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Abstract

Dwindling global resources necessitate the investigation, and development of more sustainable,
optimised, and effective processes beyond conventional practices. Therefore, the present work
explores novel synthesis methods and environments. The areas investigated are: hydrothermal
carbonisation, alcohol/water mixtures, and aerosol-assisted sol-gel synthesis.

Hydrothermal carbonisation is an emerging thermochemical conversion process. Herein
hydrothermal carbonisation processing is performed on two novel biomass waste feedstocks,
bread waste and avocado seeds. Both of these feedstocks are unsuitable for animal feed or other
thermochemical processes and therefore are generally sent to landfill. The valorisation of these
waste streams would therefore produce value from a genuine waste product. Hydrothermal
carbonisation of bread waste is investigated at a range of different processing temperatures
(160-200 °C) and retention times (30-90 min), in addition to two different pressurising gases
helium and carbon dioxide. Under carbon dioxide at 200 °C after 60 mins the hydrochar
displayed exceptional energy density at 36 MJ Kg* and contained a large portion of volatile
matter (58.8%). Thus, bread waste demonstrated high potential in producing a renewable solid
fuel or activated carbon material. Hydrothermal carbonisation of avocado seeds examined the
potential to perform a one-pot catalyst synthesis procedure. A mixture of magnetite and
heamatite was supported on the hydrochar in situ to yield a magnetic carbon composite
material. This catalyst showed full regioselectivity in an exemplary catalytic testing procedure
as well as viable adsorption of indigo carmine (~49 mg g). Therefore, the efficient production
of catalytic materials is exhibited with potential application to a wide range of different

lignocellulosic wastes and catalytic metals.

The molecular interactions within alcohol/water mixtures at both ambient and hydrothermal
(sub-critical) conditions was analysed using Fourier-transform infrared spectroscopy.
Mathematical analysis methods such as deconvolution, and perturbation induced 2D
correlation analysis were performed to analyse the data. Using this methodology the molecular
transition points discussed in literature for ambient alcohol/water mixtures were identified by
trends in blueshifting and excess intensity of the crucial peaks O-H and C-O stretching.
Following this, novel information about the molecular dynamics of alcohol/water mixtures
under hydrothermal conditions was acquired. Further to this, the effect of ethanol/water

mixtures on the hydrothermal carbonisation of bread waste and avocado seeds was



investigated. Whilst the properties of hydrochar were affected by varying ethanol concentration

at lower processing temperatures these effects were reduced at higher processing temperatures.

Aerosol-assisted sol-gel synthesis mechanisms were investigated using optical trapping
instrumentation at the Central Laser Facility. The initial stages of synthesis were imitated by
trapping a single droplet of the precursor solutions using focussed light. This droplet was
monitored using Raman spectroscopy and heated externally, therefore replacing the space
domain in the aerosol flow tube with a time domain. From this investigation, evidence against
the expected reactions based on bulk sol-gel synthesis was obtained. Furthermore, insight was
gained into the effects of different compounds in the precursor solution on droplet stability and
evaporation. Finally, an alternative reaction mechanism to that observed in bulk sol-gel
synthesis was proposed based on the observed Raman spectroscopic data.
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Chapter 1 Introduction
1.1. Motivation

It is well known that human civilisation is reaching a tipping point on the scales of natural
disaster, with some catastrophic predictions as soon as the year 2050 [1]. Just as Buckminster
Fuller succinctly put it “whether it is to be Utopia or Oblivion will be a touch-and-go relay race
right up to the final moment”. There are various current global issues that need to be addressed

to prevent future human suffering.

