Figure 3-1) of the post reaction catalyst (SMgO) shows the
catalyst was largely unaltered. As Mekhemer, et al, [86] noted, and verified by the post-
reaction analysis of the spent catalyst (SMgO) by FTIR (shown in Figure 3-2(a)), some ketones
remained adsorbed to the MgO surface, which due to coordination with Lewis acid sites

[218,219], could be activated at high temperatures to undergo further reactions.

3.4.3 Effect of the catalyst loading for the ketonic decarboxylation of
dodecanoic acid

It can be inferred from Figure 3-7 that there is a relationship between reaction
temperature and catalyst loading, a directly proportional relationship of yield, temperature
and catalyst load up until 300 °C. For all the MgO samples used during the ketonic
decarboxylation experiments, when working at temperatures below 300 °C, it was required
to increase the catalyst load with respect to the feed of dodecanoic acid to increase the
production of the 12-tricosanone. At 250 °C, the temperature at which ketone production
was started to be observed, 1% wt. of the catalyst seemed insufficient to generate a ketone
yleld above 10%, however, when increasing the loading up to 5% wt. a ketone yield of
around 45 % was obtained. The same was true when working at 280 °C, increasing the
catalyst load directly impacted the ketone production. However, once the temperature
reached 300 °C, the catalyst loading did not affect the ketone yield, as with as low as 1 % wt.
for all the MgO samples, the ketone yield was similar from one another (around 75 %). As
discussed in Section 3.4.2, once the right temperature for the carboxylates to be activated
was achieved, it could be assumed that these will react and so form 12-tricosanone, forming
CO; and H0 [220]. Raising the catalyst load increases the available surface area and number
of catalytic sites, which may be a critical parameter for increased reactivity. If so, moving
from large particle size to a small particle size for a given catalyst loading should give similar

effects and this is considered in the next Section.
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3.4.4 Effect of the particle size of different MgO powders for the ketonic
decarboxylation of dodecanoic acid

When the catalytic activity of all the MgO powder samples were tested one against
other, the three different particle sizes presented similar results, with no significant yield
difference between one another, according to Figure 3-7. Nevertheless, it is worth noticing
that there is indeed a minor positive particle size effect when evaluating the ketonic
decarboxylation reaction at the highest temperature and catalyst load (300 °C and 5% wt,,
respectively). During the realisation of the experiments, it was expected that the smallest
particle size MgO powder (URMgO 50 nm) would produce a significant amount of more
ketone than the rest of the samples (URMgO 100 nm and URMgO micro) as the smaller the
particle size the more surface area and therefore better results are expected for any
heterogeneous catalyst. However, that was not the case. The yields stayed relatively similar
between all the samples (~ 75 — 80 %, considering the standard deviation) when evaluated
for all the ranges of catalyst loads (1 to 5% wt.) and temperatures (250 to 300 °C). It can be
noted, due to the latter results that, if the reaction would be controlled by the number of
active sites over the catalyst's surface area (see Table 3-2 for specific surface area
measurements), a notable difference between the yields of 12-tricosanone would be
observed when using the nano MgO samples compared when using the micro size one. This
could be an indication that rather than controlling the reaction, the surface area effect is not
directly related to the amount that could be produced when using an oxide for ketonic
decarboxylation of fatty acids. However, when the FWHM of the reacted MgO catalysts
(SMgO) are compared (in Table 3-1) it can be seen that all the different particle size MgO
gave a similar crystallite domain size post reaction, possibly suggesting recrystallisation is
happening at 300 °C. This now explains the similar reactivity, with the crystal domain size
controlling conversion and this becomes similar across all the MgO, irrespective of the initial
particle size, under reaction conditions [211,212]. Interestingly, Figure 3-2 shows a strong
inverse correlation between particle size and the amount of mass loss in the RTMgO samples,
relating to fatty acid sorption, and also in the SMgO samples, indicating surface area plays

a role in the reaction process during sorption of the reactants.
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3.4.5 MgO as an effective catalyst to promote ketonic decarboxylation

The studies from Corma, et al, [95] and Mekhemer et al, [86] provided good data
regarding the effectivity of MgO powder to promote ketonic decarboxylation of carboxylic
acids. Our recent studies [102,114] with a different type of material, the layered double
hydroxides, also provided good ketone yields, with the catalytic activity being probably
promoted by highly basic Mg(OH). on the brucite-like layers [102,223,224]. Considering the
latter, it could be plausible that besides low coordination O promoting the deprotonation
of the adsorbed carboxylic acids to convert them into carboxylate species that will further
undergo ketonic decarboxylation through a B-ketoacid as recent studies suggest [82,225],
the OH species could be adsorbed over the surface of the catalyst once water is generated,
would hydroxylate the surface of the MgO, that could further deprotonate a carboxylic acid
molecule leading to the formation of a likely reactive intermediate which then will react,
followed by desorption of the desired ketone products. The latter assumption arise from the
study of Bailly et al, [119] in which it was probed that Brgnsted basicity of MgO surfaces
decreased when they were hydroxylated, but the latter was compensated by the highly

reactive hydroxyl groups over the surface of the oxide.
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3.4.6 Conclusion

Ketonic decarboxylation of fatty acids has been an extensively explored research
topic with still inconclusive results regarding the best reaction conditions and
mechanism. Here, the possible impacts of the particle size within the reaction
conditions as well as small amounts of catalyst were tested for the ketonic
decarboxylation of dodecanoic acid, with high ketone production at moderate
temperatures using the inexpensive and accessible catalyst MgO.
It was observed that the reaction temperature is an important reaction parameter, as
it was observed that for temperatures below 300 °C, more catalyst is needed to
increase the yleld of ketone. However, once 300 °C was reached, up to 1 % wt. of the
catalyst delivered ketone yields above 70 %. Although it could be expected that the
presence of more active sites over the surface of the smallest size catalyst would
impact the ketone yield positively, both, the nano and the micro size MgO delivered
similar results at 300 °C, even at different catalyst loads. The analysis performed using
the spent catalyst (SMgO) suggest that recrystallisation occurs at 300 °C, with the
crystallite size being a key parameter for the ketonic decarboxylation reaction.
Overall, increased surface area and active site availability, whether through varying
particle size or catalyst loading, were found to have less impact on reaction yield than

the temperature.

129



4. Ketonic decarboxylation of different carboxylic acid mixtures using MgO
as a heterogenous catalyst. The effect of a highly basic catalyst

4.1 Introduction

In Chapter 3, the ketonic decarboxylation of fatty acids using MgO of different
particle sizes as the heterogeneous catalyst was evaluated, using dodecanoic acid as the
only substrate for this reaction. From the results obtained in Chapter 3, it was clear that the
homo ketonisation product (i.e., the symmetric ketone) 12-tricosanone was obtained with
ylelds around 75%. Considering that the dodecanoic acid is the main fatty acid of coconut
oil, it can be assumed that if available, dodecanoic acid can be obtained from some of the
waste streams deriving from industrial processes, such as the industrial process to produce
coconut milk [226]. For instance, during the latter mentioned process to produce coconut
milk, coconut oil can potentially be recovered [226], nevertheless, the coconut oil does not
only contain dodecanoic acid, it also contains other acids such as oleic acid, linoleic acid,
palmitic acid, caprylic acid, among some others [227]. If coconut oil is put to react under the
same reaction conditions explored in Chapter 3, chances are ketones will be formed.
However, as the variety of acids within coconut oil is wide, the product distribution might
vary, with one product being favoured over the others. It has also been suggested that
during the sorption of the fatty acids over the surface of the catalyst, the charged surface
might favour a specific alignment of the carboxylic acids, aligning the acids into a head to
head configuration [102]. Therefore, the possible alignment of the fatty acids towards a
preferred spatial configuration over the catalyst or the product distribution of the ketones
products after performing the ketonic decarboxylation of carboxylic acid mixtures could be
affected by the intrinsic characteristics of the latter carboxylic acids, such as the chain length,
unsaturation in the acids, among others. When different carboxylic acids are reacted through
the ketonic decarboxylation reaction, it is expected that the production of symmetric and

asymmetric ketones will occur [228,229].
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The studies of the cross-ketonisation reaction

The cross-ketonisation of two different carboxylic acids can produce an asymmetric

ketone, according to the following reaction:

O
+ J\ + R1JI\R1+C02+H20

1
Catalyst R R R R

Figure 4-1. Ketonic decarboxylation of two different carboxylic acid to yield two different symmetrical
ketones and one asymmetrical ketone, plus carbon dioxide and water.

As observed and as further tested in Chapter 3, the reaction needs the presence of a
catalyst and heat. Important work has been done in recent years regarding the ketonic
decarboxylation reaction. Ignatchenko et al, [228] studied the effect of the a catalyst to make
it selective towards a certain product. In their work, Ignatchenko et al, [228] explored the
ketonic decarboxylation reaction of acetic acid and isobutyric acid using catalysts based on
the monoclinic form of zirconia as well as the anatase form of titania. Although no mention
is done regarding why both catalysts were seleted, both of them are considered to be basic
catalyst therefore, useful to study the ketonic decarboxylation reaction. Ignatchenko et al,
analysed the reaction (no solvent used, the acids fed straight into the reactor) to disclose
the role of each reagent towards the production of the symmetric or the asymmetric ketone,
with also involvement of other factors such as the ratio of the acids, the temperature and
the type of catalyst used. They concluded that what dictated the product outcome and yields
was determined not only by the concentration of the enolised carboxylates over the surface
of the catalyst, but also by the post-enolisation step, in which a competition between the
species that will undergo between what Ignatchenko et al, named the enolic and carbonyl
components. In a different study, Ignatchenko et al, [225], through computational
approaches, evaluated the cross-ketonisation of carboxylic acids using monocyclic zirconia
as the catalyst. In their study, Ignatchenko et al, [225] identified three potential steps which

are enolisation, condensation and decarboxylation over the surface of the catalyst [225].
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Moreover, Ignatchenko et al suggested that many reaction steps during the ketonic
decarboxylation of carboxylic acids over the surface of the catalysts should be treated as
being reversible, however, and according to them, there was sufficient evidence to conclude
that enolisation, condensation and decarboxylation were all reversible processes, as

presented elsewhere [230].

Cross-ketonization of Complex Mixtures

Baylon et al, [231] went one step further and transformed Cs; — Ces mixtures of
carboxylic acids into different olefins through cascade reactions (i.e., consecutive formation
of one product that is further transformed into a different one). In other words, Baylon et al,
used acetic acid and propanoic acid to selectively transform the latter acids into Czand Ce
olefins, through the ketonisation, and subsequent aldolisation and self-deoxygenation
reaction of the latter carboxylic acids. For instance, Baylon et al, explored different ratios of
acetic acid to propanoic acid and reported how varying the ratio of one another can affect
the selectivity towards the yield of the cross-ketonisation product with respect to the homo-
ketonisation product. In their study, Baylon et al, increased the amount of the propanoic
acid with respect the amount of acetic acid, that is, reduced the acetic acid to propanoic acid
ratio, which according to them, favoured the formation of more cross-ketonisation product.
Moreover, according to Baylon et al, the acid sites on the catalyst surface are also important
to drive the reaction towards the desired products, as they observed that over a catalyst as
ZrO,, the acetone that was formed when acetic acid was used as the only feedstock for the
ketonic decarboxylation reacted further to decompose to form methane and CO,, which
Baylon et al, attributed to the presence of the acid sites on the catalyst surface. In another
study using a amphoteric catalyst (i.e., a catalyst with acid and basic sites) Lee et al, [229]
explored the ketonisation selectivity using a wide variety of fatty acids. The catalyst used by
Lee et al, was a commercial TiO, and the fatty acid employed were varied according to the
degree of unsaturation and the carbon chain length. The fatty acids employed during the
study were butanoic acid (C4), pentanoic acid (Cs), hexanoic acid (Ce), octanoic acid (Cg),
dodecanoic acid (Cq2) and the Cyg saturated and unsaturated carboxylic acids (i.e., stearic
acid, oleic acid and linoleic acid). According to Lee et al, the larger the carbon chain, the more
prone the carboxylic acid is to undergo a McLafferty rearrangement (i.e., the molecules with

a keto group suffer a B-clevage and gain a Y-hydrogen, which lead to an enol tautomerising
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into a methyl-ketone and an alkene). Moreover, they also concluded that the presence of
unsaturation favours the MclLafferty rearrangements as well (i.e., the more unsaturation

present, the more rearrangement occurs).

Sustainable And Circular Economy Based Feedstocks for Cross-Ketonization

In order to deliver truly sustainable ketones, the availability of fatty acids to be
implemented in a possible circular economy framework (i.e., recycle, reuse or recover the
substrates from waste streams or from a specific industrial process) needs to be considered.
For instance, in Thailand, the 9" largest producer of coconut oil worldwide, ca 2000 to 3000
kg of coconut milk are lost as waste streams, where the coconut oil, which has as its main
constituent dodecanoic acid, can be recovered through separation from the wastewater
pond [226]. In another circular economy approach, through urea adduction, Guo et al, [232]
separated waste cooking oil into saturated (e.g., stearic and palmitic acid) and unsaturated
fatty acids (e.g., oleic and linoleic), for the subsequent use of the latter and former acids as
efficient collectors for reverse flotation desilication of iron ores. Chen et al, [233] produced
a comprehensive life cycle assessment of the production of caproic acid (ie., hexanoic acid)
from a biorefinery approach, in which mixed organic waste and ethanol are used to obtain
the latter caproic acid through a process named chain elongation with the aid of
microorganisms. Moreover, other set of volatile fatty acids can be obtained through waste
recovery or waste treatment, as studied by Atasoi et al, [234], in which different recovery
strategies and methodologies were examined in order to find the best cost-effective
approach, which would also varies according to the intended use of the latter fatty acids (i.e.,
acetic, propanoic, butyric, etc). According to Atasol et al, the recovered volatile fatty acids
could be implemented in production processes such as biodiesel production, production of
bioplastics and as a carbon source for denitrification processes. Such applications seem
interesting, however, there is an economic challenge to recover the latter volatile fatty acids
from waste streams, as the processes might not be economic feasible. Among some of the
proposed recovery strategies are nanofiltration, solvent extraction, electrodialysis and bio-
augmentation. From all the latter mentioned strategies to recover the volatile fatty acids
from waste streams, Atasol et al, conclude the most economically feasible strategy would
be implementing the bio-augmentation. The bio-augmentation strategy consists mainly in

using microorganisms that can help to increase the yield of a desired product.
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The results obtained in Chapter 3, in which a low-cost and environmentally friendly
mineral, MgO, was evaluated in terms of its capabilities to favour the production of ketones
derived from carboxylic acids through ketonic decarboxylation, were synergistic with
exploring the use of biomass derived saturated and unsaturated carboxylic acids of short
and long carbon chains to evaluate the behaviour of the latter acids to produce clean post-
reaction mixtures of ketones. In this section of the study, we explore whether the difference
in the carbon chain length, or the saturation of the different reactants have any significant
effect in favouring one product or another (i.e., the symmetrical or the asymmetrical ketone)
during the ketonic decarboxylation of carboxylic acids. The MgO remains as the selected
catalyst to promote the ketonic decarboxylation of the carboxylic acids used in this section
of the study, due to the intrinsic highly basic properties of the latter MgO, and also, because
MgO is considered to be abundant and inexpensive (MgO oxide can be found in the nature
as periclase, but also obtained from other minerals such as magnesite (i.e, MgCOs),
moreover, Mg is the eight most common element on earth) [235]. Dodecanoic acid was
decided to be left as the constant reactant and mixed with different molecules such as pivalic
acid (no a-hydrogen present), hexanoic acid (smaller unsaturated carbon chain),
phenylacetic acid (phenyl group as substituent) and linoleic acid (larger double saturated
carbon chain). All the corresponding structures of the fatty acids used in this section of the
study were drew in Section 4.3. Taking into account that the carboxylic acids evaluated in
this chapter can be potentially recovered from waste streams, as detailed a few paragrahps
above, a sustainable production process that encompasses concepts such as circular
economy can start to be envisioned, in which wastes and energy inputs are minimised,
recovered and potentially reused, trying to achieve a “greener” production process.
Nevertheless, sustainability and circular economy are concepts that will be further explored
in detail in the coming chapters. The results obtained in this section of the study are
expected to be further compliment with more experimental (Chapter 8, Section 8.1, Future-
work) as due to the COVID restrictions and the cut of the funding, more laboratory work was

impossible to be performed.
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4.2 Experimental
For the evaluation of the different carboxylic acids as substrates for the ketonic

decarboxylation, solely the 100 nm MgO sample (i.e., URMgO 100 nm) was used as the
catalyst. Although during the experimental of Chapter 3, it was noted that the effect of
temperature seemed to be more relevant than the surface area difference among the three
MgO samples (i.e., URMgO 50 nm, URMgO 100nm and URMgO micro, referring to MgO
samples of 50 nm, 100 nm and 44 microns, respectively) it was determined to keep working
with the 100 nm MgO sample (i.e.,, URMgO 100 nm) as it was the sample that had the highest
surface of the three, according to the nitrogen adsorption-desorption experiments. The
methodologies and instrument employed for the characterisation of the URMgO 100 nm
have been already explained in detail in the Chapter 2 and applied in the same exact manner
as in Chapter 3. All the chemical reagents used were purchased from different chemical
suppliers and used as received unless stated otherwise. Dodecanoic acid (Alfa Aesar, 98 %),
phenylacetic acid (Sigma-Aldrich, 98.5 %), pivalic acid (Sigma-Aldrich, 99%), hexanoic acid
(Alfa Aesar, 98%) and linoleic acid (Fluorochem, 98.5 %) were the carboxylic acid substrates.
The symmetric and asymmetric ketones obtained from the reaction of the latter acids were
also purchased from chemical suppliers when available. The purchased ketone standards
were 12-tricosanone (Alfa Aesar, 98 %), 6-undecanone (Sigma-Aldrich, 99%) and 6-
heptadecanone (Sigma-Aldrich, 98.5%). When the ketones were not available to be
purchased, the post-reaction crude mixture was extracted as explained in Chapter 2, Section
2.4.3 and subsequently purified. Although full description of the characterisation and
analytical techniques used in this chapter have been already explained in detail in Chapter
2, a brief description of all the techniques and analytical methods pertinent to Chapter 4 are

included in the following sub-Sections.

4.2.1 Ketonic decarboxylation of the carboxylic acids

As explained in Chapter 2, Section 2.10, T mmol of each carboxylic acid (pair-wise, 2
mmol in total, as later observed in Table 4-2 and Table 4-3) as well as the catalyst (10% wt.)
were put inside an autoclave (0.075 L Parr) using toluene (20 ml) as solvent (analytical grade,
Fischer chemicals). Once sealed, the autoclave was purged with N, gas to remove any
possible oxygen trace within the autoclave. Subsequently, the autoclave was heated up to

the desired temperature (300 °C) and left to react for a one-hour period, as performed in
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Chapter 3 (mostly due to evaluate the amount of ketone produced while keeping the
reaction time the lowest possible). Once the reaction time was over, the vessel was left to
cool down and, once at room temperature, the crude product mixture was extracted, as
explained in Chapter 2, Section 2.4.3. The reaction carried out are further shown in Table 4-2

and Table 4-3.

4.2.2 Analysis of the extracted post-reaction crude product from the cross-
ketonisation reaction

Once the crude post-reaction mixture was extracted, 2 ml of the sample was taken
from the falcon tube and derivatised (using 100% excess of N,O-
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 100% excess of pyridine with respect the
moles of acid used) as explained in Chapter 2, Section 2.4.2. Afterwards, 1 ml of the
derivatised sample was put in a glass vial to be further analysed by GC-MS (detailed
explanation of the procedure and instrumentation, see Chapter 2, Section 2.4.4) and another
1 ml of the derivatised sample was taken to be analysed by GC-FID (detailed explanation of
the procedure and instrumentation, see Chapter 2, Section 2.4.3). Both results were
compared, using the obtained data from GC-MS to perform a qualitative identification of
the existing products within the crude post-reaction mixture. The obtained chromatograms
from the GC-FID were used to quantify the obtained products using a calibration curve and
the internal standard technique (see Chapter 2, Section 2.4.5). A typical chromatogram from
the GC-FID obtained when analysing the crude post-reaction mixture, post-derivatisation,

would look as the one in Figure 4-2.
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Figure 4-2. Chromatogram obtained from the analysis of the crude post-reaction mixture of dodecanoic acid
and hexanoic acid. The x-axis corresponds to the retention time whereas the y-axis corresponds to the intensity.
Based on the calibration curves made using the standards, the retention times of 5.20 min, 8.92 min and 11.72
min can be assigned to 6-undecanone, 6-heptadecanone and 12-tricosanone, respectively.

As observed in Figure 4-2, some defined and sharp peaks can be observed at
different retention times, one after another, corresponding to the two symmetric and one
asymmetric ketones (i.e., retention times of 5.20 minutes, 8.92 minutes and 11.72 minutes)
products from the ketonic decarboxylation of the carboxylic acid mixtures. Through the
derivatization of the sample, it is also possible to quantify, if any, the amount of the
unreacted carboxylic acids. All the retention times were confirmed by using the purchased
standards, when required (ie., not knowing which peaks are related to which compounds).
The GC-MS chromatograms as well as the m/z fractions for all the carboxylic acid mixtures
are presented in Chapter 2, Section 2.4.3. Moreover, how the calibration curves for
quantification of products were prepared are also described in Chapter 2, Section 2.4.3 and

presented in Appendix A.
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4.2.3 Purification of the extracted post-reaction crude product from the cross-
ketonisation reaction

The remainder of the crude post-reaction mixture was separated and purified
through column chromatography (for the specific procedure on the purification approach,
see Chapter 2, Section 2.5). In this case, the only sample that was purified through a column,
was the 1-phenyl-2-tridecanone, the asymmetric ketone product from the ketonic
decarboxylation of dodecanoic acid with phenylacetic acid, as it was the only ketone that
was not available through a supplier. In a typical ketonic decarboxylation experiment, 0.40
g (2 mmol) of dodecanoic acid were dissolved in 10 ml of toluene with 0.32 g (2 mmol) of
phenyl acetic acid in the presence of the URMgO 100 nm inside a Parr Autoclave and put to
react at 300 ° C (see Chapter 2, Section 2.10 for detailed explanation). After the crude post-
reaction product was recovered and evaporated (Chapter 2, Section 2.4.3 and Chapter 2,
Section 2.5.1, respectively), a few drops of toluene were used to fully dissolve the mixture of
ketones inside the round bottom flask, to subsequently find a suitable eluent, based on a
solvent polarity table, to obtain the best separation possible between spots, using a trial-
and-error approach, resulting in a ratio of hexane to petroleum ether of 98:2 for the TLC
analysis, as defined before (Chapter 2, Section 2.5). Once the eluent conditions were chosen,
a column was chosen to proceed to the purification of the sample was performed as
explained in Section 2.5. Once separated in different test tubes, each specific ketone was
concentrated in a different round bottom flask, and the solvent evaporated. The solid
products were then dissolved in toluene and further used to prepare a calibration curve for
each ketone, as explained in Chapter 2, Section 2.4.5. As the autoclave to perform the ketonic
decarboxylation reactions was small in volume, several reaction batches were repeated using
the same reaction conditions to obtain more grams of the asymmetrical ketone and to be
able to make a calibration curve of the latter asymmetrical ketone with up to12 data points,
from 0.05 M to 0.01 M.
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4.2.4 Catalyst characterisation

The characterisation of the MgO used in this chapter (URMgO 100 nm) corresponds

to the one employed in Section 3.2.1, Chapter 3, which was also explained in detail in

Chapter 2.

4.3 Results

The characterisation of the catalyst is shown in Figure 4-3. The data corresponds to

the same characterisation data presented in Chapter 3, Section 3.2.1
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Figure 4-3. Characterisation of the URMgO 100 nm. a) Powder X-ray diffraction pattern. b) Fourier Transformed
Infra-red analysis with characteristic peaks related to the adsorbed COz (ca 1420 cm™" and 1480 cm-"). Mg(OH)2
ca 3700 cm'c) Three decomposition steps are observed in the thermogravimetric analysis, mostly to the
dehydration and decarboxylation of the sample. d) Nitrogen adsorption-desorption isotherms of the URMgO,

with a clear hysteresis loop.
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The typical diffraction peaks of the cubic phase of MgO obtained from Powder x-ray
diffraction analysis (PXRD) can be observed in Figure 4-3(a). Those correspond to the sharp
peaks ca 43 °, 62 ° and 74 ° which are assigned to the (200), (220) and (331) reflections,
respectively [209,210]. MgO is highly hygroscopic and adsorbs atmospheric water and CO2
with relative ease, which is reflected in the FTIR plot in Figure 4-3(b). The symmetric
stretching of bicarbonate species, usually observed in the range of 1410 to 1480 cm-1 and
the symmetric stretching of monodentate carbonate species, usually present ca 1418 — 1420
cm-1, both are observed in Figure 4-3(b). Moreover, due to the highly hygroscopic capacity
of MgO, from Figure 4-3(b) it can also be observed a small peak ca 3700 cm-1 related to the
stretching vibration of the O-H bond, which can be assigned to the presence of the Mg(OH)2
(Le, brucite) [132,215]. The TGA analysis of the URMgO 100 nm (Figure 4-3(c)) shows a
dehydroxylation step ca 265 ° C followed by a decarbonylation step which corresponds well
with the information obtained from the FTIR plot [114,220]. Finally, the adsorption-
desorption isotherms of URMgO 100 nm (Figure 4-3(d)) corresponds with the expected plot
to be observed for a mesoporous material (Type IV isotherm) with hysteresis [164].The pKa
corresponding to each of the acids used is presented in Table 4-1. The information from
each carboxylic acid was obtained from Pubchem webpage, in the National Library of
Medicine [236].

Table 4-1. pKa table for the different acids employed as substrates for the ketonic decarboxylation reaction.

The pKa is related to the O-H. The “a” labelling refers at the order the acids are presented in the subsequent
tables, to be easily identified.

Molecule pKa
Dodecanoic acid (2a) 53
Phenylacetic acid (3a) 43
Pivalic acid (1a) 49
Hexanoic acid (5a) 4.8
Linoleic acid (6a) 4.7

The differences in pKa among the samples in Table 4-1 seemed to be fairly similar

from one another. Therefore, the acidity of all the species in Table 4-1 is expected to be fairly
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similar, meaning that the acidity of the a-hydrogen of such species could also be considered

similar between one another (except for the pivalic acid which lacks a-hydrogens), being all

of the latter a-hydrogens susceptible of abstraction under the same reaction conditions. The

latter assumption is based on the fact that there is no change in the number a-hydrogens

or any stearic effect involved, therefore, the molecules in Table 4-1 in terms of acidity can

be compared one another [237]. The results from the ketonic decarboxylation of the different

carboxylic acid mixtures are presented in Table 4-2.

Table 4-2. Evaluation of the ketonic decarboxylation reaction to produce ketones mixing dodecanoic acid and
phenyl acetic acid with pivalic acid. Entry 1, entry 2 and entry 3 correspond to different carboxylic acid mixtures.

Conversion

. . Standard
Entry mittZ:ti::g(s) ont::::::;g Product deviation
%) Yield (%) (%)
(0]
OH
1 0 No ketone 0 -
la
O
CHHB)I\OH o
2a
2 OIOH I8 CiiHas™, CriHas 22 7
1a
O
OH
P ]
3 3a 99b 18 5
o 3¢
1a
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Table 4-3. Different carboxylic acid mixtures and the respective obtained products through the ketonic
decarboxylation reaction.

Conversion

of startin Standard
Entry Starting material (s) ng Product . deviation
materials Yield (%)
(%) (%) )
0 7 ) 0 O
OH
C; Hyy” TOH CiiHy3™y "CiiHos 2c =
2a a 3¢ 24, 4c 2c=1,4c
4 100 O =40 =5and 3c
€ My and 3c =5
=18
(@]
4c
0o 0 2c =
N N N N . * 23,50 | 2c=1,5b
5 2a Sa 100 0 =45 = 5and 5c
s =21
(¢}
WV\)LOH o
6 i ' 98° 2c=24 | 2c=2
CI1H23 2¢ CllH23
C, Hy,y” TOH
2a
(0]
N NG GNP N\
7 /\/\/WMO 100 No ketone N/A N/A
6a °

*Conversion was considered to be 100 %, as no peaks related to the starting materials were observed in the
chromatogram, when analysing the crude post-reaction mixture. 2 Refers to the conversion of the dodecanoic
acid in this reaction mixture. ® Refers to the conversion of the phenylacetic acid in this reaction mixture. The latter
applies to Table 4-2 and Table 4-3.
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Table 4-2 and Table 4-3 present the obtained ketone yields from the ketonic
decarboxylation of different carboxylic acids mixtures. It is evident, from Table 4-2, that when
pivalic acid was used as the only substrate for the ketonic decarboxylation, no ketone was
formed (Entry 1, Table 4-2) as expected since it lack enolisable hydrogens. Moreover, when
the dodecanoic acid was mixed with pivalic acid, no reaction occurred to form an asymmetric
ketone (Entry 2, Table 4-2), again as expected. Rather, only the symmetric ketone (12-
tricosanone) was formed since it is derived from a starting material that does contain
enolisable hydrogens. The same situation was observed in Entry 3, Table 4-2, when pivalic
acid was mixed with the phenylacetic acid. The symmetric product (1,3-diphenyl-2-
propanone) was formed. Table 4-3 presents the mixing of dodecanoic acid with other
substrates. In Entry 4, Table 4-3, dodecanoic acid was mixed with phenylacetic acid, whereas
in Entry 2, Table 4-3 and Entry 3, Table 4-3, it was mixed with hexanoic acid and linoleic acid,
respectively. The possible effects of chain length and carbon chain saturation would have
on the ketonic decarboxylation was able to be evaluated, therefore, the aforementioned
acids were selected, as mentioned in Section 4.1. Both, Entry 3, Table 4-3 and Entry 4, Table
4-3, showed similar overall yields for all produced ketones, however, the only quantified
product in Entry 4, Table 4-3 was the 12-tricosanone product. Interestingly, the cross-
ketonisation product between the dodecanoic acid and the linoleic acid produced two peaks
of similar intensity in the chromatogram obtained through the use of the GC-FID, as
observed in Appendix A, at a retention time of 14.12 minutes and 14.16 minutes, with several
others small peaks of reduced intensity from 14.34 minutes up to 20 minutes. The sample
was further analysed through GC-MS to identify the latter mentioned peaks (Appendix A),
which according to the m/z ratio (m/z = 480) obtained from the mass analysis, could
correspond to different isomers of the asymmetrical ketone, the ((20Z23 2)-nonacosa-20,23-
dien-12-one, with the chemical formula Cy9Hs40. Moreover, several small unidentified peaks
were formed, which did not happen to appear when performing the ketonic decarboxylation
of the dodecanoic acid with the phenylacetic acid and the hexanoic acid. Moreover, a pKa
table with the pKa values from each of the molecules used as substrates for the ketonic

decarboxylation is presented in Table 4-1.
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4.4 Discussion

4.4.1 The ketonic decarboxylation reaction using MgO
The ketonic decarboxylation reaction has been extensively explored in the literature,

however, consensus still remains to be reached regarding the reaction mechanism, the
reversibility of the latter mentioned mechanism, among others [89,225,228,230]. The
efficiency of the URMgO 100 nm in promoting the homo ketonisation and the cross
ketonisation of different carboxylic acids was reported in Table 4-2 and in Table 4-3.
Contrary to what has been suggested by Pham et a/, [81] and Mekhemer et al, [86] and as
observed in Chapter 3, Section 3.3, when analyzing the RTMgO 100 nm through FTIR and
PXRD (ie., the URMgO 100 nm put in contact with dodecanoic acid/toluene and stirred at
room temperature) no appreciable changes in the bulk structure of the MgO were observed,
suggesting the reaction could be happening over the surface of the catalyst rather than
through the bulk of the MgO. The temperature of the reaction was left at 300 °C, as based
on the reaction behaviour in Chapter 3, Section 3.3.2, the best ketone yields were obtained
at 300 °C, with a notable increase in the ketone production when raising the temperature
from 250 °C to 300 °C. Thus, if the reaction temperature was increased over 300 °C, further
pyrolysis of the products might occur, which is unfavourable when trying to quantify the

maximum ketone yield attainable during the ketonic decarboxylation.

4.4.2 The use of equimolar carboxylic acid mixtures with similar pKa for the
ketonic decarboxylation reaction
As the ketonic decarboxylation of different fatty acids mixtures was explored, the pKa

of the selected acids did not vary a lot, as observed in Table 4-1. Although no quantitative
data regarding the acidity of the a-hydrogens for each specific acid was found elsewhere, it
is fair to say that as observed in Table 4-1, the acidity of the a-hydrogens should also be
similar one another. From Table 4-2 it is evident that the presence of the latter mentioned
a-hydrogens is needed in order to promote the ketonic decarboxylation reaction as it is
observed in Entry 1, Table 4-2, that when the pivalic acid was left to react (the pivalic acid
lacks a-hydrogens within the molecule’s structure) no ketone was formed. However, and as
observed in Table 4-2, in both, Entry 2 and Entry 3, the dodecanoic acid and the phenylacetic

acid formed their respective symmetrical ketones, 12-tricosanone and 1,3-diphenyl acetone,
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respectively. According to the literature, the presence of a-hydrogens is needed to start the
mechanism of the ketonic decarboxylation, probably through the abstraction of the latter
mentioned a-hydrogen over the surface of the catalyst [81,82,89]. The latter abstraction of
the a-hydrogen is likely to occur after the sorption of the acid onto the surface of the
catalyst. After trying to perform the ketonic decarboxylation using the dodecanoic acid with
the pivalic acid and only obtaining the symmetrical ketone 12-tricosanone, which derives
from the homo-ketonisation reaction of dodecanoic acid, the dodecanoic acid was mixed
with other three substrates (i.e., phenylacetic acid, hexanoic acid and linoleic acid). The
results are presented in Table 4-3. According to the study performed by Ignatchenko et al,
[228] using acetic acid and isobutyric acid acid,if both acids were put in equimolar amounts
to react through the ketonic decarboxylation, both carboxylic acids can produce the
maximum amount of the asymmetrical ketone. The latter seem to follow a binomial
distribution of products, where the probability of forming the asymmetrical ketone is twice
the probability of forming any of the symmetrical ketones. Therefore, in this study, equimolar
amounts (1 mmol) of each acid were used. In a similar behaviour with what Ignatchenko et
al, [228] observed and as reported in Table 4-3, the overall yield of the asymmetric ketone
in Entry 4 and in Entry 5 was superior when compared to the yield obtained for the symmetric
ketones, almost by twice, which again follows the trend of a binomial distribution. The

overall yield was calculated as follows:

Yield = —2* 4.1
Fy0-Fy

Where Fx refers to the moles of a product formed divided by the moles of the key
reactant that has been consumed [238]. In both cases, for Entry 4, Table 4-3 and Entry 5,
Table 4-3, the carbon chain length did not cause a significative difference in terms of the
obtained yields, neither for the symmetric ketones nor the asymmetric ketones. In both
entries, the yields seem to be of relative similarity. From Table 4-1 it can be observed that
the pKa of all the molecules are fairly similar, which could be extrapolated to the acidity of
the corresponding a-hydrogen, meaning all of the a-hydrogens might have similar acidity,

which could vary from one molecule to another due to, for instance, the inductive effects
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(e.g., phenyl group in the phenylacetic acid), etc. Nevertheless, there is no strong evidence
to suggest the acidity of the molecules employed for the ketonic decarboxylation might
differ hugely from one another and therefore have an impact on the reaction development
[237]. As explored in Chapter 3, it seems that once the reaction temperature reaches ca. 300
°C, the activation energy for the chemical reaction to proceed is reached, which in
conjunction with the presence of the a-hydrogen, completely favour the formation of the
ketones. However, and as observed in Table 4-3, Entry 6, and Table 4-3, Entry 7, the long and
unsaturated chain of the linoleic acid (6a), although sharing similar acidity in terms of pKa
with the rest of the molecules (Table 4-1), with the a-hydrogen in an a-carbon as branched
as the rest of the molecules as well (Table 4-1), when reacted at 300 °C, no symmetric ketone

was formed.

4.4.3 The effect of using unsaturated carboxylic acids to produce ketones
through the ketonic decarboxylation reaction.

Interestingly, in the Entry 6, Table 4-3, when put together to react, dodecanoic acid
and linoleic acid did not favour a clean reaction as the other two entries. As observed in
Figure A-7, Appendix A, the symmetrical ketone 12-tricosanone (retention time of 11.72
minutes) was obtained in a similar yield percentage (24%) with respect Entry 4 and Entry 5
in Table 4-3, however, the other expected symmetric ketone, the possible outcome of
condensing two linoleic acids over the surface of the catalyst (Le., (62 92 257 282)-
tetratriaconta-6,9,25,28-tetraen-17-one, C34HeO) was not observed in the chromatograms
(Figure A-7, Appendix A) nor through m/z analysis. As observed in Figure A-8, Appendix A,
the fragmentation analysis shows the presence of the asymmetric ketone (ie., Co9Hs,0, m/z
= 418), in a broad peak that splits into 4 defined smaller peaks, (the retention time of the
broad peak goes from 7.26 up to 7.73 minutes, which could correspond to the CxHs0, in
different isomeric forms. There was also a small peak at a retention time of 5.05 minutes,
which could be assigned to the 5-hexadecanone or the 6-pentadecanone. In any case, the
symmetric product ketone from the possible condensation of the linoleic acid was not
observed. It can be noted from the literature that most ketonic decarboxylation experiments
has been focused in trying to understand the reaction mechanism, which according to some
authors, the preferred route for the formation of the ketones proceeds through the

formation of the B-keto acid intermediate for a subsequent decarboxylation[82,225,228,239].
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In an interesting study, Smith et al, [102] used stearic acid (i.e., C1gH360,) as substrate, and
through the ketonic decarboxylation reaction, they produced stearone (ie., C3sH700O) , the
corresponding symmetric ketone. As catalysts, Smith et al, employed layered double
hydroxides, which are materials with high basicity and that are active towards the ketonic
decarboxylation. The reactions produced in the work of Smith et al/, were clean and no
undesired sub-products were obtained, rather the stearic acid fully converted into stearone.
Although the stearic acid and the linoleic acid have the same carbon chain length (C18), in
this study and as observed in Table 4-3 (Entry 6 and Entry 7) when used alone or in a mixture,
the linoleic acid did not lead to produce the respective symmetric ketone. Although more
experimental is needed using a less unsaturated specie such as oleic acid CigH340, it seems
evident than more than the carbon chain length having an effect in the production of the
ketones, it is the unsaturation of the linoleic acid which is affecting the product distribution.
The latter assumption could be supported with the fact that the hexanoic acid (5a), the
dodecanoic acid (2a) and the stearic acid (previous work [102]), all the three different
carboxylic acids fully consumed to form the corresponding symmetric ketones. Even the
phenyl substituent in the phenylacetic acid (3a) which can be considered exert inductively
withdrawing effects within the molecule did not affect the formation of the asymmetric and
symmetric ketones (Table 4-2 and Table 4-3) in what can be considered a clean reaction with
no undesired subproducts. However, at the high reaction temperatures of 300 °C, when
unsaturated carboxylic acids such as linoleic acid (Table 4-3, Entries 6 and 7) were used, a
competitive polymerisation reaction seemed to be happening which hindered a clean
ketone production reaction. Rather, through the polymerisation of the unsaturated acids,
different dimers or even trimers (i.e., dimer acids and trimer acids) could be forming, through
the effect of the heat and the Diels-Alder reaction [240,241]. In a really extensive study, Lee
et al, [229] investigated the effect of the unsaturation of the fatty acids when the latter acids
were used to produce ketones, through the ketonic decarboxylation. In the study, Lee et al,
used stearic acid, oleic acid and linoleic acid as substrates and TiO; as the catalyst. The
reaction was carried out at 380 °C for a period of time of 12 hours. Interestingly, they
concluded that the more unsaturated a carboxylic acid is, the less fatty derived ketones are
produced through the ketonic decarboxylation reaction. Rather, the unsaturation would lead
to the formation of conjugated polyunsaturated olefins such as dienes. The latter dienes,
according to Lee et al, are the product of the McLafferty rearrangement and cracking

reactions. It remains unclear whether the amphoteric nature of the TiO, was causing more
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cracking reactions when the unsaturation degree was increased from stearic, to oleic and
finally to linoleic, however, Lee et al, conclude the latter cracking behaviour is expected due
to acidic sites in the TiO, favouring the acidification of the unsaturated C=C bonds.
Nevertheless, the temperature used by Lee et al., was ca 380 ‘C, which in Chapter 3 it was
observed that when working with the dodecanoic acid, once the temperature was raised
over 300 °C, cracking and pyrolytic products were observed. Therefore, it remains unclear
whether using an amphoteric catalyst such as TiO, with lower temperatures would favour
less cracking-derived products and more fatty-derived ketones would be produced. In an
old patent Velde [242], proposed a methodology to produce ketones out of Cqs unsaturated
carboxylic acids (Le., linoleic acid), using MgO as the catalyst and a ratio acid to catalyst from
100:30 at a temperature from 300 °C to 325 °C. In the patent, Velde claims the production of
the ketones derived from linoleic acid was achieved. The results from Velde [242] seem to be
in disagreement with the obtained data from Lee et al, [229] however, the differences might
arise due to the different temperatures used for each of the studies and the nature of the
catalyst used. The conditions stated in the patent by Velde seems to be comparable with the
conditions used in this part of the study, however, Velde did not used any solvent, whilst in
this study, toluene was used to keep the formed ketone soluble and for the latter ketone to
be quantified through gas chromatography. Therefore, it can be possible that the toluene,
at the reaction temperatures of 300 °C is somehow favouring the polymerisation of the
linoleic acid among other reactions such as cracking, preventing the desired symmetric
ketone derived from linoleic acid to be formed. Interestingly, when the linoleic acid and the
dodecanoic acid were put to react together (Table 4-3, Entry 6) the symmetric ketone indeed
formed, however, according to the Figure A-7 and Figure A-8 in Appendix A, isomeric forms
of the asymmetric ketones might exist in solution rather than an specific product. The latter
results suggests that the ketonic decarboxylation reaction would proceed and compete
against some sort of polymerisation of the unsaturated carboxylic acids, as when only the
linoleic acid was left to react alone, even with the presence of the a-hydrogen and a basic
catalyst as MgO, no symmetric ketone was obtained (Entry 7, Table 4-3). As observed in
Figure A-7, Appendix A, no trace of the symmetric ketone was observed, rather a wide variety
of sub-products, most of them unidentified, which might include other ketone species,
which might support the assumption of the McLafferty rearrangement proposed by Lee et

al, [229]
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Due to the covid restrictions and lack of funding to keep doing experimental work,
the latter products obtained from the reaction of linoleic acid alone were not further
identified and characterised. Moreover, more experimental is needed to understand why the

symmetrical ketone was not formed
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4.5 Conclusions
The ketonic decarboxylation is a reaction that has been intensively investigated over

the years. The most accepted mechanism for the reaction to proceed is through the
formation of a B-ketoacid mechanism over the surface of the catalyst and recent studies
suggest the reaction could be reversible as well. The carboxylic acids containing the a-
hydrogen are prone to favour the ketonic decarboxylation, nevertheless, in this study, as the
acidity of tested carboxylic acids is fairly similar to one another, when put to react, the
reaction should favour the homo and cross ketonisation of all the samples, with the
exception of pivalic acid which lacks a-hydrogens, as mentioned earlier. As expected, pivalic
acid was unreactive towards the ketonisation reaction. Interestingly, the presence of linoleic
acid, which is a polyunsaturated carboxylic acid, did not favour the homo-ketonisation
reaction, even though linoleic acid has a no branched a-carbon and the acidity of the
molecule is fairly similar with the rest of the carboxylic acids used in this section of the study.
Although more work is needed to understand how the polyunsaturated carboxylic acids
interact (probably differently than a saturated carboxylic acid) over the surface of the highly
basic MgO, it was observed that the symmetric ketone derived from the linoleic acid did not
from properly. The latter behaviour might be attributed to different reaction conditions, such
as possible rearrangement during the ketonisation (e.g., McLafferty rearrangement), or even
to other reactions (e.g. polymersation) possible outperforming the latter ketonisation
reaction. However, as the catalytic conditions in this study differ from the ones claiming the
latter rearrangements or side-reactions, more work using MgO and other unsaturated
carboxylic acids is needed, to understand whether or not the rearrangements or side-
reactions correspond only occur when working with amphoteric catalyst. Moreover, when
mixed with dodecanoic acid, the cross-ketonisation product was indeed formed.
Nevertheless, the reaction was not clean, and a variety of by-products formed, probably

isomerised forms of the latter asymmetric ketone.