One key issue is that the global mean temperature has been increasing since the industrial
revolution [2]. The effect that this has on the Earth is commonly known as global warming and
can be attributed to the increasing concentration of greenhouse gasses (carbon dioxide,
methane, nitrous oxide, etc.) [3]. Of the greenhouse gases, carbon dioxide is released in the
largest quantities and is present in the highest concentration in the atmosphere. Global mean
temperature has increased from pre-industrial levels to around 1 °C higher, whilst carbon
dioxide concentration has increased from 280 up to ~400 parts per million. Global warming
and therefore increasing carbon dioxide emissions are causing rising sea levels, destruction of
ecosystems, extinction of many species, ocean acidification, reduction of crop yields and
increasing starvation to name only a few of its serious implications [4]. This increase in carbon
dioxide concentration is caused by our increased usage and dependence on fossil fuels (coal,
natural gas, and oil). Currently, 21% century society relies wholly on fossil fuels for a myriad
of essential industries and applications such as; transportation, heating, agriculture,
manufacturing, plastics, fertilisers, chemicals, dyes, paints, building materials, cosmetics, and
the list goes on [5]. Therefore, in order to limit the increase in mean global temperature from
pre-industrial levels to 2 °C, in line with governmental targets, alternative sustainable
replacements for fossil fuels must be investigated and developed [6]. Further to this, the
reserves of coal, natural gas, and oil are predicted to run out in 95, 25, and 23 years respectively
if the current rates of consumption do not change [7]. Because fossil fuels are necessary for
such a wide variety of processes no one single source of renewable energy or manufactured
goods will be suitable to fulfil all of these roles. Consequently, it is imperative to properly

consider all potential sustainable processes to address this key global issue.

Another issue to overcome is the production and disposal of solid waste, currently around

11 billion tons of solid waste is produced globally every year [8]. This solid waste has adverse



environmental impacts polluting the air, water, and soil [9]. Further, the solid waste generated
globally is predicted to double 2016 waste generation by the year 2050. Management of this
solid waste is currently dominated by landfill or incineration practices which together dispose
of over 80% of this solid waste. Landfilling causes a number of different environmental impacts
and hazards to human health [10]. Leachate (complex liquid waste) often percolates through
the disposed waste in landfill sites, this contaminates both the soil and groundwater and can
continue for hundreds of years after the landfill site has been decommissioned. This infects
both the soil and groundwater with a high concentration of dissolved organic matter, heavy
metals and inorganic compounds [11]. Affected groundwater is thereafter unsuitable for
aquatic life or human consumption because of toxic heavy metals and pathogens. Furthermore,
landfill sites are a source of additional greenhouse gas emissions, typically methane in high
concentrations. Besides this, landfill sites are breeding grounds for rats and insects which can
act as vectors for transmission of a plethora of different diseases. Incineration of solid waste is
also wreaked with problems; the process pollutes the air with greenhouse gas emissions (carbon
dioxide) and noxious fumes which negatively affect the environment. Therefore alternative
waste management applications need to be studied and developed which are able to process
solid waste without causing a negative impact on the environment or human health. Currently
~1 billion tons of agricultural waste and 1.3 billion tons of food waste is produced globally
every year [12], [13]. Together this waste accounts for over 20% of the solid waste produced
annually. This organic waste can be valorised in a variety of different processes to produce
energy, chemicals and materials, thus providing a basis for a sustainable circular economy
which protects natural resources without sacrificing societal development [14]. A variety of
different biochemical and thermochemical processes can be employed to achieve this such as

anaerobic digestion, fermentation, pyrolysis, gasification, and biodiesel production.

This research aims to investigate innovative, sustainable synthesis methods and environments
to combat the effects of global warming and waste generation. The areas investigated are as
follows: hydrothermal carbonisation, alcohol/water mixtures, and aerosol-assisted sol-gel

synthesis.

1.2. Introduction to Hydrothermal Carbonisation (HTC)

Friedrich Bergius is credited with pioneering the field of hydrothermal processes, with

publications beginning in 1913. Bergius was initially attempting to produce hydrogen from



water with carbon acting as a reductant following Equation 1.1 [15]. The experimental set-up
placed coal inside of a pressurised reaction vessel and heated to temperatures below 600 °C
with pressures up to 200 bar. This reaction successfully produced hydrogen as postulated,
however low reaction rates and high processing costs hindered commercial interest in the
technique. Though, whilst studying this Bergius substituted peat for coal inside of the reaction
vessel and produced an enriched carbonaceous product with properties comparable to natural
coal, therefore mimicking natural coalification. This prompted Bergius to investigate treatment
of plant-based materials in a high pressure vessel at milder temperatures (~200 °C). Following
this, Bergius and his assistant Hugo Specht continued this research as classified by them as the
hydrogenation of artificial coal [16]. For this, among other research, Bergius obtained the
Nobel Prize in chemistry in 1931. This initial discovery was followed by a relative dark period
within the field, with some notable research into the effect of process parameters on the

decomposition of the feedstock by van Krevelen [17].
C +2H,0 - CO, + 2H,

Equation 1.1 Bergius’ proposed equation for the production of hydrogen from water
using a carbon rich material as the reductant.