It can be observed, from the conclusions of this work, that rather than a fully
conclusive chapter, Chapter 4 is a preliminary chapter to be fully addressed in future work,
as due to the pandemic restrictions and cut of funding, the laboratory work was stopped
before gathering more data. Nevertheless, it was decided to be included within this thesis

as it set the foundation of what can be done by future colleagues.
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5. Adding value to waste minerals in a circular economy framework: Ochre
derived layered double hydroxide catalysts in fatty acid ketonisation

5.1 Introduction

Treatment and reuse of waste is an important component of the emerging circular
economy, where waste reduction and valorization is needed to address increasing
population and associated increasing consumer demand, which directly drives an increase
in the consumption of goods, energy and depletion of natural resources with associated
increased waste to dispose of [243]. In particular, addressing climate change owing to
emissions of greenhouse gases coming from industrial processes and fuel combustion is a
major concern that requires immediate attention [3,13,243]. In recent years, significant
research has been undertaken working towards routes to produce bio-derived synthons that
otherwise would be produced by traditional petroleum derived routes [68,70,244]. As an
example, the base catalyzed production of ketones from plant oil derived fatty (and other
carboxylic) acids has become an important reaction for the production of bio-based
lubricants, fuel blends, and detergents as well as a mechanism to reduce the oxygen content
within pyrolysis oil from biomass [3,16,83,95], as already investigated in Chapter 3 and
Chapter 4. In a recent study [102], we explored and tested the heterogeneous base catalytic
activity of layered double hydroxides (LDH) to promote the formation of ketones from
carboxylic acids through the ketonic decarboxylation reaction. Ketones are normally
produced through oxidation of petroleum hydrocarbons, whereas ketonic decarboxylation
is a deoxygenation reaction in which two carboxylic acids (for example, from tri-
acylglycerides in plant oils) couple to form a ketone while releasing water and carbon

dioxide [81,82]. A simple chemical equation to show ketonic decarboxylation is as follows:

RiCOOH + R,COOH — RiCOR;+ CO; + H:O 5.1

Owing to their basic properties and structure [102,245,246] (LDHs are materials
composed by metal hydroxide brucite-like layers with interlayers that contains anions and
water exercising weakly bond interactions, balancing the compound), Al/Mg synthetic LDHs
proved to be excellent mediators of the ketonic decarboxylation reaction at moderate
temperatures (250 ) and offer a possible route for upgrading biomass derived oils. LDHs

consist of hexa-platy, 2-dimensional sheets of edge-sharing octahedra of metal cations
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(commonly Mg®* and Al*3), with sheets stacked upon one another and with significant
variation in cation composition possible during synthesis, allowing many actual and
potential applications [245]. LDHs are generally prepared at scale using a co-precipitation
method [126] from soluble metal salts, and due to this, and attending the need for a circular
economy, the use of an acid soluble waste product sludge precipitated from acid mine
drainage (AMD) treatment named ochre, which would typically be landfilled at a cost, could
be an attractive cost-effective alternative source of cations to prepare LDHs. Ochre covers a
group of ferric hydroxides, FeO(OH) or Fe(OH)s. According to Dobbie et al, ochre
production in the UK is estimated to be 30,000 tonnes per year at a disposal cost up to £3
million per year [247]. Although only being used as pigments in fine art on small-scale, the
use of ochre as a potential phosphorus removal method has also been explored in recent
years, with promising results though no commercial application as yet [150,247-249].
However, to the best of our knowledge, ochre has not been used as yet as a cation source
to synthesize Mg/Fe LDHs. In this paper, the use of the acid mine drainage precipitate ochre
is investigated as a cation source material from which to synthesize LDHs and the resulting
material's activity as a heterogeneous base catalyst to promote the ketonic decarboxylation
reaction between carboxylic acids is assessed. Hence, the overall aim being the
transformation of an unwanted, waste material (ochre) into an added-value, useful, chemical
material (Mg/Fe LDH), with a range of potential sustainable chemical reaction applications,

and herein exemplified by catalytic ketonic decarboxylation.

5.2 Experimental
All the characterisation techniques employed to characterise the ochre and the

as-synthesised LDH materials used in this section of the study, have been explained
in further details in Chapter 2 (i.e., PXRD, FTIR, TGA, ICP-OES, and Nitrogen
adsorption/desorption isotherms) therefore they will not be described further as the
same methodology to prepare all the samples was applied during the development

of Chapter 3 to Chapter 7.
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5.2.1 Ochre composition

Ochre was obtained from the Coal Authority, UK, from the primary drying lagoon at
Saltburn Gill Water Treatment Scheme, Saltburn, Cleveland, UK; a treatment system for an
ironstone mine. Transmission electron microscopy showed that the majority of the material
was nano-crystalline [250]. Dewatering analysis and inductively coupled plasma — optical
emission spectroscopy (ICP-OES) of the Saltburn ochre were performed to determine the
composition. Dewatering was undertaken by placing an amount of ochre (approximately 5
g) in an oven at 70 °C until constant mass was attained. Mineralogy was determined by

powder X-ray diffraction, as detailed below.

5.2.2 Catalyst preparation
The constant pH co-precipitation method (low saturation) was chosen to prepare the

Mg-Fe-COs LDH (LDH-COs) with a target Mg/Fe ratio of ~3.8 to 4. This Mg/Fe ratio was
selected on the basis or prior work, where co-precipitated Mg/Al LDHs showed highest
conversion for ketonic decarboxylation reactions [10]. Moreover, in a first approach to
synthesize the LDH material using the ochre as one of the precursors, the Mg/Fe ratio of 4
was chosen due to the lack of access to ICP-OES analysis at the time starting to develop this
chapter, considering the ochre being solely FeO(OH) with no other metals or impurities
within the sample. Based on the results obtained through the latter synthesis and after
performing several ICP-OES analysis of the ochre sample, another synthesis using the Mg/Fe
ratio of 4 was performed, trying to do the stoichiometric calculations as perfect as possible
based on the ICP-OES information obtained. Constant pH co-precipitation gives good
control over nucleation rates and crystal morphology and composition homogeneity and
allows for meaningful comparison with our previous study using Mg/Al LDH [10]. First,5g
of Saltburn ochre (through ICP-OES analysis, in Table 5-1, the amount of iron in the 5 g
Saltburn ochre is equivalent to 6.3 mmol) was dissolved in 50 ml of 3 M HCL (Fisher,
laboratory reagent grade) and mixed with 50 ml (24 mmol Mg) of a 0.48 M solution of
Mg(NO:s3)2.6H,0O (Aldrich, 99%). The mixed solution was added dropwise into a three-neck
round bottom flask with 100 ml of Na»COs (Fisher, laboratory reagent grade) solution (0.58
M), while stirred. To maintain the pH of the reaction at 10, 100 ml of NaOH 1M was added
dropwise, simultaneously. The temperature was controlled using a hot plate and an oil bath,

keeping both the temperature and the stirring of the reactions always at 65 °C and 300 rpm,
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respectively. Once the dissolved ochre solution addition was finished within the dropping
funnel, the three-neck round bottom flask was sealed and put into an oven at 70 °C to age
the product for 24 hours. Immediately after the aging process, the crude mixture was filtered
using a Blichner funnel and filter paper to recover the precipitate. The solid product was
washed with 1 liter of de-ionized water and subsequently left in the oven at 70 °C for 24
hours to dry. After drying, the solid material was ground and sieved using a 250-micron
sieve, leading to a fine brown powder. For a structural and catalytic comparison with the
ochre derived LDH, another LDH using high purity metal salts was synthesized. A 0.04 M
solution (40 mmol) of MgCl,..6H,O was mixed with a 0.02 M solution (20 mmol) of FeCls,
which was added dropwise into 100 ml of 0.58 M solution of Na>COs inside a three-neck
round bottom flask using NaOH to regulate the pH at 10. The rest of the methodology

follows exactly as before.

5.2.3 Ketonic decarboxylation reaction procedure
0.4004 g (2 mmol) of dodecanoic acid (Ci2H240,, TCl, 98%) was reacted at

temperature ranging from 250 to 350 T with different catalyst loadings (5% wt., 3% wt. and
1% wt. with respect to the feed of dodecanoic acid, in grams) inside an autoclave (0.075 L
Parr) using toluene as solvent (analytical grade, Fisher) to convert the dodecanoic acid into
the homo-ketonisation product, 12-tricosanone. Once sealed, the autoclave was purged
with nitrogen four times to remove any trace of oxygen within the vessel. Afterwards, the
autoclave was heated up to the desired temperature and left to react for one hour. Once
the reaction time was over, the vessel was left to cool down and, once at room temperature,
the crude product was taken out of the reactor using a 20 ml pipette. Further details about

the autoclave use, see Chapter 2, Section 2.10.

5.2.4 Analysis of crude reaction product

The crude product was put into a 50 ml falcon tube and centrifuged using a Beckman
Coulter Avanti J-20XP centrifuge (3000 RPM, 15 min) to separate the solid catalyst. The
crude product was analyzed using a Shimadzu GC- 2010 instrument with a flame ionization

detector (FID) with a HP-5 30 m length, 0.25 mm internal diameter and 0.25-micron film
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thickness coating column (stationary phase: 5% diphenyl / 95% dimethylpolysiloxane) using
hydrogen (H) as the carrier gas. Before injection, a calibration curve using the internal
standard method for the amount of the expected ketone was performed in order to perform

the quantitative analysis (see Figure A-1, Appendix A).

5.3 Results

5.3.1 Saltburn ochre and as synthesized LDH-COs (ochre derived and synthetic)
characterization

The results from the ICP-OES analysis of the Saltburn ochre and the as synthesized LDH-
COs (ochre derived and synthetic) are shown in Table 5-1. To avoid confusion, the ochre
derived LDH was named LDH-COs whereas the synthetic LDH was termed SLDH-COs. The
presence of different metals in the Saltburn ochre can be observed, with Fe being the most
abundant by an order of magnitude, followed by Ca. The average amount of water in
Saltburn ochre corresponds to 78.2% (See Table B-1, Appendix B). For the LDH-COs, the
analysis suggests that the synthesized material contains an Mg/Fe ratio of 3 rather than the
expected ratio of ~3.8. This reflects variability of composition of the Saltburn ochre, and
assumption in the ochre being composed mainly of FeO(OH) in the calculated composition.
The low-saturation method for co-precipitation was used for the synthesis of the LDH
materials as it produces more crystalline precipitates when compared with the high
saturation method, as well as being more commonly used for the synthesis of LDH materials

[103]. Based on the obtained Mg/Fe ratio of 3 and following the literature [245,246], the

estimated formula, [Mg3%sF 025(OH2)]025+(CO§‘)0.125.mHZO for the LDH-CO; was

calculated. In the same manner, and according to Table 5-1, the Mg/Fe ratio of SLDH-COs
was calculated and a value of 2.11 was obtained. The chemical formula of SLDH-COs was

calculated as [MgZtgFed%, (0H,)]%32%(C057).16. mH;0.
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Table 5-1. Concentration of metals present in the Saltburn ochre and LDH-COs samples dissolved in HCl
(ppm), from ICP-OES analysis.

Element Concentration SD* Concentration (ppm) | SD* Concentration SD*
(ppm) in 5 g of in 15 mg of LDH-CO3 (ppm) in 15 mg of
Saltburn Ochre SLDH-COs
Mg 324 14 270 37.8 190 30.5
Fe 6091 17.6 210 15.2 210 20.8
Ca 499.1 1.5 15 2.1 0.52 0.01
St 12 0.12 8 2.8 6.6 2.8
Ba 04 0.1 0.94 0.5 0.94 0.5
Tb 1 0.012 0.77 2.3 0.31 2.3
K 0.09 0.1 0.72 0.6 0.56 0.6
Mn 6.3 0.1 0.62 0.1 1.1 0.1
Na 2 0.1 0.57 0.1 4.1 0.1
Sr 10.8 0.1 0.55 0.04 - -

The rest of the minor metal constituents are shown in the Appendix B, Table B-2. SD means standard deviation, of

concentration measured in triplicate.

TGA analysis of the Saltburn ochre was performed to observe if any organic matter
was present within the sample. The plot is shown in Figure 5-1, together with the one
belonging to the LDH-COsz and it can be observed that the materials have very different mass
loss profiles. The ochre sample loses mass in two main steps, one in the region of the 200
°C and the next one in between 200 °C and 650 T. The first mass loss is due to the removal
of physisorbed water on the sample, whereas the second one relates to the dehydroxylation
of the sample as all the a-FeO(OH)(goethite) was completely transformed to a-Fe;Os
(hematite) [251-253], with the latter confirmed by XRD data of a calcined Saltburn ochre
sample at 800 °C (Figure B-1, Appendix B). TGA analysis of the LDH-CO; exhibits a typical
three stage decomposition, [254] with a total mass loss of 39.5% as the temperature reached
650 °C. These mass losses are due to the water adsorbed (up to ca 120 °C) and in the
interlayer (up to 250 °C ) being removed, followed by dehydroxylation and loss of the
interlayer carbonate species, resulting in spinel formation at above 750 °C [103,254-256].

SLDH-COs exhibited the same behavior as LDH-CO;3, as observed in Figure 5-1. Thus, the
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two larger mass losses can be attributed to dehydroxylation and decomposition of the

carbonate species existing in the interlayer.
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Figure 5-1. Thermogravimetric analysis of the Saltburn ochre and the as
synthesized LDH-COs and SLDH-COs samples under a N2 atmosphere.
The mineralogy of the Saltburn ochre was analyzed using powder XRD, as shown in
Figure 5-2(a). The main reflections present in the sample are from goethite (a-FeO(OH)),
which is generally the main iron phase observed in ochre [150]. The broad background
feature arises owing to fluorescence effects associated with Fe phases. When compared to
the powder XRD pattern of the ochre, it is clear a new phase has been formed in the LDH

synthesis.
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Figure 5-2. (a) Powder X-ray diffraction pattern of the Saltburn ochre. Characteristic reflection peaks from goethite
can be observed as denoted by *; (b) Powder X-ray diffraction pattern of the synthesized LDH-CO3 and SLDH-COs
with characteristic diffraction peaks for LDH structures

The sharp reflections from the XRD pattern observed in Figure 5-2(b) correspond to
those characteristic of LDHs, showing that the as synthesized material by the co-
precipitation method is a well crystallized LDH [102,257-259]. The basal d-spacing and
interlayer repeat distance from the sample LDH-COs is 7.68 A, typical for carbonate
containing LDHs [103]. The crystal cell & parameter was calculated as 3.103 A (using a =
2d110), and the crystal cell ¢ parameter (calculated as ¢=3 doo3)) was 23.1 A in accord with the
literature [123,254,260,261] and as explained in Chapter 2, Section 2.1. The broad background
feature may be due to fluorescence, or possibly the presence of an amorphous Fe oxide
phase. Using the same methodology, crystal cell parameters were calculated for SLDH-COs.
The values of the a@-spacing and interlayer repeat distance, as well as the values of aand ¢
were 7.73 A, 31.01 A and 23.19 A, respectively.

The FTIR spectra from the Saltburn ochre and the LDH-COs and SLDH-COs samples
are presented in Figure 5-3. Principle adsorptions corresponding to the LDH are a broad
adsorption band from 3000 to 3500 cm™, with an observable peak at 3410 cm’,
corresponding to hydrogen bonded —OH and interlayer water [103,260], and a distinctive
intense absorption at 1356 cm™ corresponding to carbonate anti-symmetric stretching as

well as an observable shoulder close to 2900 cm™ related to stretching bonding of H-bonded
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molecules (O-H bonded to the COs3? in the interlayer) [256,259,262,263]. Regarding the
Saltburn ochre sample, the peaks observed at 797 and 885 cm™ can be attributed to those
characteristic of goethite, due to the deformation of the O-H bonds [264-266], supporting
the data obtained from the XRD. Taken together, XRD, TGA and FTIR analysis all confirm that
the original ochre is comprised mainly of goethite and the material has been substantially,

if not completely, re-precipitated as an LDH material.
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Figure 5-3. Fourier transform infrared spectra of both LDH samples and Saltburn ochre. OH
stretching from 3000 to 3500 cm-'. Stretching of the C=0 bonds at 1356 cm-".

The plots from the nitrogen adsorption and desorption isotherms for calculation of
the specific surface area as well as the pore size distribution curve are presented in Figure
5-4, for the BET (a) and the Barrett-Joyner-Halenda (BHJ) (b and c) methods, for both
catalysts.
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Figure 5-4. Nitrogen adsorption/desorption isotherms of the LDH-CO3 and SLDH-COs (a). Pore

size distribution curves of the LDH-COs (b) and SLDH-COs (c). Regarding the BJH method, both

samples were separated in two different plots.

The materials exhibited a classical Type IV isotherm related with mesoporous
materials [159,164] with a narrow hysteresis loop, which means that the pores are uniformly
distributed in a narrow arrangement [159,164]. This distribution was confirmed by Figure
5-4(b) for the LDH-COs in which it can be observed that the majority of the pores are

distributed between a width of 9 nm and 40 nm. On the other hand, the majority of the
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mesopores for the SLDH-COs; were up 20 nm of width. A summary of the specific surface,

pore volume as well as pore size for both samples can be observed in Table 5-2.

Table 5-2. Obtained results from specific surface area and pore parameters from the BET and the BHJ for the
ochre based LDH (LDH-CO3) as well as the synthetic one (SLDH-CO3).

Parameter of the LDH-CO3 SLDH-COs
material

Specific surface area (m? g-') 125.91 20.92
Pore volume (cm3/q) 0.39 0.13
Pore width (nm) 14.90 2.90

According to the reported data in Table 5-2, the BET surface area as well as the pore
size parameters seem to be in agreement with the literature [102,267] for LDH materials,

although they can vary between samples.

5.3.2 LDH-CO:; as a catalyst for the ketonic decarboxylation of dodecanoic
acid
Ketonic decarboxylation reactions were carried out using the ochre derived Mg/Fe

LDH-COs as a heterogeneous base catalyst, with dodecanoic acid (dodecanoic acid) as the
substrate at two different temperatures (250 C and 300 ) and with different catalyst loads
ranging from 1% wt. to 5% wt. with respect to the feed in grams, as shown in Section 5.2.
The results are presented in Figure 5-5. Conversion was considered to be 100% as well as
selectivity towards the ketone, as no other significant peaks were observed in the
chromatograms of the crude product mixture (Figure A-2, Appendix A) and as performed in
our previous study [102]. To screen the potential use of Saltburn ochre as a heterogeneous
catalyst and the capability of the waste material to promote the formation of ketones
compared with the synthetic LDH-CO3s, 5% wt. of the Saltburn ochre was tested under the
same conditions as those detailed in Section 5.2.4 for a reaction temperature of 300 C. The
ketone yield was 16%, much lower (relatively) than that obtained with the as synthetic LDH-
COs Moreover, the SLDH-CO;s catalyst was also screened in order to compare the activity of

this material, made with high purity reagents, with the activity showed by the LDH-CO;3,
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which was synthesized with the waste material ochre. The screening of the catalyst was
performed once under the same conditions presented in Section 524 at a reaction
temperature of 300 C (Table B-3, Appendix B), as observed in Figure 5-5. Some literature
reports state that for ketonic decarboxylation to occur, temperatures of above 320 €T are
required [83,95]. In addition to this, in a previous study using LDH to favour the ketonisation,
ketonic decarboxylation was achieved at 250 T [102]. In addition, a control was performed
where dodecanoic acid was screened without solvent and catalyst to temperatures at 300 T
and above, which resulted in decomposition of the reactant into volatiles and with no trace
of ketone in the remaining crude product in the reaction vessel. Thus, taking into account
the results when screening temperatures over 300 T for these experiments and the results
from our previous study, the temperature was set to two values, ie., 250 T and 300 T, for
evaluation of the ketonisation reaction. For the evaluation of the LDH-COs, each reaction
was carried out in triplicate, and, as observed in Figure 5-5, error bars show the standard
deviation existing for each catalyst load percentage at both temperatures. However,
regarding the 250 T points, the deviation was so small that they can barely be discerned

relative to the size of the data point markers.
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Figure 5-5. Yield of 12-tricosanone derived from the ketonic decarboxylation of
dodecanoic acid with the LDH-CO3 and SLDH-CO3

It can be observed from the data above (Figure 5-5), that the ketonic decarboxylation
of dodecanoic acid using the SLDH-COs exhibited a higher conversion of the latter into the
desired ketone, however, the difference in ketone yield between the two catalysts is slight.
Nevertheless, an appreciable difference was observed at 1% wt. catalyst loading, where the
LDH-COs (i.e., the one made using the Saltburn ochre) delivered a better result than the

synthetic one.
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5.4 Discussion

Here, we valorise a waste product, ochre, from the Saltburn Gill treatment scheme, that
would have otherwise been landfilled, through converting it to a Mg/Fe LDH-COs solid base
catalyst material. Though we use here a purchased Mg salt, waste streams containing
dissolved Mg may be identified in order to accrue further environmental and sustainability

benefits.

5.4.1 Characterisation of Ochre to LDH Conversion

Analysis of the ochre showed the sample was mainly goethite (ICP and XRD) with some
Si, Ca compounds and water, with no observable presence of any organic matter, agreeing
with the literature [150]. Despite other metals being found within the ochre sample, as
identified by ICP-OES in Table 5-1, the high level of Fe made it a suitable donor waste
material for the synthesis of the Mg/Fe LDH. The formed LDH structures have a very different
XRD pattern to the ochre (Figure 5-2(a) and Figure 5-2(b)), and are low order, polycrystalline
materials and have characteristic sharp, intense basal reflections with preferred orientation
low 26 angles and with almost equally intense, symmetric reflections at high 26 angles, as
seen in Figure 5-2(b) [102,257,258]. The obtained lattice parameters aand ¢ which represents
the cation-cation distance in the layer and three times the distance in adjacent brucite-like
layers, respectively, fits very well with the reported data for synthetic layered double
hydroxides and natural hydrotalcites in the literature, with 4 and cvalues of 3.06 and 23 A,
respectively reported by Brito et al, [255]. Cavani et al, [103] reported values from 3.05 to
3.11 A for awhereas for cvalues from 22.81 to 23.41 A were reported. Other similar values
of aand ¢ 3.04 and 23.64 A, respectively were also reported by Cocheti et al [268]. The
symmetrical nature of the (011) reflections is interesting, indicating low turbostratic disorder
within the prepared Mg/Fe LDH. The FTIR data provided further information about the LDHs
materials, with hydrogen-bonded OH groups stretching evident in the region 3000 to 3500
cm™' [256,262], related to the existence of water in the interlayer, with no similar high
wavenumber vibrations in the ochre spectra, where interlayer regions are not present. The
presence of a peak at 1356 cm™ related to the carbonate anion is due to the anti-symmetric
stretching of the C-O bond [103,259]. The data is characteristic of LDHs [269,270], supporting
the XRD data above regarding a successful synthesis of the desired LDH material. The latter

can also be supported with the FTIR plot of the Saltburn ochre observed in Figure 5-3, with
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the characteristic goethite peaks at 797 and 885 cm™" [264-266] and their total disappearance
in the LDH spectra. No sharp absorbance was observed ca 3700 cm™, which would also
indicate the presence of a brucite (Mg(OH).) phase. The nitrogen adsorption and desorption
isotherms proved the mesoporous nature of the as synthesized LDH material (LDH-CO3),
with a narrow distribution of pore size and a relatively high surface area, both desirable
characteristics for heterogeneous catalysts, with good adsorption properties favouring the
diffusion of products and reactants [271]. When compared with the latter, the BET surface
area calculated for the SLDH-COs is smaller (see Table 5-1) however, when evaluated for
carrying out the ketonic decarboxylation reaction at 300 °C, the yield of ketone produced
was similar to the material with higher surface area (Table B-3, Appendix B), showing that
the existing difference between both samples in terms of area might not be significant
enough to effect product yield. The target ratio (R-value) of Mg?*/Fe** for this study was ~3.8
to 4, however, and according to the ICP-OES analysis of the LDH-COs sample, a ratio of
Mg?*/Fe** of 3 was obtained. The amount of Mg present in the LDH-COs; was less than
expected according to the stoichiometry of the reactants used for the synthesis of the
material. We speculate that this was due to the presence of amorphous Mg/Fe oxides in the
sample as no other appreciable phases related to Mg, (for example Mg(OH). or MgO) or Fe
(for example FeO(OH) are observed either in the PXRD pattern or the FTIR spectra [272]. On
the other hand, a Mg/Fe ratio of 2.1 was obtained for the SLDH-COj3, as expected when
synthesized, with the desired synthesis R-value set at 2. The use of ochre, therefore, may

present a challenge in terms of obtaining well defined Mg/Fe ratios.

It should be noted that the stoichiometry for the Mg?*/Fe3* ratio for the LDH-COs was
based in the amount of iron present in the Saltburn ochre, which was first measured using
ICP-OES on the latter and allowing for the dewatering analysis described in Table B-1,
Appendix B. The element composition given in Table 5-1 is an average of the concentration
of metals in the Saltburn ochre for several samples, with distribution being slightly
heterogeneous owing to the nature of the waste material. The amount of M3* substitution
present in the layer, in this case, the Fe** cation, can vary depending on the methodology
used for the synthesis as well as the conditions of the latter. A ratio of M?*/M3* varying from
2 to 6 has been observed in synthetic LDHs in the literature, with natural minerals mainly
presenting a ratio of 2 or 3 [123]. The TGA plot in Figure 5-1 delivers a clear comparison

between the as synthesized LDH-COs, SLDH-COs and the Saltburn ochre. It can be observed
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that, as expected and in agreement with the XRD and FTIR data, the ochre was transformed
completely into the LDH material and the decomposition curve changed considerably as a
result. Ochre is mainly composed of goethite, as observed in Figure 5-2(a), and all the mass
loss observed in Figure 5-1 is due to the loss of adsorbed water and the dehydroxylation of
the sample, with the goethite completely transformed into hematite when temperatures
reached 700 °C and above [150,251,253]. When observing the TGA curve for both the LDH-
COs and SLDH-CO:;, literature reports a classical two stages decomposition in hydrotalcite-
like materials, with the first mass loss due to the physisorbed and interlayer water, which
ends at around 200 °C, and a second mass loss from 200 °C to approximately 600 °C due to
the dehydroxylation and decomposition of the carbonate anion in the interlayer [103,254-
256]. Both processes can be considered endothermic and dependent on different factors
such as the cation ratio, pre-treatment of the samples and type of anions in the interlayer

[103].

5.4.2 Ketonic decarboxylation of dodecanoic acid

The catalyst load and the temperature at which each reaction was performed have a
direct impact on the formation of ketone. Thus, when no catalyst was used, ketone
production did not occur. However, in the presence of catalytic amounts of the LDH
materials, the ketone started to be generated, in lower yields at lower temperatures (250 °C)
and in much higher yields when the temperature increased (300 °C), as shown in Figure 5-5.
It should be noted that the raw Saltburn ochre did promote the ketonic decarboxylation of
dodecanoic acid, however, the ketone yield was low (16% at 300 °C) when compared with
those obtained with the Mg/Fe LDH-COs. Even though the ketone yield was low, the Saltburn
ochre, which is mainly composed of goethite (see Figure 5-2(a)) did show some activity as a
basic heterogeneous catalyst. The catalytic behavior of FeO(OH) has previously been
observed for reforming or cracking of heavy oils [273,274], however, no reaction mechanism
was described. According to recent literature, this catalytic behavior could be attributed to
the presence of the existing O-H groups and the adsorbed carboxylic acids reacting through
formation of a B-keto acid intermediate [82,102,239]. The need for a mineral surface to drive
catalysis fits with the experimental data from other authors, indicating the surface plays a
major role to promote the ketonic decarboxylation reaction, based on the organization of

the reactants over the surface of the catalyst and the involvement of specific active sites
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[102,206,275]. When no basic catalyst is present, the abstraction of the a-hydrogen does not
occur which prevents the ketone forming [81]. In our previous study [102], up to 90% ketone
yield was observed when Mg/Al LDHs were used at 250 °C for conversion of stearic acid,
whereas in this study using the ochre derived LDH (LDH-COs3) with dodecanoic acid, the
highest ketone yield obtained at that temperature was 19% (see Figure 5-5). Higher
conversion (of up to 80%) is attained with the LDH-COs catalysts here at 300 °C. The effect
of reaction time, substrate differences (dodecanoic vs stearic acid) and catalyst composition
(Mg/Al vs Mg/Fe) is presently being investigated to understand these differences. The
effectiveness of SLDH-COs as a heterogeneous base catalyst to promote ketonic
decarboxylation can be observed in Table B-3, Appendix B. Higher ketone yields were
obtained when compared with the ochre derived LDH-COs and it might be assumed that
this is due to the purity of the reactants. However, the ketone yield obtained from the
Saltburn ochre derived material with a catalyst loading of 3% wt. was close to the yield
obtained with the high purity reactants, proving that ochre can be an efficient iron donor to
produce highly active LDH materials, with impurities having negligible effect. Despite the
different Mg/Fe ratio for both materials, the SLDH-CO3 and LDH-CO3, being different (2.11
and 3, respectively), our last study found that for different Mg/Al ratio LDH materials (from
2 to 6) similar behaviour for promoting ketonic decarboxylation was observed, suggesting
the Mg/Fe ratio would have little effect and both samples can be compared for ketone
production [102]. Several authors have pointed out that when reaching temperatures of
around 300 to 450 °C, ketone formation from carboxylic acids can be enhanced [16,81,94,95],
with a 100 % yield reached at 300 °C [95]. However, when temperatures of 450 °C or above
were used, others have stated that the pyrolytic decomposition of the carboxylic acid takes
over from the ketonic decarboxylation reaction [82,276]. In this manner, the increase in
ketone yield observed in Figure 5-5 at 300 °C was not surprising, evidencing that neither
long reaction times nor more than catalytic amounts of catalyst are needed to promote a

ketone yield up to 80% [82,83,102].
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5.3 Conclusions
Ochre, an Fe rich waste material produced from acid mine drainage treatment at Saltburn

Gill, North East England, destined for landfill at cost to the taxpayer, was converted to a
Mg/Fe layered double hydroxide (LDH) material, which was prepared with a M?*/M3* ratio of
3, of potential use as an industrial catalyst. The catalytic activity of raw Saltburn ochre was
examined for its ability to carry out ketonic decarboxylation, however the performance of
the latter was lower than the synthetic Mg/Fe LDH (LDH-CO:s (i.e., which had used ochre as
one of the main materials during its synthesis). Impurities in the ochre as received could
have affected the synthesis process, but a number of analyses confirmed successful
formation of the desired LDH, though with some loss of control of Mg/Fe ratio. This
evidences the potential to convert materials with costly disposal routes into industrially
relevant commodities, necessary to develop the circular economy. In an additive sustainable
chemical process, this catalyst was tested for heterogeneous base catalyst activity for the
ketonic decarboxylation of dodecanoic acid, a readily obtained component of plant oils.
Short periods of contact time at temperatures of 300 °C and low catalyst loadings proved to
be sufficient to promote up to 80% of ketone formation. The presence of trace impurities
in the waste material appeared to have little effect on the reactivity, relative to materials
tested in prior studies prepared from high purity chemical feedstocks [102]. This study
delivers a proof of concept that moves beyond using green chemistry principles for the
chemical reaction process, [277,278] to show how an efficient and green mixed metal catalyst
can be obtained using ochre, a waste product from mine water treatment, to then undertake
sustainable conversion of biomass derived fatty acids to provide a valuable feedstock,
ketones. This exemplifies a circular economy approach with reagents sourced from waste

materials and combined with sustainable processes based on biomass conversion.
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6. Hydrogen production from a circular economy inspired catalysis:
Photocatalysis activity of ochre-derived layered double hydroxide.

6.1 Introduction
The circular economy concept, where waste is revalorised and put to new use, has

emerged in response to resource scarcity and energy demand required for mineral
extraction and technology production, with consequent environmental impacts, as well as
socletal pressures [279]. As already explored in Chapter 5, in the UK, the waste mineral ochre
(FeO(OH)) is producedLDHs have previously been prepared using waste materials with, for
example, waste foundry sand derived Mg-Al LDHs used to successfully adsorb model
pollutants, such as Congo red dye [280]. On a recent study, a dense porous LDH made of
struvite, which is an undesirable product in wastewater treatment plants was produced by
Kwok et al, [141]. LDHs have also been prepared from boron mud and red mud industrial
wastes, and used as phosphate sorbents, with the materials formed found to contain a wide
variety of metals, such as magnesium, aluminium, calcium and iron [281]. LDH materials
produced from ochre have previously been tested to promote ketonic decarboxylation of
vegetable oil derived carboxylic acids, with good results, illustrating how circular economy
and green economy principles can be integrated [114]. In this Chapter, and to further explore
the capabilities of a LDH derived from the waste material ochre as a catalyst, not only for
ketonic decarboxylation [114] (i.e., Chapter 5), but also to promote other clean energy
reactions, the latter LDH material is studied here as a photocatalyst for the hydrogen
evolution reaction. Hydrogen production from water has been exhaustively studied since
1972 as a process with no negative impacts on the environment [282,283]. The most widely
studied material for photocatalysis over the past 20 years has been TiO; [284,285]. This is
mainly due to the non-toxic and affordable character of TiO,, however TiO, does suffer from
some limitations, including not being able to absorb under visible light conditions and the
existence of a broad band-gap (3.2 eV) [285-287]. Therefore, using TiO; to produce hydrogen
ylelds a variety of results, with no agreement among the literature, as constant
improvements develop to increase the ability of the material to harvest more energy from
sunlight [286-288]. For example, Wang et al, [289] obtained a hydrogen yield under UV
irradiation conditions of 96.5 umol.g’h™! using commercial TiO, which was later compared
with the as synthesized, flower-like morphology, anatase nanospheres of TiO; yielding

hydrogen production of 364.2 pmol.g'h™'. In recent years, LDH materials have been used as
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economical and effective photocatalytic alternatives to TiO, [290-292]. A wide diversity in
ylelds of hydrogen production have been reported in the literature. Mg/Al/Fe — COs; LDHs
yielded a production of 301 umol.g™’h”" under visible light conditions, using methanol as
sacrificial agent [151], whereas Zn/Cr - NOs; LDHs with CdS incorporated yielded 374 ymol.g”
Th'",also under visible light conditions[293]. For both studies, both LDH samples were poorly
active towards visible light conditions. Once they were modified, the Mg/Al — COs doped
with Fe** and the Zn/Cr nanohybridized with CdS, production of hydrogen under visible light
irradiation was possible. In terms of higher yields of hydrogen in the literature with LDHs,
Zn/Cr LDHs have reportedly delivered a hydrogen production of 1732 umol.g'h™" [294],
again, under visible light conditions and using methanol as sacrificial agent. The latter study
attributed the hydrogen production to the COs in the interlayer playing a key role reducing
the recombination effect, hence improving activity with visible light irradiation. Though a
variety of LDHs have been tested for photocatalytic applications, to the best of our
knowledge this is the first time an LDH material made of mining waste has been used to
promote hydrogen production. In this chapter, an Mg/Fe based LDH [Mg®*os Fe3*o2
(OH),]%%*.(CO3%)0.1.4H.0 was synthesised by the co-precipitation method using the mining
waste material ochre (mainly composed of goethite, FeO(OH)) as the Fe source (denoted
LDHochre). Here, the ochre was obtained from the Saltburn Gill metal mine treatment scheme,
Cleveland, UK and was characterised in Chapter 5. The produced LDHoche Was evaluated for
activity in hydrogen evolution catalysis. Results were compared with another Mg/Fe LDH of

similar composition, made from high purity synthetic salts (denoted LDHsy,).

6.2 Experimental
As in Chapter 5, an LDH using ochre as one of the precursors was prepared. The

desired M2*/M3* ratio was set again to 4, as concerns existed regarding the variability of the
ochre in terms of the composition of the latter could prevent the formation of the desired
LDH, or in case of the LDH forming, the targeted ratio could vary. Based on the latter
concerns, a different approach in terms of stoichiometry was applied in this chapter, were
the ochre’s Fe3* composition was based on data obtained by one of our group’s master
students, in which Fe3* was considered to be 32 %wt. of the dry ochre waste. Following the
same exact characterisation techniques, plus some other characterisation and measurement

techniques regarding the hydrogen evolution reaction, an ochre derived LDH material was
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synthesized and successfully evaluated as a hydrogen evolution catalyst. A brief description

of the experimental, which was explained further in detail in Chapter 2, is presented below.

The ochre was provided by the Coal Authority, UK. The material was recollected from
a primary drying lagoon at Saltburn Gill Water Treatment Scheme, located at Saltburn,
Cleveland, UK. The latter drying lagoon corresponds to a treatment system for an ironstone
mine. Powder X-ray Diffraction (PXRD) and Fourier Infra-red spectroscopy characterisation

was taken from the obtained data used in Chapter 5, for the ochre sample.

6.2.1 Preparation of LDHochre and LDHgyn
To prepare LDHochre, 0.5 g of dried ochre (2.8 mmol of Fe3*) was dissolved in 50 ml of

1 M HCL (Fisher, laboratory reagent grade) and mixed with 50 ml of a solution containing
the Mg cation (2.35 g of MgCl,.6H20, 11 mmol of Mg?*, Aldrich 99%). In a different approach
to Chapter 5, Section 5.2.2, an excess of 3:1 of Na,COs (0.92 g Fisher, 8.6 mmol, laboratory
reagent grade) with respect the amount of Fe used (32 %wt of ochre was considered to be
Fe, with a standard deviation of 9 %) was dissolved in 100 ml of deionized water and poured
into a three-neck round bottom flask and gently stirred until the temperature of the solution
was 65 °C. The 3:1 CO5 to Fe** excess was based on an unpublished work from our group,
in which it was observed such excess ratio would be sufficient to favour the LDH formation.
A pH meter was used to make sure the reaction pH was maintained around 10 to 11. The
temperature was controlled through a hot plate and the flask heated using an oil bath. Once
the temperature was stable, both Mg and Fe solutions were mixed and added dropwise
through a dropping funnel. To keep the pH at 11, a solution of 1 M NaOH was also added
dropwise (Aldrich, 99%). The stirring was kept at 700 rpm during the whole reaction. Once
the reaction finished, the mixture was kept at 65 °C inside an oven and left age for 24 hours.
The crude mixture was filtered using a Biichner funnel to recover the precipitate. The solid
product was washed with 1 liter of de-ionized water and subsequently left in the oven at 70
°C for 24 hours to dry. To prepare LDHsy, the same methodology and respective
stoichiometric calculations were applied, however, the Fe cation was obtained from iron
chloride (FeCl3, Aldrich 99%).
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6.2.3 Catalyst characterisation

All the characterisation techniques employed to characterise the ochre and the
as-synthesised LDH materials used in this section of the study, have been explained
in further details in Chapter 2 (i.e., PXRD, FTIR, TGA, ICP-OES, SEM, TEM and Nitrogen
adsorption/desorption isotherms) therefore they will not be described further as the
same methodology to prepare all the samples was applied during the development

of Chapter 3 to Chapter 7.

6.2.4 Optical characterisation of LDHochre and LDHsyn.

Ultraviolet-visible Spectroscopy (UV-vis)

The optical characterisation of the as-synthesized LDHs was performed using a UV-
vis NIR spectrophotometer (Cary 5000), setting the waveleght range from 200 nm to 800
nm. The instrument was coupled with an integration sphere for diffuse reflectance

measurements. 0.5 g of the sample were used for such experiments.

Photoluminescence analysis

For the photoluminescence analysis, a fluorescence spectrophotometer (Agilent Cary
Eclipse) was used. The excitation wavelength was set to the corresponding absorption band
of the materials, with a scanning speed of 1000 nm/min. The experiments were performed

at room temperature.

Photocatalytic activity of the LDHochre and LDHsyn

The photocatalytic hydrogen evolution test was performed by placing the sample
(0.1 g) in a 250 mL glass reactor, using 200 mL of an aqueous solution (deonized water, and
with 10% of MeOH for the sacrificial agent test). At the beginning of the test, N2 was
bubbled through the reaction media for 10 min to remove oxygen and other gases, prior to
the reaction being initiated. Following the latter, the reactor was illuminated with a solar
simulator integrated with a Xe lamp of 450 W. The H; produced was analised in a Thermo

Scientific gas chromatograph coupled with a thermal conductivity detector, for every 30 min
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during the 3 h experiment. No filter for UV was used for the experiment but, nevertheless,
conditions similar to sunlight were approximated. The contribution to the spectrum caused
by the UV is less tan 4 %.

6.3 Results

6.3.1 LDHochre and LDHsyn characterisation
In this study the Mg-Fe reactant ratio was set at 4, and it has been observed in

previous studies that a M?*/M3* ratio of 2 produces a well-crystallized LDH with proven
photocatalytic properties [294,295]. It is unclear whether the Mg/Fe ratio plays a key role in
photocatalysis, and here we assess a lower Fe content. The target ratio was confirmed by
energy dispersive spectroscopy (EDS) microanalysis using scanning electron microscopy
(SEM), with a standard deviation calculation for both samples. The obtained EDS Mg/Fe for
the LDHochre Was 3.92 + 0.7 and for LDHgynwas 4.14 + 0.36 (Table B-4, Appendix B). The ICP-
OES analysis gave bulk Mg/Fe for LDHoche and LDHsyn as 3.59 and 5.1, respectively.

Powder X-Ray diffraction (PXRD) confirmed the formation of an LDH in both samples
[258,259], shown in Figure 6-1(a). Thus, a PXRD from the Saltburn ochre is also exhibited in
Figure 6-1 (b). The low intensity reflections in Figure 6-1(a), although characteristic of LDH
materials, indicate that neither sample was well-crystallized. Moreover, other phases were
detected during the analysis, with some reflections corresponding to the ones of lansfordite
(MgCOs . 5 H,0) as well as goethite (a-FeO(OH)). Figure 6-1(b) shows the reflections of the

ochre sample with a broad background due to fluorescence, which is usually encountered
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in samples with Fe phases. Characteristic peaks from goethite as well as hematite (Fe;Os)

arise from the spectra, which are the main phases present in ochre.
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Figure 6-1. (a) Powder X-ray diffraction of LDHochre and LDHsyn. Typical LDH reflections could be observed, as well as the patterns related
to lansfordite or hydromagnesite (green symbol) and goethite (blue symbol). (b) Diffraction peaks of the Saltburn ochre. Characteristic
goethite and hematite peaks are observed.

A characteristic basal d-spacing, which corresponds to the LDH carbonate structure,
was observed, of 7.76 A and 7.60 A for the LDHoche and LDHsyn, respectively [102,114]. The
cell parameters a and c were also calculated, being 3.10 A and 23.01 A for LDHochre, and 3.09
A and 22.8 A for LDHsy, [254,260] (See Chapter 2, Section 2.1, for explanation on how to
calculate the latter lattice parameters). Fourier transform infra-red (FTIR) spectroscopy data
is displayed in Figure 6-2(a) for both, LDHoce and LDHsyn. Absorption peaks at 1359 cm
relate to the carbonate anti-symmetric stretching, and broad adsorption bands from 3000
to 3500 cm™ associated with hydrogen bonded O-H which are characteristic of LDH are
displayed [256,259]. The peaks at 680 cm™ and 860 cm™ could be assigned to the
antisymmetric and symmetric deformation of the carbonate anion, v4 and v2, respectively
[132,296]. Figure 6-2(b) shows the FTIR data from the ochre sample. Two characteristic
goethite peaks are observed (797 and 885 cm™") due to the deformation of the O-H bonds
[114]. There is a difference between both samples, LDHoche and LDHsyn, regarding the intensity
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Transmittance (%)

of the peaks. As observed in Figure 6-1(a), both samples are not phase pure LDH, specifically
LDHochre, as diffraction peaks corresponding to the presence of a lansfordite (MgCOs.5H,0)
phase or a hydromagnesite (Mgs(CO3)4(OH)..4H,0) phase are observed. The latter presence
of the lansfordite/hydromagnesite phase is also expected to be observed in the FTIR spectra
at ca 1420 cm™ and 1480 cm™" [297,298], corresponding to the anti-symmetric stretching of
the carbonate ion in these impurity phases, as showed in Figure 6-2(a). Moreover, the FTIR
peak ca 580 cm™ is also related to the presence of goethite within the sample [151], which
agree with the observed PXRD plots for both samples. It can be noted then, that the peak
assigned to the antisymmetric stretching of the carbonate anion in the interlayer of LDHochre
(1359 cm™) is less intense when compared to the same peak for LDHsyn, whereas the peak at
1417 cm™ in LDHochre related to the anti-symmetric stretching of the carbonate existing in

the lansfordite/hydromagnesite phase is larger when compared to the same peak in LDHgyn.
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Figure 6-2. (a) Fourier transform infrared spectra of LDHochre and LDHsyn. Typical LDH C=0O stretching at 1359 cm-' are
observed as well as the broad peak related to O-H at 3300 cm-'. (b) Saltburn ochre Fourier transform infrared spectra

with typical goethite related peaks at 797 and 885 cm-! associated to the deformation of the O-H bonds.
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Thermogravimetric analysis (TGA) profiles were obtained, as observed in Figure
6-3(a). For LDH samples, decomposition occurs in three different stages, typical for LDH
materials [254], where adsorbed water (ca 120 °C) is lost followed by dehydroxylation and

further decarboxylation of the LDH layers in following mass loss steps .
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Figure 6-3. (a) Thermogravimetric analysis of LDHochre and LDHsyn under N2 atmosphere with typical LDH decomposition stages.
Adsorbed and interlayer water losses are observed ca 200 °C, followed by dehydroxylation and decarboxylation up to the spinel
formation ca 700 °C (b). Nitrogen adsorption-desorption isotherms of LDHochre and LDHsyn.

Porosity of the material was evaluated by Brunauer-Emmet-Teller (BET) analysis,
using N, adsorption and desorption measurements. The isotherms are shown in Figure
6-3(b). The LDH materials behave as mesoporous structures, with the a narrow hysteresis
loop present in a type IV isotherm [160,164]. Surface area, as well as pore diameter and pore
volume for the LDHochre Were 66.5 m2.g™, 21.51 nm and 0.35 cm3.g™, respectively. For LDHsyn,
the surface area, pore diameter and pore volume were 38.1 m2.g™, 19.54 nm and 0.18 cm3.g"
!, respectively. SEM analysis gained insight into the morphology and structure of the LDH
materials (Figure 6-4). Both samples, LDHoche and LDHsyn, Figure 6-4(a) and Figure 6-4(b),

respectively showed a plate-like primary particle morphology, with agglomeration of the <
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1 um particles, frequently observed for LDH samples [299,300]. A TEM analysis trying to
obtain further insight into the LDH sheets of LDHoce Was performed, with the results
presented in Figure 6-5(a) and Figure 6-5(b) for 500 nm and 200 nm magnification,

respectively. From the TEM scan in Figure 6-5, typical pseudo hexagonal LDH crystals are

observed[301].

20kv  X10,000 Apm 206V X40,000 1pm

Figure 6-4. Scanning Electron Microscopy (SEM) of LDHochre (@) and LDHsyn (b). Plate-like structures are
observed for both samples.

Figure 6-5. Transmission Electron Microscopy (TEM) of LDHochre. (@) For a magnification of 500 nm and (b) for
a magnification of 200 nm. Pseudohexagonal shapes are observed, typical of LDH materials.
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6.3.2 Optical characterisation of LDHochre and LDHsyn
Optical characterisation of the material using UV-Vis (Figure 6-6), showed

absorbance within the range 200 to 600 nm, which includes visible light. Both samples

showed a similar maximum absorption at 265 nm, within the UV region.

1.0
I LDHochre
0.8 e LDHSyn
El
< 0.6

Absorbance (
o
N
1

o
(N
1

0.0

I T I T I T I T I T I T I
200 300 400 500 600 700 800
Wavenumber (nm)

Figure 6-6. UV-vis characterisation of LDHochre and LDHsyn with maximum absorbance at
265 nm for both samples.
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Figure 6-7 shows the data from the photoluminescence analysis, used to probe the
recombination effect presented in both LDH samples. As observed in Figure 6-7, LDHqchre

presented a lower photoluminescence intensity compared with LDHgyn.
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Figure 6-7. Photoluminescence spectrum of both LDHochre and LDHsyn,
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6.3.3 Photocatalytic evaluation of LDH ochre and LDH syn for hydrogen
evolution (H: evolution)

Following characterisation of both materials, photocatalytic testing used 200 ml of
distilled water with a Xe lamp used as a solar simulator (450 W), with irradiation purely in
the spectrum of solar light (ie., visible light). Interestingly, when compared, the LDHochre
showed a higher photocatalytic activity than the LDHsy,, as evidenced in Figure 6-8 for both,

the aid of sacrificial agent (10% methanol) (a) and solely water (b).
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Figure 6-8. Evaluation of the Hz evolution for both samples in Figure (a) and Figure (b) with an increased production regarding
the material made of the waste ochre when compared to the one made of synthetic salts. Figure (c) and (d) show the production
of hydrogen for both samples in pmol.h-1.g-" using just water and with the aid of methanol as sacrificial agent.
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Comparing Figure 6-8(a) and Figure 6-8(b), it can be observed that solely with water
or with methanol acting as scavenger, production of hydrogen using the ochre made LDH

was superior. The hydrogen production in pmolh™.g™

is presented in Figure 6-8(c) and
Figure 6-8(d) for both samples. From the latter it can be seen that LDHochre yielded a

production of 1272 umolh™.g", whereas LDHsy, produced 750 umolh.g™".

6.4 Discussion

6.4.1 Characterisation of the LDHochre and LDHsyn
Due to the nature of the ochre and as observed in Chapter 5, not only Fe, are present

within the LDHoche Sample, however, as ochre is mainly composed by Fe (as observed
through the PXRD and the FTIR), it was suitable to act as a M** donor during the synthesis
of the LDH through co-precipitation method. The PXRD patterns observed in Figure 6-1(a)
denotated a poor crystallinity for both samples with broad reflections and the presence of
impurity phases, particularly in the ochre derived LDH materials (ie., LDHsyn). Though
synthetic LDHs tend to be polycrystalline, increased crystallinity is typically observed in those
samples with M2*/M3* = 2, owing to this ratio allowing a perfectly ordered arrangement of
the M3* species. Here, the lower Fe content in the Mg®*/Fe3* = 4 samples may give a
reduction in crystallinity [102,295] and unfavoured the formation of phase pure LDH material.
The basal d-spacing parameter as well as the cell parameters a and ¢ for both, LDHochee and
LDHsyn are in agreement with the ones corresponding to typical LDH synthesis [102,114,260].
Some of the goethite phase observed in Figure 6-1(b) is still present in Figure 6-1(a), as a
phase pure LDH material was not obtained. Moreover, from Figure 6-1(a) it also can be seen
that there is a lansfordite/hydromagnesite phase in the samples. The latter is further
supported by the asymmetric stretching carbonate peaks ca 1420 cm™ and 1480 cm™ in
Figure 6-2(a). The lack of phase pure LDH material could be attributed to synthesis
difficulties, such as a more precise control of pH and stirring system. Nevertheless, the FTIR
plots in Figure 6-2(a) supported the PXRD data with a sharp peak at 1359 cm™ which is
characteristic of LDH materials and refer to the anti-symmetric stretching of the C-O bonds

[102,114]. The presence of the interlayer water is also characteristic of LDH materials and it
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was observed as a broad peak from 3000 to 3500 cm™[102,114]. In Figure 6-2(b) it can be
observed the typical peaks related to the goethite (757 and 885 cm™). It can be observed in
Figure 6-2(a) that the goethite peaks, although minimum, are still present for LDHqchre Which
fits very well with the goethite phases detected through PXRD. The TGA data (Figure 6-3(a))
provided further insights into the formation of the LDH materials. In a typical LDH
decomposition curve, usually three decomposition stages are observed. The first stage was
up to 210 °C, caused by loss of bound water and interlayer water [114]. The other two major
mass losses are due to the decarboxylation and dehydroxylation of the LDH, resulting in
mixed metal oxide and subsequent spinel formation, at about 700 °C [114,254,255]. In Figure
6-3(b), the nitrogen adsorption-desorption isotherms showed a classical type IV isotherm
shape with narrow hysteresis loop, both characteristic of mesoporous materials. Moreover,
the LDHochre presented a higher surface area (66.5 m2.g™") than LDHsy, (38.1 m?.g™"), which
impacted directly when the samples were evaluated for their photocatalytic activity (H»
evolution) as observed in Figure 6-8. The effect of the higher surface area could be one of
the factors which produced a better performance of the LDHoche When compared to LDHgyn.
When the data in Figure 6-8 (b) was normalized, it was observed that the production of H;
by LDHsyn was superior per m? (total production of 76 pmol/m?) than the production of
LDHochre (69 pmol/m?). However, the specific surface area of LDHochre is in fact bigger than
the one for LDHs,, therefore the former behaving better as a photocatalytic material (Figure
B-2, Appendix B). The SEM analysis, observed in Figure 6-4, showed a plate-like morphology,
which is one of the expected morphologies when producing LDH materials [191,299]. The
plate-like morphology, although observable, is not well crystallised, agreeing with the broad
reflection and low order indicated by the PXRD data. From the TEM images of the LDHochre
in Figure 6-5, taken at different magnifications, the formation of pseudo-hexagonal plate-
like crystals, which are characteristic of LDH materials, support the information obtained
from the other characterisation techniques (i.e PXRD, FTIR, TGA and SEM). Another factor
that could be impacting the photocatalytic activity behaviour of LDHochre, making the latter
LDHochre Mmore active is the presence of other metals in the sample. As observed in Table B-
5, Appendix B, traces of Al, Na, V, Cr, Mn, Zn and Sr are in major amounts in LDHqchre than in
LDHsyn. Although in trace amounts, the catalytic activity of the LDHochre for the Hz evolution
reaction could have been boosted by such metals, as according to the literature, M" cations
can be seen as “"dopants” when added into the synthesis of LDH, improving their capabilities

for visible light absorption [290,302].
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6.4.2 Optical characterisation of the LDHochre and LDHsyn

When characterized through UV-Vis (Figure 6-6) the maximum absorption obtained
can be explained through ligand to metal charge transfer (LMCT) in the Fe(OH)s octahedral
layer, as the absorption is expected to occur in the UV-Vis region [151,303,304]. The further
absorption into the visible region of the spectra could be attributed to the presence of Fe3*
and the presence of the carbonate anion in the interlayer, as the literature suggests
[291,302,305]. Silva et al, [291] concluded that LDHs can be treated as doped semiconductors,
whereas Parida et al, [151] and Liu et al, [305] attributed the better efficiency of their
respective photocatalysts to the Fe** doping, increasing the capabilities of the materials to
absorb more visible light. In this study, as Fe is the trivalent cation used to produce the LDHs,
it is expected to observe the material harvesting light from the visible light wavelength, as
shown in Figure 6-6 [151,306-308]. Nevertheless, further comparison with other LDHs of
different trivalent cations needs to be performed to fully validate the latter. Thus, as
observed in Figure 6-7, the recombination effect could also be playing a key role on the
photocatalytic experiments. The intensity of the peaks is directly proportional to the
recombination between the excited electrons and holes. It can be noted then, that the lower
intensity presented by LDHocre is a clear indicator that recombination occurred less
frequently than in the LDHsyn. A further consideration is that with the higher surface area of
LDHochre, there exists more opportunity for water molecules to be adsorbed, increasing the
photocatalytic properties of the material, ensuring more active sites for the reaction with the

sorbed water to occur [295].
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6.4.3 Evaluation of the photocatalytic activity of LDHochre and LDHgyn

6.4.3.1 Hydrogen evolution reaction

The photocatalytic testing used 200 ml of distilled water with a Xe lamp used as a
solar simulator (450 W), with irradiation purely in the spectrum of solar light (Le., visible
light). When compared, the LDHqche Showed a higher photocatalytic activity than the LDHsyn,
as evidenced in Figure 6-8 for both, the aid of sacrificial agent (10% methanol) (a) and water
(b). Comparing Figure 6-8(a) and Figure 6-8(b), it can be observed that solely with water or
with methanol acting as scavenger, production of hydrogen using the ochre made LDH was
superior. The hydrogen production in umolh™.g™ is presented in Figure 6-8(c) and Figure
6-8 (d) for both samples. From the latter it can be seen that LDHochre yielded a production of
1272 umol.h™'.g™", whereas LDHsy produced 750 umol.h™.g™". The difference in yield between
both samples could be attributed to the higher surface area of the LDHqchre, as discussed in

T can be

Section 6.3.1. The efficiency of the LDHoche With production of 1272 pmolh™'.g-
compared with some literature values. Parida and Mohapatra [294] obtained a maximum
hydrogen production of 1732 umol.h"'g™" under visible light conditions, using a Zn/Cr-COs
LDH material, with methanol as sacrificial agent. Though crystallite size and surface area
were not measured by Parida and Mohapatra [294], the XRD plots presented seem sharper
and clearer than the ones obtained in this present study. As mentioned before, [309,310]
crystallinity as well the surface area could be intimately related. A higher crystallinity in the
Zn/Cr-COs could be causing the higher hydrogen production, however lack of data makes
correlation difficult. According to Parida and Mohapatra, the presence of the CO;* anion
enhanced the hydrogen production of the Zn/Cr LDH (1732 pmolh-'g™") when compared
with other, non-carbonate, Zn/Cr LDH (1092 pmol.h"'g™). The phenomena could be
explained due to the oxidation of carbonate anions in the holes of the semiconductor,
reducing the recombination effect, thus being beneficial for the electron/hole disunion [294].
In a more comparable study, also performed by Parida et al, [151] Mg/Al-COs3 LDH doped
with Fe3* yielded a production of hydrogen of 301 umol.g”’h™" under visible light irradiation,
using methanol as sacrificial agent. The amount of hydrogen produced from LDHochre in this

present study shows a significant advance for using low value metal ions, obtained which

could be potentially obtained from waste materials.

184



6.4.3.2 Possible reaction mechanism for the hydrogen evolution reaction

The LDHochre Sheets are composed of MOg octahedral units which, in conjunction with
the effect of the surface area and crystallinity of the material, the metal-total charge transfer
(MMCT) through the oxo-brindge of the Mg-O-Fe and the presence of the carbonate anion
in the interlayer, involve several variables that could be impacting the behaviour of the
photocatalyst, suggesting that more than one single factor could be responsible for the
activity of the material [151,294,302,311]. As a preliminary suggestion from this study and
based on the results obtained from the optical characterisation of the materials (Section
2.1.1) and the prior literature, the presence of iron in the sample favours the behaviour
through increasing the capabilities of the LDH to harvest more energy from the visible light.
When exposed to the photons, the electrons are excited and move from the valence band
(VB) of the O 2p orbital to the conduction band of the Fe-3d orbital, producing the electron-
hole pairs needed to carry on the water splitting, with the presence of Fe3* critical for the
hydrogen evolution reaction to be improved by harvesting more energy from the visible
light wavelenght [151,294,302]. Moreover, according to Parida et al, [294] the carbonate anion
plays a crucial role enhancing the properties of the material, though further studies needs
to be performed with other anions in the interlayer to conform this. According to Parida et
al, peroxicarbonates forms from the coupling of two carbonate radicals which are produced
by the oxidation of the carbonate anion. The peroxi-carbonates would further react with the
generated holes to decompose into CO, which then will further react with the adsorbed
hydroxyl groups to form HCOs ~ and COs 2, decreasing the recombination rate of electron
and holes, increasing the photocatalytic activity of the material. In future work, post-reaction
characterisation would be performed in order to better understand the reaction pathway.
Finally, it is suggested that recombination is also reduced due to the effect of the MMCT
through the oxo-bridging of the Mg-O-Fe sites, transferring electrons from one metal to
another as a result of visible light excitation, preventing recombination of the charge carriers

[302,305].
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6.5 Conclusions

Following circular economy principles, an LDH material (LDHochre) with photocatalytic
activity was synthesized using the mining waste ochre from Saltburn, England. The
capabilities of the latter were tested against another LDH (LDHsn), following the same
synthesis steps but made of synthetic salts. The performance of the LDHoche Was superior
when compared with the analagous LDHs,, for production of hydrogen through the
hydrogen evolution reaction. It is though that this is mainly due to the difference in surface
area, though further work is underway to confirm this, as normalized hydrogen production
for LDHochre and LDHsyn (69 pmol/m? and 76 umol/m?, respectively) were close one another.
Compared with LDHs in the literature used for hydrogen production under visible light
irradiation, LDHoche demonstrated promising behaviour as the yield of hydrogen produced
was comparable, competing against other LDHs of different compositions, such as doped
ones or nanocomposite LDH materials. Production of high value materials from waste
streams such as ochre, feeding into clean energy production, exemplify the principles of the

modern circular economy approach.
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7. Synthesis and characterisation of Struvite-Ochre LDHs

7.1 Introduction

In a recent study, Geissdoerfer et al, [2] compiled over 100 definitions of the circular
economy concept in the literature, to formulate the following statement: “The circular
economy is an economic system in which resource input and waste, emission and energy
leakages are minimised by cycling, extending, intensifying, and dematerialising material and
energy loops. This can be achieved through digitalisation, sharing solutions, long-lasting
product design, maintenance, repair, reuse, remanufacturing, refurbishing, and recycling”.
Moreover, the circular economy concept gains in importance year by year, as it seems the
world is trying to work towards reducing the harmful impact that societal development since
the industrial revolution has caused to the planet [312,313]. Nevertheless, the circular
economy has encountered several barriers when developing, such as lack of economic
viability or lack of commitment from the private and the governmental sectors towards the
development of circular economy projects [26]. In the spirit of the latter statement, Chapter
5 studied using a material obtained from waste as a donor for M"" cations, in this specific
case the Fe3* cation, in order to develop a catalyst material. The M" cation was obtained
from the mining pollution waste ochre, an and LDH was prepared using a synthetic salt for
the M2* species and the ochre for the M3* species, via a co-precipitation method. The latter
LDH was further evaluated as a heterogeneous catalyst for the ketonic decarboxylation of
dodecanoic acid (Chapter 5) and as a photocatalyst to promote the production of hydrogen
(Chapter 6). Nevertheless, using LDH materials for sustainability purposes is not novel. Sayed
et al, [314] prepared a Mg-Al LDH through the co-precipitation method. The latter LDH in
conjunction with the mineral metakaolin was denoted as a new geopolymer used for the
transesterification of biodiesel. The yields obtained by Sayed et al, were above ca92%. On
a similar approach in terms of biomass conversion, Smith et al, [102] evaluated the efficiency
of the Mg-Al LDHs of different R-values as promoters of the ketonic decarboxylation of
stearic acid at moderate temperatures (ca 250 °C) with excellent yield (~90%). Mahgoub et
al, [315] used Zn-Al LDHs, synthesised through the co-precipitation, to adsorb levofloxacin
from water effluents. The new formed composite Zn-Al LDH with levofloxacin was then
evaluated in terms of toxicity and as anti-inflammatory agent in rats. Parida et al, [151]

synthesized Mg-Al LDHs through co-precipitation as well, and based on the semiconductor
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theory, "doped” the material with iron, to increase the capabilities of the latter formed Mg-
AL LDH to absorb more visible light in order to increase the production of hydrogen through
photocatalytic mechanism. Moreover, LDHs have also been used in conjunction with other
waste materials such as chicken bones or even made from recycling waste materials. Belviso,
et al, [316] used red-mud, which is mainly composed of iron oxy-hydroxides (e.g., goethite
or hematite) and aluminium hydroxides, which after being in contact with NaOH and a
ultrasonic water bath, produced crystalline LDH materials. The latter LDH was then mixed
with zeolite to form a composite that was further used to remove methylene blue with
superior capabilities than the regular LTA commercial zeolite. Ping et al, [142] used the
serpentine tailings in China , from which MgO was extracted and subsequently used to
prepare a Mg-Al LDH. Moreover, Ping et al, also used the Mg-Al LDH as a Pb and P
adsorbent, with an adsorption of Pb and P of 99% and 85%, respectively. In an interesting
approach, Alquzweent and Alkizwint [317] mixed chicken bones using the co-precipitation
method to coat the latter chicken bones with Mg-Al LDH material. The coated chicken bones
with LDHs were successfully used as an adsorbent of cadmium from water, with an efficiency
of ca 95 %. In a recent and novel approach, Kwok et al, [152] successfully achieved the
synthesis of a dense porous LDH material using struvite (Mg®* + NH4* + H,PO4®"— + 6H,0
— MgNH4PO4.6H,0 + nH*) as the M cation donor during the co-precipitation synthesis. The
M cation was obtained from Mg present in the struvite. According to Kwok et al, the
obtained material was particularly high in density, which is key to catalytic and sorbent
applications using fluidised beds. Moreover, the LDH also has a higher surface area when
compared with other LDH materials prepared through co-precipitation. The PXRD pattern

obtained from the as-synthesized material is shown in Figure 7-1.
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Figure 7-1. (a) Struvite powder x-ray diffraction pattern and (b) Mg-Al COs powder x-ray diffraction pattern.
Taken with permission from Kwok et al,, [152].

Struvite s an interesting material from a circular economy perspective, as it is found as
a waste product within pipelines and tanks in wastewater treatment plants (WWTP). If certain
process conditions are met in terms of temperature, pH, ammonia content and phosphorous
(P) concentration, struvite precipitates [152,318]. According to Kleeman et al, [319], in the UK,
most of the P used comes from fertilisers (up to 56%) but also from detergents, processed
foods, industrial applications, animal foods, etc. It is expected that P consumption by society
will increase during the next century, and as exploitation of phosphate bearing rocks is a
non-renewable approach to obtain P, strategies towards a diverse range of sustainable and
possible new activities for obtaining P need to be adopted and further developed over the
next decades [319,320]. Moreover, as P is always present in significant amounts in wastewater
streams and there are strict regulations to fulfil in terms of P discharge from WWTP under
the European Union Water Framework Directive, recovery of P is critical. In many places with
large populations, WWTPs anaerobic digestor (AD) plants are implemented to reduce the
amount of solids and co-generate biogas. However, owing to the alkalinity and reducing
conditions generated by AD systems, a high concentration of ammonia (NH4*) is generated,

and struvite may be formed, impacting the operation of the WWTP. Struvite forms as
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concretions, reducing the diameter of the pipes, augmenting the energy needed to pump
the sludge and the maintenance cost of such pipelines [318,319] as well as forming a granular
material that causes wear on pump impellors. Ochre is also a waste stream, arising from
legacy water pollution from the coal and metal mining industry, as already discussed in
Chapter 5 and Chapter 6In this thesis, ochre from mining waste streams has been extensively
studied and used as a mineral precursor to form LDH materials, for further use as catalysts
for biomass conversion reactions or photocatalytic applications. Giving use to what,
otherwise, would be considered a waste stream (i.e., struvite and ochre), purposely removed
to favour a more cost-effective process in a WWTP, and using the struvite to produce a
value-added catalyst that can be potentially used in a diverse range of applications is of
much interest in the search for sustainable and green products and processes, as the
recovery of struvite will not only be beneficial for the WWTP processes in terms of cost
savings, but also, as the struvite is a direct product obtained from a waste stream, the latter
struvite can be potentially processed not only to produce LDH, but also to provide
phosphorus and nitrogen in the form of a fertilizer[321,322]. Such approach reuse and recycle
a waste material (i.e, struvite), extending the use of such struvite, deriving in waste and
energy reduction while increasing the added-value products obtained from water waste
streams. Due to the positive results obtained when synthesizing an LDH using ochre as one
of the mineral precursors (Chapter 5), and considering the results from Kwok et a/, [152] in
preparing a struvite derived LDH, it seems now feasible to synthesize an LDH wholly from
waste. As such, synthesis of a LDH material with a R-value = 2 and R-value = 4 is explored
here using the waste struvite, collected from the pipelines in a local WWTP, and ochre sludge

from local mining remediation activities, through co-precipitation.
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7.2 Experimental

The struvite sample was provided by Northumbrian Water Ltd and was obtained at the
Bran Sands WWTP, Middlesbrough, UK. The received struvite was in a form of a solid block
of concretion that needed to be further ground in order to be used. The ochre sample was
taken from the primary drying lagoon at Saltburn Gill Water Treatment Scheme in Saltburn,
Cleveland, UK and provided by the Coal Authority, UK. The following chemicals were
purchased and used as received: NaCOs (99%, Alfa Aesar), NaOH (98%, Alfa Aesar), HCL
concentration of 37%, 98%, Aldrich). Synthetic struvite hexahydrate was purchased as a
comparison (98.5%, Alfa Aesar). The co-precipitation methodology was used to synthesize
two struvite-ochre LDH materials (given the nomenclature SO-LDH) with an R-value = 2 (SO-
LDH-R2) and a R-value = 4 (SO-LDH-R4). A full description on how the co-precipitation
methodology was performed has already been detailed in Chapter 1, Section 1.6 and
Chapter 2, Section 2.10. The characterization of the raw materials (i.e., struvite and ochre)
and the synthesized struvite-ochre LDHs (SO-LDH-R2 and SO-LDH-R4) by powder X-ray
diffraction (PXRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric
analysis (TGA), inductively coupled plasma — optical emission spectroscopy (ICP-OES) and
ICP mass spectrometry (ICP-MS) were performed and utilized in the same manner as
described in Chapter 5 and in Chapter 6. However, a brief description of the synthetic
procedure to prepare the LDHs, and the analysis methods employed, are presented below
for completeness. As a point of comparison, and to tune the synthesis parameters before
the preparation of the SO-LDHs, two other LDHs were also synthesized through the co-
precipitation method, however, these LDHs were synthesized using the ochre as the Fe3*
donor and synthetic struvite (98.5%, Alfa Aesar) as the Mg?* donor. These latter LDHs were
named SSO-LDH-R2 and SSO-LDH-R4.
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7.2.1 Synthesis of the SOLDHs SSOLDHs through co-precipitation

In a typical co-precipitation procedure at low-supersaturation conditions, to make
the SO-LDH-R2 (R-value 2), 0.5 g of ochre (4.51 mmol Fe3*) and 2.21 g of waste struvite (9.02
mmol Mg?*) were dissolved in 100 ml of 1 M HCl (keeping the R-value = 2). Each solution
was then added into a dropping funnel and left to drop inside a three-necked round bottom
flask, which contained a 3:1 mol excess of Na.COs with respect to the Fe**. The pH of the
solution was maintained at ~ pH 11.3 with the aid of 1 M NaOH solution. The temperature
was set at 65 °C and the stirring at 1000 rpm. Once the dropping funnel containing the acidic
mixture of metals was empty, the stirring was stopped, and the three-necked round bottom
flask was left to age at 70 °C overnight. Subsequently, the product was recovered through
vacuum filtration and washed abundantly with distilled water. The solid was left inside an
oven at 70 °C to dry and then re-equilibrated with the atmosphere prior to analysis. To
prepare the SO-LDH-R4 (R-value 4), the same preparation procedure was followed, only
making the pertinent stoichiometric adjustments, that is 0.5 g of ochre (4.51 mmol Fe3*) to
4.43 g of struvite (18.05 mmol Mg?*). For the synthesis of the SSO-LDH-R2 and SSO-LDH-
R4, the same procedure was employed, however, as the ICP analysis were unavailable due
to a broken instrument by the time of the experiments needed to be performed, when
calculated the amount of Fe3* present within the ochre sample, the assumption of 32 %wt.
was used, as in Chapter 6, which was based on previous ICP-OES experimental data from the
Greenwell group. The pertinent corrections were done (i.e., proper measurements of the Fe3*
and Mg?* within the samples of ochre and struvite, respectively), and the proper
stoichiometric calculations were applied for the ochre and the synthetic struvite hexahydrate
to maintain the desired R-value= 2 and R-value = 4. Nevertheless, before preparing the SO-
LDHs in this section, triplicate ICP-OES analysis to calculate the amount of Fe3* and Mg?*
within the ochre and the waste struvite samples, respectively, were performed, by dissolving
10 mg of dried ochre into 10 ml of 1 M HCL The same method was applied to calculate the

amount of Mg?* within the waste struvite samples.
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7.2.2 Characterisation of the Layered-Double Hydroxide materials

All the characterisation techniques employed to characterise the ochre, the
struvite and the as-synthesised LDH materials used in this section of the study, have
been explained in further details in Chapter 2 (i.e.,, PXRD, FTIR, TGA, ICP-OES, SEM,
and Nitrogen adsorption/desorption isotherms) therefore they will not be described
further as the same methodology to prepare all the samples was applied during the

development of Chapter 3 to Chapter 7.
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7.3 Results

7.3.1 Struvite and ochre characterisation (waste mineral precursors)

The characterisation results of the ochre and the struvite are shown in Figure 7-2.
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Figure 7-2. Characterisation of the ochre and struvite used to make the SO-LDHs. (a) Shows the diffraction
peaks obtained from the Powder X-Ray Diffraction. (b) Fourier Transformed Infra-Red of both samples. (c)
Thermogravimetric analysis of both samples.
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Figure 7-2 shows the characterisation of the mineral precursors, ochre and the
struvite (both synthetic and waste), used for the synthesis of the SSO-LDHs and the SO-
LDHs. Figure 7-2(a) presents the PXRD analysis of all the samples. It can be observed that
the main reflections present in the ochre sample can be assigned to the characteristic
reflections encountered in goethite (a-FeO(OH)), as this represents the main iron mineral
phase existing in the ochre sample [114,150]. Both struvite samples diffraction peaks were
compared with the literature [152,323]. All the peaks were indexed as struvite, with sharper
peaks for the synthetic struvite sample when compared with the waste struvite one. The FTIR
of ochre in Figure 7-2(b) have two defined peaks at 797 cm™ and 885 cm™', which were
assigned to the deformation of the O-H bonds in the goethite [114,265]. The struvite (both
samples) FTIR has two peaks at 561 cm™ and 982 cm™', which were attributed to the vy
bending vibration of PO,* and the symmetric and anti-symmetric vibrations of PO.3,
respectively. The sharp peak at 1432 cm™" was assigned to the H-N-H vzasymmetric bending
vibration of the NH4* [152,321]. The broad peak which develops from ¢a3300 cm™ to ca2200
cm™ refers to the O-H stretching from the water in the sample and the v asymmetric
stretching assigned to the N-H [152]. Decomposition analysis through TGA of both struvite
samples and the ochre are shown in Figure 7-2(c). Struvite lost approximately 50 % of its
original weight, which corresponds with the dehydration of the sample and the loss of
ammonia as NHs [324,325]. For both struvite samples the decomposition behaviour was
practically identical. Considering the molecular formula of the struvite (MgNH4PO4.6H,0), if
the water and ammonia were lost, the expected mass reduction would be up to 51%, which
correlated well with the obtained TGA data for the struvite samples. The ochre mass loss was
attributed mainly to the loss of adsorbed water and dehydroxylation of the sample to finally
be converted into hematite ca 700 °C [114]. The SEM analysis of both struvite samples are

shown in
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Figure 7-3. The characteristic trapezium morphology of struvite can be observed
[326], although in the case of Figure 7-3(a), not completely clear and highlighted in red to
ald the reader. For the ochre (e.g. Figure 7-3(b)), a series of hexagonal-like plates

agglomerated, which seems to be in agreement with the literature [327].

Figure 7-3 Scanning electron microscopy images of (a) struvite (from waste). Although the image is lacking
some clarity, in the red box can be observed a trapezium-like morphology. b) ochre from Saltburn, England. c)
Synthetic struvite sample from chemical supplier.
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The ICP-OES analysis of the struvite and the ochre, in terms of Mg** and Fe®*
respectively, was 50.5 %wt. of Fe3* for the ochre and 9.52 % wt. of Mg?* for the struvite, with
a standard deviation (i.e., SD) of 0.02 and 0.09, respectively. Taking into consideration the
latter % wt. composition, the samples were weighed and used as described in Section 7.2.1.

to prepare the respective SO-LDH materials.

7.3.2 Synthetic struvite-ochre LDH (SSOLDH)characterisation

The results from the characterisation of the SSO-LDH-R2 and SSO-LDH-R4 are shown
in Figure 7-4.
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Figure 7-4 (a) Powder X-ray Diffraction analysis of SSO-LDH-R2 and SSO-LDH-R4. Typical LDH diffraction
patterns can be observed for both samples. The black ¢ corresponds to an impurity related to the possible
presence of a goethite phase. (b) Fourier Transformed Infra-Red analysis of the SSOLDHR2 and SSOLDHRA4.

Both SSO-LDH-R2 and SSO-LDH-R4 were characterised through PXRD, FTIR and SEM.
The lack of TGA data for the SSO-LDHs was due to staff absence in the CoVid 19 pandemic,
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so no TGA of the SSO-LDHs were performed. According to Figure 7-4(a), LDHs were
successfully formed using the ochre and the synthetic struvite hexahydrate, leading to the
formation of the characteristic diffraction pattern expected to be observed in LDH materials
[102,114]. The PXRD diffraction pattern seemed to be slightly sharper and with more defined
peaks for the SSO-LDH-R4 sample. It seems apparent that both SSO-LDHs did not form a
phase pure LDH material, with a broad feature possibly indicating some amorphous material
observed at ca 25°. Moreover, a small peak ca 28 is observed, which could be attributed to
the presence of a goethite phase for both samples [114]. Impurity phases were also indicated
within the FTIR analysis of both samples. The FTIR analysis (Figure 7-4b)) of both SSO-LDH-
R2 and SSO-LDH-R4 samples presented characteristic peaks related to anti-symmetric
stretching (v4) of the carbonate in the interlayer of the LDH [114,132,152] at 1354 cm™, with
a further clear peak at ca 1020 cm™" which was assigned to the anti-symmetric and symmetric
(v3) stretching of the phosphate anion [152,328]. This suggests the product was a mixed
interlayer LDH containing carbonate and phosphate anions. Although both samples contain
all the characteristic peaks related to LDHs, the small peak observed ca 570 cm™ could be
either assigned to the presence of either hematite (ie., a-Fe,O3) or goethite (i.e., FeO(OH)),
on the basis of the literature [151]. Finally, a broadband at ca 3400 cm™" was assigned to the
OH vibrations. In Figure 7-5, the SEM images of both, SSO-LDH-R2 and SSO-LDH-R4 are
shown. It was observed that both samples had a rose des sables morphology, characteristic

of LDH materials [102], although it is evident that the samples are lacking crystallinity.
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Figure 7-5 Scanning electron microscopy images of (a) SSO-LDH-R2 and (b) SSO-LDH-R4.

Moreover, the d-spacing and the corresponding unit cell parameters a and ¢ from

SSO-LDH-R2 and SSO-LDH-R4 were calculated according to the literature and as previously

explained in Chapter 2, Section 2.1 [254,261]. Thus, the FWHM as well as the crystallite size

were also calculated, for both samples. The results are presented in Table 7-1.

Table 7-1. Unit cell parameters and d-spacing of SSOLDHR2 and SSOLDHRA4.

Sample d-spacing (A) | Unit cell | Unit cell | FWHM" Crystallite
parameter 4 | parameter ¢ size (nm)
(@a=2d110) (A) | (c=3d(003)) (A)

SSO-LDH-R2 7.64 3.08 22.92 2.050 3.9

SSO-LDH-R4 749 3.09 22.48 1.600 49

*The FWHM was calculated using the diffraction peak with the highest intensity. For SSO-LDH-R2 and for SSO-LDH-R4, the
peak used was the (003) in Figure 7-4(a).
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Finally, the ICP-OES analysis of both SSO-LDH-R2 and SSO-LDH-R4 was performed.
The results are presented in Table 7-2. Although the desired R-values for SSO-LDH-R2 and

SSO-LDH-R4 were 2 and 4, respectively, the targeted R-values for each of the two samples

was not fully achieved.

Table 7-2. R-values and Mg and Fe composition of SSO-LDH-R2 and SSO-LDH-R4 obtained through ICP-OES.

Amount Initial Initial Fe (% Final Fe3+ Final M F
sample of sample | Fe3* (g)* Mg?* (g) | Mg (%wt) e (%wt) (9) in the | Mg?* (g) [Mg]/[Fe]
obtained in the in tl'!e ICP-OES ICP-OES SSO-LDH in the (ICP-OES)
(9) ochre struvite SSO-LDH

SSO-LDH- 0.72 0.16 0.13 13.01 21.50 0.15 0.09 1.41

R2

SSO-LDH- 1.35 0.16 0.27 13.39 11.13 0.15 0.18 2.80

R4

*The amount of iron within the ochre sample was considered 32% wt.

From Table 7-2, a mass balance from the synthesis process regarding the Fe3* cation

and the Mg?* cation can be performed, taking into account the initial amount of Fe3* from

the ochre and the Mg?* from the synthetic struvite and the final amounts of Fe3* and Mg**
within the SSO-LDHs. As observed in Table 7-2 almost all the Fe3* was retained in the final
product (~93%) in both, the SSO-LDH-R2 and SSO-LDH-R4, however, that was not the case

for the Mg?*. In the case of the magnesium, only the 69% and 66% of the initial magnesium

was in the SSO-LDH-R2 and the SSO-LDH-R4, respectively.
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7.3.3 Struvite-Ochre LDH (SOLDH)characterisation

The results from the characterisation of the SO-LDH-R2 and SO-LDH-R4 are shown

in Figure 7-6.
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Figure 7-6 Characterisation of SO-LDH-R2 and SO-LDH-R4, showing (a) the diffraction peaks obtained from
the powder X-Ray diffraction, (b) FTIR of both samples, (c) thermogravimetric analysis.

Considering the nature of the struvite and the ochre, with both being waste materials,
without any pre-treatment prior to acid dissolution before being used during the co-
precipitation to produce the SO-LDHs, well defined peaks for both SO-LDH-R2 and SO-LDH-
R4 can be observed from the PXRD patterns in
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Figure 7-6(a). The diffraction patterns for both samples correspond very well with the
ones expected for LDH materials in the literature [102,114]. However, a broad peak before
the peak at ca 20 “might be attributed to the presence of an amorphous Fe phase, which
again seemed to be in agreement with the observed FTIR peak ca 570 cm™, as was also
noted with the SSO-LDH samples. As both the struvite and the ochre were two waste
materials, the Fe concentration may vary, as well as other elements, from batch to batch
when used as precursors (as evidenced by the ICP-OES analysis of the ochre and struvite
samples (Section 7.3.1)), making it difficult to make an exact stoichiometric calculation in
terms of the Fe3* existing within the samples. Moreover, from Figure 7-6(a), the basal d-
spacing and the unit cell parameters for both, SO-LDH-R2 and SO-LDH-R4 were calculated.
The unit cell parameters were also calculated and the FWHM and crystallite size were also

obtained. The results are presented in Table 7-3.

Table 7-3. Unit cell parameters and d-spacing of SO-LDH-R2 and SO-LDH-R4.

Unit cell Unit cell FWHM" Crystallite
Sample d-spacing (A) parameter a parameter ¢ size (nm)
(@=2d10) (A) | (c=3d03) (A)
SO-LDH-R2 7.58 3.08 22.75 1.100 7.2
SO-LDH-R4 7.69 3.09 23.08 6.990 1.1

*The FWHM was calculated using the diffraction peak with the highest intensity. For SSO-LDH-R2 and for SSO-LDH-R4, the
peak used was the (003) in Figure 7-6(a).

The FTIR plots in Figure 7-6(b) for SO-LDH-R2 and SO-LDH-R4 show the
characteristic peak at 1354 cm™" for both samples, which was assigned to the anti-symmetric
stretching (v3) of the carbonate anions in the interlayer, whereas the small peak ca 685 cm-
! was assigned to the anti-symmetric deformation (v4) of the carbonate anion [114,132]. The
broad peak ca 3400 cm™' was attributed to the stretching vibrations of the OH molecules
bonded to the metals (i.e., Mg and Fe) in the layers [114,132]. The small peak ca. 1000 cm”
was related to the anti-symmetric (v3) and the symmetric vibrations of the PO, anion (as
expected, as the PO.3 is part of the struvite, which was used as a raw material) [152]. The
TGA analysis of both samples, SO-LDH-R2 and SO-LDH-R4 (Figure 7-6(c)) shows a well-
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defined three-step decomposition, with a clear mass loss of 15 % from room temperature
up to 200 °C. The latter mass loss was mainly attributed to the loss of adsorbed and interlayer
water [114,152]. The next mass loss step was due to the dehydroxylation of the LDH layers
and the removal of the interlayer carbonate anion, which goes from 200 °C up to ca 450 °C
[114,152]. Finally, the sample’s weight stabilized when forming the spinel at ca 700 °C. Figure
7-7 shows the SEM analysis of SO-LDH-R2 and SO-LDH-R4. As observed in Figure 7-7(a),
SO-LDH-R2 had a higher crystallinity than SO-LDH-R4, which was further observed when
comparing both SEM images. Figure 7-7(a) had a clear rose des sables structure, which was
one type of morphology expected to be observed in the LDHs [102,152]. Contrary to the SEM
image of SO-LDH-R2, the SEM image of SO-LDH-R4 (i.e., Figure 7-7(b)) is less resolved,

though, nevertheless, rose des sables forms can also be observed.

Figure 7-7 Scanning electron microscopy images of (a) SO-LDH-R2 and (b) SO-LDH-R4 showing the rose de
sables morphology typical of layered double hydroxide minerals.

SO-LDH-R2 and SO-LDH-R4 were also characterized through ICP-OES to confirm the
targeted R-value = 2 and R-value = 4 from the co-precipitation experiments. The results are

presented in Table 7-4. The amount of iron within the ochre sample and the amount of
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magnesium in the waste struvite were calculated by triplicate through ICP-OES, as reported

in the Section 7.3.1.

Table 7-4. Molar metal ratio, Mg and Fe composition of SO-LDH-R2 and SO-LDH-R4 obtained through

inductively coupled plasma atomic emission spectroscopy.

Sample Amount | Initial Initial Mg Fe (%wt) | Final Final [Mgl/[Fe]
of Fe3+ Mg?+ (%wt) Fe3+ (g) | Mg?*
sample | (g) in | (g) in|ICP-OES | ICP-OES |in the | (g) in | (ICP-OES)
obtained | the the SO-LDH | the SO-
(9) ochre waste LDH
struvite
SO-LDH- 0.9 0.25 0.21 14.8 26.2 0.23 0.12 1.31
R2
SO-LDH- 13 0.25 043 18.3 16.8 0.21 0.23 2.51
R4

In a similar manner as occurred with the reported data in Table 7-2, if a mass balance

of the Fe3* and the Mg?* is stablish between the precursors and the SO-LDHs, it can be
observed that the initial Fe3* is in a 92% and a 84% in the SO-LDH-R2 and SO-LDH-R4,

however the a considerable amount of Mg?* was lost during the synthesis procedure, as the

SO-LDH-R2 and the SO-LDH-R4 only had a 57% and a 53% of the initial magnesium amount,

respectively.
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7.4 Discussion

7.4.1 Characterisation of the precursors for the synthesis of the Layered-Double
Hydroxides

As observed in Figure 7-2, the precursors used for the preparation of the LDHs (i.e,
synthetic struvite, ochre and waste struvite) were characterised. The synthetic struvite and
the waste struvite, as observed in Figure 7-2(a) shared practically the same PXRD diffraction
pattern, with no significant presence of an amorphous phase within the sample. Moreover,
the FTIR and TGA plots, both also presented in Figure 7-2 were extremely similar, for both,
the synthetic struvite and waste struvite. Although there was a chance that the waste struvite
would contain more impurities than the synthetic struvite, due to the nature of the former
material, the characterisation data led to think that both struvite samples share fairly similar
composition and therefore could be expected for them to behave similarly when used as
LDH precursors. As observed in Figure 7-3(a), the waste struvite was analysed through SEM,
showing some coffin-like morphology was observed for the sample, which in conjunction
with the PXRD data (Figure 7-2(a)), seems to agree with the literature [152,320,329] regarding
the waste struvite crystals belonging to an orthorhombic system. Moreover, the coffin-like
morphology from the waste struvite seems similar to the observed morphology from the
synthetic struvite Figure 7-3(c). The presence of the phosphate anions observed in the FTIR
(Figure 7-2(b)) for both struvite samples, indicates that it is a possibility that the phosphate
(caat561 cm™ and 982 cm™) can be also incorporated as the interlayer anion, in conjunction
with the carbonate anion. In the Table C-1, Appendix C, it can be observed that, in
comparison with the synthetic struvite, some metals such as aluminium, sodium and
manganese are present within the sample of waste struvite in higher amounts. The presence
of such metals could be negatively impacting the crystallinity of the sample, reducing the
latter crystallinity of struvite due to competition to form other phosphates [322]. The ochre
characterisation in Figure 7-2(a) presented a PXRD patter characteristic of the goethite,
being the latter the most abundant iron phase within the sample [114,327], with the
characteristic agglomeration of particles observed in Figure 7-3(b). According to Table C-1,
in Appendix C, aluminium, sodium and manganese are some of the main impurities within
the ochre sample. Being aluminium and sodium, some of the main impurities in both, the
ochre and the waste struvite samples, there is a chance those impurities could be retained

by the LDHs once formed, which can derive in further undesirable formation of other phases
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within the LDHs. The TGA plots in Figure 7-2(c) for all samples seems to agree with the
expected mass loss when the latter samples were heated, with both struvite samples losing
ca 50 % of weight, which correlates well with the amount of expected mass to decompose

when performing TGA, according to the struvite chemical formula MgNH4PO4.6H,0.

7.4.2 Synthesis and characterisation of the layered double hydroxides using ochre
and synthetic struvite
Before attempting to form an LDH material solely made out of waste materials, using

both precursors (i.e., ochre and struvite), a preliminary approach forming LDHs made using
only ochre as the waste precursor and synthetic struvite hexahydrate (i.e., SSO-LDH-R2 and
SSO-LDH-R4) was undertaken. The synthesis needed to be first approximated using a
synthetic source of struvite, rather than using the waste struvite from the beginning. As
observed by the results obtained in Figure 7-4, conversion of the ochre and synthetic struvite
precursors into LDHs was achieved. As observed in Figure 7-4(a), the characteristic
diffraction peaks expected to be observed for LDH materials [102,152] with the lattice
parameters aand c of 3.08 A and 22.92 A, for SSO-LDH-R2 and the lattice parameters a and
c of 3.09 A and 22.48 A for SSO-LDH-R4, all of them in good agreement with the literature,
as the sample can be considered to be a hydrotalcite-like compound, crystallised in a
rhombohedral 3R symmetry[103]. For both, SSO-LDH-R2 and SSO-LDH-R4, the d-spacing
obtained was 7.64 and 7.49 A, respectively, which also corresponds well with the expected
d-spacing to be observed when using carbonate as the interlayer anion[103,152]. The FTIR in
Figure 7-4(b) confirmed the data obtained from the PXRD, proving the presence of the anti-
symmetric stretching (v4) of the carbonate anion in the interlayer at 1354 cm, which means
LDH material was formed. However, as evidenced by the small peak at ca 1020 cm, the
phosphate anion is also present within the material, which probably co-exists in the
interlayer in conjunction with the carbonate anion[152,328]. Thus, in Figure 7-4(b) a small
peaks ca570 cm™ and 680 cm™ can be assigned to the stretching vibrations of the M-O (i.e.,
the vibration of the metal oxides bonds). As observed in the PXRD plot in Figure 7-4(a) for
both LDH samples, a small peak ca 28° was assigned to the possible presence of a goethite
phase within the samples, which is further supported by the small FTIR peak ca 570 cm”
usually associated to the stretching vibration of the Fe-O[151]. The SEM analysis, of both
SSO-LDH-R2 and SSO-LDH-R4 is presented in Figure 7-5. For both samples, typical rose de
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sables morphology are observed [102,152]. Although crystallinity is present in both samples,
it remains unknown whether changing some of the reaction parameters such as decreasing
the reaction temperature, or ageing the product at lower temperatures would keep
favouring dissolution of the struvite, as the recent literature suggests the less dissolved the
struvite is, the larger the crystals obtained [152]. The presence of the impurities observed in
Table C-1, in the Appendix C, for the ochre, were also encountered within the SSO-LDH-R2
and SSO-LDH-R4 in considerable %wt. Among the metals encountered being part of the
LDHs composition were aluminium, sodium, zinc and manganese. The presence of such
impurities could be also hindering the formed LDHs from obtained a more crystalline
structure, which would be reflected in a more reduced FWHM (Table 7-1) as although not
showing specific diffraction peaks related to specific impurities, some of the oxides or
hydroxides formed with the latter impurities, can be in the form of amorphous material
[330,331], which seems to be present in the SSO-LDH samples. According to Table 7-2, the
R-values of 2 and 4, for the SSO-LDH-R2 and SSO-LDH-R4 respectively, were not obtained,
rather, a [Mg?*]/[Fe**] of 1.40 and 2.80 for SSO-LDH-R2 and SSO-LDH-R4, respectively, were
achieved. It remains unknown at this point of the study why some cations were not fully
incorporated into the layers, whether some reactions conditions could be varied to improve
the [Mg?*]/[Fe**] of the final product towards a closer R-value. Based on the positive results
obtained from the synthesis of the SSO-LDHs using ochre and synthetic struvite, the
synthesis of the struvite-ochre LDHs completely made out of waste materials as precursors

was further explored.

7.4.3 Synthesis and characterisation of the layered double hydroxides using
ochre and waste struvite
According to Kwok et al, [152], if a pre-treatment of NaOH is given to the struvite (i.e.,

suspend the struvite in a TM NaOH solution for 1 hour), the efficiency of the process to make
a phase pure struvite LDH can be improved. As the struvite did not dissolve, Kwok et al,
suggested the reaction might proceed through a solid-solid topotactic transformation.
Nevertheless, this was not the case when trying to use the struvite and the ochre to make
the SO-LDHs. No LDH was obtained when trying the Kwok et al, synthetic approach, (see
Figure 1-C, Appendix C for the PXRD diffraction pattern of the synthesis product) therefore

other alternative methods of synthesis were attempted. As observed in Figure 1-C, no phase
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pure LDH was formed. Some LDH as well as some struvite phases can be observed,
nevertheless the sample was far from being phase pure LDH. Increasing temperature or
leaving the sample age for longer period of times could favour struvite dissolution, which
could then favour the obtention of a more crystalline LDH with no presence of starting
material, nevertheless the latter approach was not further explored. Due to the struvite being
more soluble in acidic environments [332], and already using 1 M HCl to dissolve the ochre
in previous experiments, 1 M HCl was also used to digest the struvite. However, posterior
experimental showed that when using waste struvite amounts over 1.2 g and leave them to
digested in acid, the latter waste struvite sample presented difficulties to be fully dissolved
in 1 M HCl, leaving a small amount of a black undissolved residue. As described in section
7.2, the amount of struvite was fixed based on the initial fixed amount of dry ochre used,
therefore, more than 1 g of waste struvite was used during the making of SO-LDH-R2 and
SO-LDH-R4. The black residue was also found to be present within the dropping funnel used
during the co-precipitation procedure. The latter residue was not present when using
synthetic struvite to perform the synthesis of the SSO-LDHs. As the black residue was not
further analysed post-reaction (with the leftovers within the dropping funnel) the
characteristics of the latter residue remain unknown. Nevertheless, it was assumed that the
residue after digestion of the waste struvite could derive from an undissolved impurity or
be a small amount of undissolved MgHPO, [320]. The latter assumption was considered as
an elemental mass balance for Mg?* and Fe** was carried out with the information obtained
from the ICP-OES for the waste struvite, the ochre, and both the SO-LDHs (Table C-2 in the
Appendix C) where it is observed than in both cases half the amount of Mg was not
incorporated within the final product, as the only source of Mg was from the parent waste
struvite and half of it was not quantified within the final SO-LDH. As mentioned by Shih et
al, [332], increasing the concentration of the HCl solution would improve the solubility of
the struvite. Shin et al, observed that when the HCl concentration was increased to 5 M, the
struvite fully dissolved, however, a 5 M HCl decreased the pH of the co-precipitation reaction
very rapidly, as well as introducing significant Cl" counter anion concentrations. This would
make the process difficult to regulate with the addition of the NaOH solution to keep the
pH above 10. Therefore, for subsequent synthesis of LDHs using waste struvite, small
amounts of the precursors should be used, where no more than 1.5 g of struvite are used,
to favour full dissolution of the parent struvite. The elemental analysis of the ochre and

struvite prior to their use as the mineral precursors to produce the SO-LDHs was the most

208



important characterisation step prior to the synthesis. As already discussed in Section 7.1
and as observed in Table C-1, Appendix C, the ochre and struvite contain a wide variety of
metals as both are waste materials with a lot of impurities and that did not have a pre-
treatment before being used to produce the SO-LDHs. If the amount of Fe and Mg for ochre
and struvite are known, respectively, stoichiometry calculations can be performed to
approximate the desired R-values of 2 and 4. However, as further addressed by the ICP-OES
(Table 7-4), the obtained [Mg?®*]/[Fe3*] ratios for the SO-LDH-R2 and SO-LDH-R4 were 1.31
and 2.51, respectively. Moreover, the data obtained from the ICP-OES of the SSO-LDHs (i.e,
Table 7-2) shows similar Fe** and Mg?* %wt. composition when compared with the SO-LDHs,
which could then mean that either some of the Mg?* or the Fe3* are not being properly
incorporated into the hydroxide lattice. In a study performed by Gregoire et al, [333]
regarding the mechanistic aspect of the LDH formation, the synthesis of a Mg-Fe LDH was
analysed and according to Gregoire et al, during the formation of the LDH, a first stage
occurs where a ferric oxohydroxide is formed (i.e., FeO(OH) specie). The latter ferric
oxohydroxide is expected to have the M?* species condensing over the surface for nucleation
to start. Is in this point where Gregoire et al, suggests that the Mg?* cations are lacking
affinity to condense over the ferric oxohydroxide surface as only some of the Mg®* would
incorporate and the latter will crystallise as Mg(OH).. Nevertheless, further experiments
trying different R-values are needed and also further analysis of the obtained LDHs are also
needed in order to understand why the R-values of 2 and 4 for SO-LDH-R2 and SO-LDH-R4,
respectively were not fully achieved and whether or not the mechanism proposed by
Gregoire et al, a few lines above is happening when forming the respective SO-LDHs. The
excess of the sodium carbonate solution (COs? : Fe3* = 3:1) was based on previous
unpublished work from this group, which suggested the latter ratio would be favourable.
The excess of carbonate anion as well as he high pH of the solution (above 10) would favour
supersaturation conditions [203,334]. In a comprehensive study to identify key parameters to
tune during the co-precipitation methodology for LDHs preparation, Sun et al, [335],
concluded that the mean particle size of the LDHs as well as the monodispersed particle size
distribution of the latter can be controlled through careful manipulation of the molar
amount of the divalent and trivalent cations, the molar relation of the anion with the trivalent
cation, the stirring rate and the addition rate. If the latter parameters can be controlled when
making SO-LDHs, crystallinity and particle size could be potentially improved which would

derivate in a catalyst of superior characteristics than when not controlling the latter
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parameters, which would be highly beneficial when the SO-LDHs are used for catalytic or
adsorption applications. The PXRD data (Figure 7-1(a)) proved the highly crystalline structure
of the waste struvite, which retained practically the same diffraction pattern as the synthetic
struvite obtained from the supplier, even though the sample of the waste struvite was

obtained from inside a pipeline within a WWTP.

After being used as the mineral precursor with the ochre and analysing the obtained
products, from Figure 7-6(a) it can be observed that both, SO-LDH-R2 and SO-LDH-R4
resulted in an LDH formation with the possible presence of an amorphous phase. Further
studies would be needed to confirm the latter presence of any amorphous materials within
the LDHs. The d-spacing and the unit cell parameters from Table 7-1 and Table 7-3 are in
agreement with the expected values reported in the literature (~7 to 7.5 A) for LDH
containing carbonate as the interlayer anion[103,203]. Thus, from Figure 7-6(b), the FTIR of
both, SOLDHR2 and SOLDHR4 (Figure 7-6(b)) shows the presence of the PO, anion, with a
peak at 1030 cm™", which can be attributed to the anti-symmetric (v3) and the symmetric
vibrations of the latter phosphate anion[152,328], that could be lying within the interlayer in
conjunction with the carbonate anion, which also has a well-defined anti-symmetric (v3)
stretching peak at 1354 cm™"[102,114]. However, as the d-spacing of the SO-LDH-R2 and SO-
LDH-R4 are 7.49 and 7.58 A, respectively, the latter d-spacing values correlates very well with
the expected d-spacing values when only carbonate exists in the interlayer of the material.
Taking into account that the FTIR indeed shows the presence of the phosphate anion, it can
be assumed that the phosphate is also co-existing in the interlayer with the carbonate anion,
however the carbonate/phosphate ratio in the interlayer was not quantified. The TGA
analysis in Figure 7-6(c) supports the obtained data from the PXRD and the FTIR, with the
mass lost expected to be observed when heating LDH materials up to 800 °C. The first mass
lost is due to the loss of adsorbed and interlayer water ca 200 °C, subsequently followed by
dehydroxylation, the loss of the phosphates anions and the loss of the interlayer carbonate,
until the formation of the spinel ca. 700 °C [102,114,152]. Due to the nature of the struvite, if
carbonate is not used during the production of the LDH, and if manipulated in an inert
atmosphere, a Mg-Fe PO, LDH can be potentially produced. However, further
experimentation would be performed to address the latter assumption. According to the
literature elsewhere[320,336], the strong acidic conditions of HCl favour a steady liberation

of the ammonium ion, which remains in solution. Ideally, after the reaction is completed and
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the LDH separated, the amount of N and P within the supernatant should be quantified, to
be further recovered through different approaches [320,336], following the circular economy
approach of obtaining added-value products out of waste, as the recovered N and P out of
the struvite can be potentially used as a source of nutrients for fertilisers. The SEM images
from the struvite (Figure 7-3(a)) show a needle-like and coffin-like morphology, which
according to the literature, can be some of the different morphologies the struvite can adopt
[332]. The SO-LDH-R2 and SO-LDH-R4 were also analysed through SEM and as observed in
Figure 7-7, rose des sables morphologies for both samples, the SO-LDH-R2 and the SO-
LDH-R4 were obtained. Based on the obtained characterisation of the materials after the
synthesis, the results are of interest, showing the possibility of synthesizing a useful material
out of waste precursors, which can have multiple applications, such as being a heavy metals
and anions adsorbent [337], an heterogeneous basic catalyst to favour reactions such as
biodiesel production or ketonic decarboxylation [114], or as a photocatalyst [292], to favour
the production of hydrogen through visible light irradiation. Though no time remained in
this PhD study to ascertain this, samples have been sent to the group of Prof. Dermot O'Hare

at Oxford University to test for carbon capture materials.

7.4.4 The circular economy framework
The circular economy concept, as defined by Geissdoerfer et al, [2] in which it is

expected that in a sustainable economy, the inputs and wastes are minimized and their use
cycle extended, was applied withing this chapter of the study. In a first approach, two waste
materials that otherwise would be disposed (i.e., ochre and struvite collected from WWTP
pipelines) were used as mineral precursors to prepare LDH materials. Although the co-
precipitation process is not considered feasible to be a green scalable process[102,103],
mostly due to the highly basic nature of the formed supernatant, it is interesting
nevertheless the co-precipitation of two waste materials to form an added-value product.
However, the LDH material is not the only product that could be obtained from the
preparation of the latter LDH. During the co-precipitation process in acidic conditions, NH4*
will be in solution, and depending on the conditions of pH, phosphates can also be dissolved
or remain as insoluble material. The latter ammonia and phosphate can be potentially
recovered with further treatment after the LDH obtention to use them as a potential fertilizer

source. Thus, with the formed LDH, other processes within the circular economy approach
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can be explored. Mg-Fe LDH has been widely used in the literature for different purposes
related sustainability. In Chapter 5, a Mg-Fe LDH made partially of waste (Le., a synthetic
source of magnesium and the iron obtained from the ochre waste) was used to promote the
production of ketones through the ketonic decarboxylation of dodecanoic acid, a feedstock
that can be potentially obtained from waste coconut oil [114]. Das et al, also produced a
Mg-Fe LDH with carbonate as the interlayer anion to be further calcined and use to remove
selenium from wastewater effluents [267]. Also employing a Mg-Fe LDH with carbonate anion
in the interlayer, Yadav et al, [338] explored the removal of arsenate from water. Moreover,
in Chapter 6, the production of a Mg-Fe LDH also using ochre as one of the mineral
precursors was developed and evaluated as a photocatalyst to promote the production of
hydrogen. Therefore, if followed properly, a complete circular economy framework for the
use of ochre and waste struvite will employ both materials to produce an added-value
product such an LDH, with a potential use to tackle or offer a solution to an environmental
problem, while giving a use to all the subproducts obtained from the preparation of the

latter LDH through co-precipitation.
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7.5 Conclusions

Though LDHs have previously been prepared from waste material sources of either the
M2* or M3* species, for the first time here we prepare a Mg/Fe LDH from two complimentary
waste streams. The struvite and the ochre, both waste streams from industrial processes
(Le., wastewater treatment and mining, respectively) proved to be efficient mineral
precursors, the ochre providing the Fe3* cation whereas the struvite provided the Mg?* to
form Mg-Fe COs LDHs. Before preparing the SO-LDHs, a first approach using ochre and
synthetic struvite was done, which resulted in two LDH materials, SSO-LDH-R2 and SSOL-
LDH-R4. Through the PXRD, FTIR and SEM, both SSO-LDHs were characterised and the
presence of other phases or even amorphous material within the sample was not discarded.
Once it was possible to synthesize the SSO-LDHs, the LDHs wholly made of waste struvite
and ochre (i.e., SO-LDHs) were attempted to be synthesised. Two different R-values for the
latter SO-LDHs were aimed to be prepared, 2 and 4, however, the co-precipitation conditions
and the intrinsic characteristics of the precursors could have affected products, as the
obtained [Mg?*]/[Fe**] values were not exactly 2 nor 4. The formation of the SO-LDH
materials from the struvite and ochre was further supported by the FTIR, TGA and SEM
analysis of the samples. As a first approach, it seems highly relevant the successful synthesis
of an LDH wholly made of waste, however, further experimentation is needed to find the
optimal process conditions to tune the characteristics of the resultant LDHs into a crystalline
phase pure material. Nevertheless, the obtained results prove added-value catalysts can be
obtained from waste streams, giving value to what otherwise would be considered a useless

waste material.
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8. Conclusions of this thesis

This work was focused on exploring the transformation of biomass and exploring the
reaction parameters involved in such biomass transformations. Moreover, the production of
energy through catalytic processes and the revalorization of waste materials were also
studied. Therefore, the foundation of this work lies in the research of processes and materials
related to sustainable and green chemistry. Since the postulation of the green chemistry
principles in the 90's, the concept of green chemistry has been pushed hard, gaining in
importance year by year, as the climatic and pollution issues in today’'s world urge the
transition of the mankind towards a more sustainable and circular economy [2,339]. When
doing research within a green chemistry framework, heterogeneous catalysis and biomass
are concepts that have been intimately related and extensively developed over the years
[102,103,152,267,313]. In the search of greener alternatives, researchers have found in biomass
a potential alternative to tackle the adverse environmental issues (e.g., air and water
pollution, GHG emissions due to fossil fuels, depletion of non-renewable resources, etc) that
modern societies suffer nowadays [3,4,12]. As mentioned before, heterogeneous catalysis
and the obtention of biomass derived products are areas of research that are intimately
related. When a heterogeneous catalyst is chosen for a specific reaction, all the variables
involving the reaction process are studied, including the obtention of the latter catalyst (i.e,,
whether it was synthesised on-site, purchased, etc), the catalyst properties, the reaction
conditions and parameters and the post-reaction procedure. In the literature,
heterogeneous catalysts such as metal oxides, zeolites, minerals, among others have been
used to produce a wide range of biomass derived products, such as bio-derived synthons
(Le. alkanes, bioethers, ketones, etc), biofuels or lubricants [3,4,16,83,136]. In the early 1991,
Cavant et al, [103] developed a comprehensive study of a hydrotalcite-like material, named
Layered double hydroxides (LDHs). LDH can also be used for a wide variety of applications,
including adsorption, photocatalysis, biomass conversion, among others and are a versatile
material that can be included within the vast range of compounds what is considered
heterogeneous catalyst [102,136,151,261]. Nevertheless, increased efforts have arisen in
recent years to not only produce sustainable products, but also ensure that in the whole
production process, inputs and wastes are minimised, both in materials and energy and that
the obtained products can have an expanded life cycle and can potentially be recycled and
reused, sticking to the principle of what has been called circular economy [2,152]. It is in the

context of the latter circular economy that using low-cost and environmentally friendly
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materials for chemical reactions or exploring greener reaction substrates and pathways
become more and more important. For instance, Alquzweeni and Alkizwini [317] coated
chicken bones with an LDH and tried the latter as an adsorbent for cadmium out of waste
water. Belviso et al, [316] produced an LDH material through an ultrasonic bath of red-mud
and the latter LDH was further mixed with zeolite to form an LDH-zeolite composite as an
adsorbent of RO16 dye. Kwok et al, [152] used waste struvite from a water treatment plant
to prepare a highly crystalline LDH material that has high surface area, high density and
porosity, with excellent capabilities to adsorb CO,. Today's literature is not vast enough in
terms of circular economy processes, however, in the recent years, more studies with a

circular economy focus are being developed, as mentioned a few lines above.

On the basis of contextualising this work in the area of sustainability, biomass
transformation processes and revalorisation of waste materials were studied. The ketonic
decarboxylation of dodecanoic acid using MgO of different sizes proved to be efficient with
the data suggesting the crystallite size of the MgO catalyst playing an important role for the
latter ketonic decarboxylation reaction to yield similar results even when surface area of the
samples differ greatly from one sample to another. Moreover, according to the data, the
most important parameter affecting the ketonic decarboxylation, to obtain yields of ketones
above 70 % is the temperature, with 300 °C being the optimal temperature, as going over
300 °C will favour pyrolysis decomposition of the reaction products and working under 300

°C will not favour full conversion of the starting materials.

Even when a highly basic oxide such as MgO was used to promote the ketonic
decarboxylation of carboxylic acids, when trying to decarboxylate a polyunsaturated
carboxylic acid such as linoleic acid, the homo ketonisation product of the latter unsaturated
acids was not favoured, with some preliminary results indicating a polymerisation reaction
outperforming the ketonisation or the possibility of a rearrangement during the
ketonisation, as no clean ketone products were observed from the crude post-reaction
mixture. Different carboxylic acids were tested, trying to vary the carbon chain lengths of the
latter acids while trying to keep the acids within the scope of acids that could be obtained
from biomass sources. No matter the length of the carbon chain, if the acid contained an a-
hydrogen, the acids (i.e, phenylacetic acid, dodecanoic acid and hexanoic acid) underwent
through cross-ketonisation and homo-ketonisation, yielding a clear post-reaction mixture

of two symmetrical and one asymmetrical ketone in relatively similar yields. However,
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linoleic acid did not favour a clean post-reaction product, as no homo-ketone from the
linoleic acid was formed nor a unique cross-ketonisation product. Further experimental is
needed trying a wider set of carboxylic acids, including acids containing other unsaturation
as well as electron donor and withdrawing groups, go grasp more insights into the reaction
mechanism. Nevertheless, magnesium oxide proved to be an efficient catalyst to transform
fatty acids into ketones, favouring both, the formation of the symmetrical and the

asymmetrical ketone products.

The synthesis of LDHs using waste materials capable of donating M" and M" cations,
such as ochre and struvite, respectively, was proved to be feasible, at least through the co-
precipitation approach. In a previous study from the Greenwell group [102], Mg-Al LDH
materials were prepared and used as catalysts for the ketonic decarboxylation of stearic
acid. Based on the latter results, and in the search of revalorising waste materials, the mining
sludge ochre was used as a mineral precursor to prepare a Mg-Fe LDH and used the latter
material as a catalyst for the ketonic decarboxylation of dodecanoic acid. Similarly to the
work of Smith et al, [102], the ochre-LDH material (i.e., partially made of waste) proved to
be efficient in transforming the dodecanoic acid into the acid's respective homo-
ketonisation product, with yields ca 75%. During the experiments, the ochre composition
was heterogeneous, which varied the expected amount of Fe to be present within the sample
and caused difficulties to reproduce the same exact R-value of the LDH. Moreover, another
batch of an ochre-LDH material was attempted to be made, however, crystallinity was
deficient and different oxide phases were formed. Nevertheless, and as a first approach, the
ochre-LDH was used as a photocatalyst and proved to be efficient to harvest light from the

visible light wavelength to produce hydrogen.

The revalorisation of the ochre from a waste to a precursor to produce an LDH was an
idea adopted from the perspective of sustainability and the needs from a society to
transition into a circular economy. In such scenario, a production process would minimise
energy and material inputs and wastes, while reusing, recycling and producing added-value
products with an extended life spam[2,12]. Therefore, the production of an LDH wholly made
of waste was further explored using waste struvite from a wastewater treatment plant
pipelines in conjunction of the ochre as the mineral precursors for the co-precipitation
reaction. LDHs were successfully synthesized, however, the desired R-values were not

obtained and the activity of the material as an efficient adsorbent or catalyst was not tested,

216



which would further support the sustainability framework in which the production of LDHs
wholly made of waste is sitting on. Characterisation of the latter LDH proved further
experimental needs to be done in order to improve the crystallinity of the material and attain

the desired R-values.

8.1 Future work

Interesting conclusions were obtained during this study, however, more experimental
work is needed to further understand why the unsaturated carboxylic acids are not giving a
clean reaction towards the formation of ketones and test whether the use of catalyst with
higher lattice energy or a carboxylic acid with less unsaturated bonds would lead to different
results. Moreover, the test of other carboxylic acids with the presence of electron
withdrawing or electron donor groups could also be of interest, and how the presence of
such groups will affect the acidity of the a-hydrogen and consequently the production of
ketones. Further studies trying to understand the role of the crystallite size to promote the
ketonic decarboxylation are also needed, expanding the range of the different particle sizes
of MgO and the reusability of the MgO catalyst, to evaluate the number of cycles the catalyst

can be used until its activity gets reduced.

Moreover, the effectiveness of producing LDHs through the use of waste materials such
as the mining wastes (potential sources of Fe and Mg)[142], red-mud (source of Al, Ca and
Fe)[316], and eggshells (source of Ca) [340], just to name a few of the recent studies, needs
to be further explored, as the capabilities of LDHs to be used in a wide variety of applications,
such as to remove heavy metal ions from wastewater, promote the production of hydrogen,
the formation of valuable chemical commodities and also using them as drug delivery
agents into the human body are remarkable. It is also of interest keep exploring the
possibility of generating such LDHs from waste but using an eco-friendlier synthesis
approach such as the co-hydration procedure, which will not generate highly basic
supernatants that need to receive treatment before disposal, making the production of LDHs
a more sustainable process, which aligns very well with the current approach of the societies

towards the development of sustainable and feasible infrastructures and materials.

Finally, all the work performed in this study converged with the context of my home

country, Mexico where the contamination problem and the lack of future projects
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focused on sustainability represent a potential risk for the future generations living in
Mexico. Some of the materials developed in this thesis are already being tested as
fluorine adsorbents in Mexico as as transesterification catalysts to produce biodiesel,
however, these experiments are on early stage of development. Such projects are
strongly related to some of the main pollution problems in Mexico, such as water bodies

being contaminated with chemicals or with oils from the cooking industry.

Moreover, in this thesis, a better understanding of the properties of base solid
heterogeneous catalysts such as MgO or LDHs laid the foundation for the development
of future projects in Mexican universities once the author of this work returns home,
which will hopefully contribute to the devopment of interesting projects to keep fighting

against the pollution problems in Mexico.
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A. Appendix

Preparation of calibration curves for product quantification
In the coming sections, the preparation of the mother solutions and the dilutions to

make the calibration curves used to quantify the reaction products are explained.

Preparation of the 12-tricosanone calibration curve
A mother solution of 12-tricosanone (Alfa Aesar, 98%) of 0.04 M was prepared. Using the

Equation 2.5 in Chapter 2, section 2.4.5, small vials of diluted 12-tricosanone solutions were

prepared. The dilutions and the subsequent GC-FID analysis to obtain the peak area of both,

the analyte (12-tricosanone), and the internal standard (Eicosane) are presented in Table

A-1. The calibration curve is presented in Figure A-1.

Table A-1. Dilutions and concentrations of the analyte (12-tricosanone) and the internal standard (Eicosane)
for the calibration curve preparation.

Concentration of | Concentration of the | Area of the | Area of the Internal | Ratio Ratio
the analyte Internal Standard analyte (Aa) | Standard (AIS) (Aa/AlS) | (Ca/CIS)
0.04 0.1 879937 732169 1.20 0.400
0.035 0.1 728923 734503 0.99 0.350
0.03 0.1 623854 736496 0.85 0.300
0.02 0.1 416893 758041 0.55 0.200
0.015 0.1 287871 770781 0.37 0.150
0.01 0.1 126282 810590 0.16 0.100
0.005 0.1 16255 837638 0.02 0.050

0 0.1 0 734608 0.00 0
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12 - Tricosanone calibration curve

Aa/AlS

y =3.3375x-0.1476
R?=0.9972
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Figure A-1. 12-Tricosanone calibration curve
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Figure A-2. Chromatogram of the crude reaction product, with the small peak at 11.83 related to the 12-
tricosanone and the sharp, high peak at 9.60 representing the internal standard eicosane.
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Preparation of the 1-phenyl-2-tridecanone calibration curve
A mother solution of 1-phenyl-2-tridecanone of 0.025 M was prepared. Using the

Equation 2.5 in section 2.4.5, small vials of diluted 1,3-diphenyl-2-propanone solutions were

prepared. The dilutions and the subsequent GC-FID analysis to obtain the peak area of both,

the analyte (1-phenyl-2-tridecanone), and the internal standard (Eicosane) are presented in

Table A-2. The calibration curve is presented in Figure A-3.

Table A-2. Dilutions and concentrations of the analyte (1-phenyl-2-tridecanone) and the internal standard
(Eicosane) for the calibration curve preparation.

Concentration Concentration of the | Area of the Area of the Internal | Ratio Ratio
of the analyte Internal Standard analyte (Aa) | Standard (AIS) (Aa/AlS) | (Ca/CIS)
0.025 0.1 430545 776991 0.55 0.250
0.023 0.1 406052 792075 0.51 0.230
0.02 0.1 343248 765010 0.45 0.200
0.017 0.1 283905 778123 0.36 0.170
0.012 0.1 200855 783622 0.26 0.120
0.01 0.1 173639 813198 0.21 0.100
0.007 0.1 93448 815079 0.1 0.070
0.005 0.1 57838 864303 0.07 0.050
0.002 0.1 16908 841162 0.02 0.020
1-phenyl-2-tridecanone calibration
curve
0.60
0.50
n 0.40 y =2.3969x - 0.0387
< 030 R?=0.9972
<
0.20
0.10
0.00
0.000 0.050 0.100 0.150 0.200 0.250 0.300
Ca/CIS
—@— Seriesl Linear (Series1)

Figure A-3. 1-phenyl-2-tridecanone calibration curve
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Preparation of the 1,3-diphenyl-2-propanone calibration curve
A mother solution of 1,3-diphenyl-2-propanone of 0.175 M was prepared. Using the

Equation 2.5 in section 2.4.5, small vials of the diluted 1,3-diphenyl-2-propanone solutions
were prepared. The dilutions and the subsequent GC-FID analysis to obtain the peak area of
both, the analyte (1,3-diphenyl-2-propanone), and the internal standard (Eicosane) are

presented in Table A-3. The calibration curve is presented in Figure A-4.

Table A-3. Dilutions and concentrations of the analyte (1,3-diphenyl-2-propanone) and the internal standard
(Eicosane) for the calibration curve preparation.

Concentration of | Concentration of the | Area of the | Area of the Internal | Ratio Ratio
the analyte Internal Standard analyte (Aa) | Standard (AIS) (Aa/AlS) | (Ca/CIS)
0.175 0.1 2044398 731881 279 1.750
0.15 0.1 1780933 720901 247 1.500
0.125 0.1 1532563 747867 205 1.250
0.1 0.1 1250387 762447 1.64 1.000
0.05 0.1 767201 830226 0.92 0.500
0 0.1 0 721348 0.00 0.000
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Figure A-4. Calibration curve of the 1,3-diphenyl-2-propanone

Preparation of the 6-heptadecanone calibration curve
A mother solution of 6-heptadecanone of 0.05 M was prepared. Using the Equation

y =1.5908x + 0.0554

2.000

2.5 in section 2.4.5, small vials of the diluted 6-heptadecanone solutions were prepared. The

dilutions and the subsequent GC-FID analysis to obtain the peak area of both, the analyte

(6-heptadecanone), and the internal standard (Eicosane) are presented in Table A-4. The

calibration curve is presented in Figure A-5.

Table A-4. Dilutions and concentrations of the analyte (6-heptadecanone) and the internal standard (Eicosane)
for the calibration curve preparation.

Concentration of | Concentration of the | Area of the | Area of the Internal | Ratio Ratio
the analyte Internal Standard analyte (Aa) | Standard (AIS) (Aa/AlS) | (Ca/CIS)
0.05 0.1 565143 698557 0.81 0.500
0.04 0.1 440835 751369 0.59 0.400
0.035 0.1 400239 744989 0.54 0.350
0.025 0.1 267840 717011 0.37 0.250
0.015 0.1 162151 753751 0.22 0.150
0.01 0.1 115193 692051 0.17 0.100
0.005 0.1 55331 717028 0.08 0.050
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Figure A-5. Calibration curve of the 6-heptadecanone

Preparation of the 6-undecanone calibration curve
A mother solution of 6-undecanone 0.05 M was prepared. Using the Equation 2.5 in

0.70  0.80

0.90

section 2.4.5, small vials of the diluted 6-undecanone solutions were prepared. The dilutions

and the subsequent GC-FID analysis to obtain the peak area of both, the analyte (6-

undecanone), and the internal standard (Eicosane) are presented in Table A-5. The

calibration curve is presented in Figure A-6.

Table A-5. Dilutions and concentrations of the analyte (6-undecanone) and the internal standard (Eicosane) for
the calibration curve preparation.

Concentration | Concentration | Area of the Area of the Internal Ratio Ratio
of the analyte | of the Internal | analyte (Aa) | Standard (AIS) (Aa/AlS) | (Ca/CIS)
Standard
0.1 0.1 682849 712599 0.96 1.000
0.09 0.1 618003 722149 0.86 0.900
0.08 0.1 537180 729684 0.74 0.800
0.07 0.1 471600 711206 0.66 0.700
0.06 0.1 402567 719736 0.56 0.600
0.05 0.1 334605 708312 0.47 0.500
0.04 0.1 272140 710737 0.38 0.400
0.03 0.1 200305 711425 0.28 0.300
0.02 0.1 135083 706706 0.19 0.200
0.01 0.1 64242 707302 0.09 0.100
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Figure A-6. Calibration curve of the 6-undecanone
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GC-FID chromatograms
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Figure A-7. Chromatogram corresponding to Entry 6 in Table 4-2 of the post reaction crude mixture of the ketonic
decarboxylation of the linoleic acid and the dodecanoic acid.
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Figure A-8 m/z analysis of the unidentified product obtained at retention time of 7.37 min.
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B. Appendix

Dewatering analysis of the waste material Saltburn ochre was performed as observed in
Table B-1. The amount of water present in the sample was important to the stoichiometric
calculations to find the appropriate concentration of iron in the sample and use the

appropriate amount of Mg for the preparation of the catalyst.

Table B-1. Dewatering analysis of Saltburn ochre samples at constant temperature of 60 °C.

Mass of wet ochre (g) Mass of dry ochre Weight Loss (%)
5.6493 1.1591 79.5
6.0755 1.3878 77.2
6.4830 1.4390 77.8
Average | 78.2

ICP-OES analysis of LDH-CO;

The ICP analysis of the LDH-COs scanned for a whole range of metals, as showed in
Table B-2. According to the technician in charge of the instrument, for semi-quantitative
analysis of most elements the instrument scans across the electromagnetic spectrum from
190 to 800nm. The emission lines recorded are then processed with the 'Image’ software,

which compares them with those in its library to identify and quantify the elements present

in the sample.
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Table B-2. All metals present in 15 mg of LDH-COs according to ICP-OES analysis.

LDH-COs Element Concentration (ppm)
Ni 0.06
Tm 0.06
K 0.74
Nb 0.08
Dy 0.1
Y 0.07
Rh 0.15
Er 0.06
Cu 0.06
Ga 0.21
Rb 0.31
Cd 0.14
\Y 0.2
As 0.07
Gd 0.14
Pr 0.24
Zn 0.22
Se 0.29
La 0.53
Nd 0.28
Sr 0.55
Na 0.57
Mn 0.62
Tc 0.53
Tb 0.77
Ba 0.94
Mg 260
Si 7.7
Ca 15
Fe 220
Re 0.09
W 0.45
Os 0.15
Ir 0.07
Pt 0.08
Pb 0.14
Bi 0.06
u 0.73
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Ketone yield percentage was calculated using standards of 12-tricosanone and
eicosane. As no other appreciable peaks were observed in the crude product mixture than
those related to 12-tricosanone (Figure A-2, Appendix A) it was assumed no side reactions
and full selectivity towards the ketone product was happening. The screening of the

synthetic LDH (SLDH-CO3) at 300 °C is presented in Table B-3.

Table B-3. Ketone yield using the (SLDH-COs) at 300 °C

300 € 250 €
Catalyst load Ketone yield Catalyst load % Ketone yield Catalyst Ketone yield
% (LDH-CO:3) (%) (SLDH-CO:3) (%) load % (%)
(LDH-CO3)
1 68 1 47 1 0.5
3 81 3 86 3 8
5 70 5 74 5 24

The PXRD diffraction peaks from a calcined Saltburn ochre sample at 800 °C were
used to prove right the data plotted in the TGA graphs, to help to interpret the loss of mass
within the Saltburn ochre samples, which was related to the dehydroxilation of the latter,
transforming all the FeO(OH) (goethite) into Fe,O3 while, at the same time, comparing the

results with the existing literature.
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Figure B-1. Powder X-ray diffraction of the calcined ochre at 800 °C. The sample
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was calcined for 3 hours under in a muffle.

To determine the proper M'"/M" ratio from the as-synthesized LDHochre and the LDHsyn

analysis through EDS and ICP-OES were performed.

Table B-4. M!/M! ratio of LDHochre and LDHsyn through EDS

LDHochre | Element | Atomic % | SD
Mg 26.2 0.8

Fe 6.7 1.0

39 0.7

LDHsyn | Element | Atomic % | SD
Mg 234 1.9

Fe 5.7 0.9

4.1 0.4
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An ICP-MS analysis of both, LDHoche and LDHsyn was performed to observe the presence of

any other metal in the sample, as ochre comes from the waste mining sludge which might

contain other M" cations, which according to the literature would favour more visible light

absorption.

Table B-5. ICP-MS scan for all possible metals present in LDHochre and LDHsyn

ppm mg/kg LDHochre LDHsyn @ Possible
interferences
7Li nd nd
9Be nd nd
11B 0.03 0.02
23Na 3.70 49.48
24Mg na na | C2
27Al 0.16 0.09
31P nd nd
39K 0.41 0.28 | CO2
44Ca 10.44 147 | CO2 N20O SiO
45Sc 0.01 nd  SiO
47Ti 0.01 0.01 | SiO
51v 2.80 2.14
52Cr 0.44 0.35
55Mn 0.19 0.01
56Fe na na  ArO
59Co nd nd
60Ni 0.12 0.04
65Cu 0.26 0.05
66Zn 0.44 0.19
69Ga nd nd
72Ge 0.08 0.09
75As 0.44 0.38
82Se nd nd
85Rb nd nd
88Sr 0.19 nd
89Y nd nd
90Zr nd nd
93Nb nd nd
95Mo 0.03 0.02
101Ru nd nd
103Rh nd nd
105Pd 0.01 nd
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107Ag nd nd
111Cd nd nd
115In nd nd
118Sn 0.01 nd
121Sb nd nd
125Te nd nd
133Cs nd nd
137Ba 0.02 nd
139La nd nd
140Ce nd nd
141Pr nd nd
146Nd nd nd
147Sm nd nd
153Eu nd nd
157Gd nd nd
159Tb nd nd
163Dy nd nd
165Ho nd nd
166Er nd nd
169Tm nd nd
172Yb nd nd
175Lu nd nd
178Hf nd nd
181Ta nd nd
182w nd nd
185Re nd nd
1890s nd nd
193Ir nd nd
195Pt nd nd
197Au nd nd
202Hg nd nd
205TL nd nd
208Pb 0.01 nd
209Bi nd nd
232Th nd nd
238U nd nd
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Figure B-2. Normalized production of hydrogen from LDHochre and LDHsyn
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C. Appendix

Table C-1. ICP-MS analysis of all the different metals in the ochre, struvite, SO-LDH-R2 and SO-LDH-R4.

Metal in | Ochre | Waste SO- SO- Possible
ppm struvite | LDH-R2 | LDH-R4 | interferences
(mg/kg)
L 16 |15 16 17
9Be nd nd nd nd
118 230 |16 46 37
23Na 6829 |3474 | 8256 | 6047
24Mg Concentration
too high to
na na na na quantify
27AL 12047 | 6866 |7363 | 8774
31P 91.1 | 11568.6 | 2661.1 | 26359
39K 641 | 1131|395 36.5 co2
44Ca CO2 N20 SiO
Noisy
background,
unable to
na na na na quantify
455c 83 nd 5.7 7.0 Si0
47T 126 | 9709 167.1 176.6 S0
v 2546 | 5264 | 3946 3985 | ClO
2Cr 1203|3945 | 582 53.9 ArC
>SMn | 4155 | 12108 | 17711 | 21163
56Fe Concentration
too high to
na na na na quantify
59Co 171 | 334 212 23.0
60Ni 535 | 2686 347 246
65Cu 1.1 59.7 11.9 96
66Zn 1035 | 106.1 168.3 104.8
69Ga 20 54.0 40 33
72Ge 702 | 31.1 42.9 358 FeO
75As 156.5 | 26.4 nd 77 ArCl
82Se nd 5.8 17.3 13.7
85Rb nd 1.1 nd nd
88Sr 511.8 | 317 502.9 3322
89Y 339 |nd 15.6 10.0
90Zr nd 21 213 215
93Nb nd 4.4 nd nd
95Mo nd 52.7 1.0 nd
101Ru nd nd nd nd
103Rh nd nd nd nd
105Pd 2.0 nd nd nd

236



107Ag

nd 20.3 2.3 16
111cd nd nd nd nd
115In nd nd nd nd
1185n | 153 | 1588 | 201 11.1
121Sb | 973 | 999 74.4 57.4
125Te nd nd nd nd
133Cs nd nd nd nd
137Ba | 33 | 8386 | 489 343
139La nd 19.3 nd nd
140Ce | 4 213 nd nd
141Pr nd 16 nd nd
146Nd | ; 4 46 1.1 nd
147Sm | 43 nd nd nd
153Eu nd nd nd nd
157Gd | 34 nd 18 nd
159Tb nd nd nd nd
163Dy | 35 nd 15 10
165Ho | g nd nd nd
166Er 18 nd nd nd
169Tm | g nd nd nd
172Yb 1.1 nd nd nd
175Lu nd nd nd nd
178Hf nd nd nd nd
181Ta nd nd nd nd
182w nd 47.2 nd nd
185Re nd nd nd nd
1890s nd nd nd nd
193Ir nd nd nd nd
195Pt nd nd nd nd
197Au 2.3 nd nd nd
202Hg | 1228 | 118 6.5
205TL nd nd nd nd
208Pb | 4 g 2697 | 589 67.2
209BL | g 204 nd nd
232Th nd nd nd nd
238U nd 1.8 nd nd

nd = not detected
na = not available
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Table C-2 ICP-MS analysis of all the different metals in the SSO-LDH-R2 and SSO-LDH-R4

Metal in Synthetic | SSO- SSO- Possible

ppm struvite LDH-R2 LDH-R4 interferences

(mg/kg)

7L nd 16 22

9Be nd nd nd

11B 32 77 80

23Na 183 370 258

24Mg Concentration

too high to

na na na quantify

27Al 23 115 100

31p 767 5 nd

39K nd nd 68 o2

44Ca 245 3222 2058 CO2 N20 SiO

45Sc nd nd nd Sio

47Ti 29 11 9 Sio

51V 350 1068 1018

52Cr 38 100 88

55Mn 1 48 28

56Fe Concentration

too high to

nd na na quantify

59Co nd 1 nd

60N 13 22 9

65Cu nd 5 3

66Zn 10 60 26

69Ga 1 5 6

72Ge 22 26 19

75As 40 85 48

82Se nd 3 5

85Rb nd nd nd

88Sr nd 45 28

89Y nd 3 2

90Zr 2 7 6

93Nb nd nd nd

95Mo 2 6 5

101Ru nd nd nd

103Rh nd nd nd

105Pd nd nd nd

107Ag 1 2 2

111Cd nd 63 3

115In nd nd nd

118Sn 4 6 6

121Sb 31 51 44
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125Te nd nd nd
133Cs nd nd nd
137Ba nd 4 5

139La nd nd nd
140Ce nd nd nd
141Pr nd nd nd
146Nd nd nd nd
147Sm nd nd nd
153Eu nd nd nd
157Gd nd nd nd
159Tb nd nd nd
163Dy nd nd nd
165Ho nd nd nd
166Er nd nd nd
169Tm nd nd nd
172Yb nd nd nd
175Lu nd nd nd
178Hf nd nd nd
181Ta nd nd nd
182w nd 1 nd
185Re nd nd nd
1890s nd nd nd
193Ir nd nd nd
195Pt nd nd nd
197Au nd nd nd
202Hg nd 1 nd
205TL nd nd nd
208Pb nd 1 nd
209Bi nd nd nd
232Th nd nd nd
238U nd nd nd

nd = not detected
na = not available
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Figure C-1 Powder X-ray diffraction pattern of the synthesis of the waste struvite and ochre LDH synthesis
dispersing the waste struvite in a solution with Na2CO3 and NaOH. The red symbol represents potential LDH
phase whereas the black symbol represents diffraction peaks related to struvite.
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