Resurgence into the field did not occur until 70 years after Bergius obtained his Nobel Prize at
the turn of the millennium. Maria-Magdalena Titirici and her research associates are credited
with pioneering this renaissance with initial publications starting in 2007 and the first book in
the field “Sustainable Carbon Materials from Hydrothermal Processes” published in 2013 [18],
[19]. Furthermore, the first international symposium on HTC was opened just 4 years ago in
2017 and now occurs every 2 years due to the increasing research attention that HTC is
receiving. However, because HTC is still a developing research area the nomenclature of its
scientific terminology and the necessary analysis procedures are still in dispute. HTC has also
been referred to as the American “hydrothermal carbonization”, hydrothermal pre-treatment,
wet torrefaction, hot compressed water treatment, coalification and biomass hydrolysis [20].
The solid carbonaceous product was coined hydrochar by the European Biomass Industry
Association to differentiate it from other biomass based carbonaceous products [21]. However,
literature sources still refer to the product as bio-char, char, and bio-coal [22]. Herein, this
document will exclusively use the term HTC (hydrothermal carbonisation) for the process and
the product will be following the European Biomass Industry Associations guidance and be

referred to as a hydrochar.



Currently the process parameters required for HTC are typically defined by the following; a
high enough pressure to keep the water in the liquid phase (20-500 bar), all feedstock is
submerged underwater during processing, temperatures between 180 to 250 °C, and at least
5 min retention time for significant carbonisation to occur (Figure 1.1) [23]. However,
deviation from these conditions is not uncommon in the literature, therefore it is more valuable
to consider any hydrothermal process aiming to yield a solid carbonaceous product
(hydrochar). Hydrochar has a higher percentage of carbon compared to the raw feedstock, this
iIs attributed to dehydration and decarboxylation reactions removing water and carbon dioxide
from the feedstock [24]. A wide range of different feedstocks can be processed using HTC to
produce hydrochar. Compared to biochar and charcoal produced from other thermochemical
technologies hydrochar has significantly different chemical and physical properties such as
increased aromatic surface structure and oxygenic functionality [25]. Besides hydrochar, the
HTC of biomass also produces sugars, organic derivatives, organic acids, furanoids and
phenolics in the aqueous liquid phase (bio-oil) [26], [27]. As well as carbon dioxide, methane,

carbon monoxide, and trace hydrogen in the gaseous phase.
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Figure 1.1 Typical processing parameters, feedstocks, and products in HTC processes.

1.3. Acknowledged Research Gaps

Considering HTC is a developing research area with renewed interest there are a significant
number of gaps within the available literature. A research gap identified for further study and
presented in this thesis is the addition of solvents during HTC and other hydrothermal processes
[28]. Hydrothermal processes that utilise small chain alcohols (methanol, ethanol, etc.) can be

referred to as “alcoholysis” or “alcohothermal” [29] [30]. Whilst the term “solvothermal”



involves the use of any organic solvent and is carried over from single crystal synthesis
characterisation of hydrothermal technologies [31], [32]. Finally the use of the term
“organosolv” is related to the pulping technique pioneered by the paper-making process [33].
This divided nomenclature obstructs a clear narrative of the effects that different solvent/water
mixtures have on biomass during hydrothermal processes. Furthermore, there is no agreement
on the use of pre-dried or wet biomass. The latter of which is recommended to lower processing
steps and costs; therefore the moisture content of the biomass would affect the solvent/water
ratio applied during HTC. Moreover, even small variations on the solvent/water ratio can have
a dramatic effect on the molecular dynamics of the system and consequently alter the products
formed. The most common solvent additives used during HTC in the literature are alcohols.
This can be attributed to both parallels in chemical structure with water and because of the
interesting non-ideal nature of alcohol/water mixtures. Therefore, one aim of this research is to
initially characterise a novel HTC process and analyse the hydrochar product. Following this,
the addition of alcohol during HTC at various molar percentages with water is to be
investigated by its effect on the properties of the hydrochar formed. Then, this directs towards
the second gap identified in the literature for further examination. Though many investigations
study ambient alcohol/water mixtures there is minimal research into the molecular dynamics
of alcohol/water mixtures under sub-critical conditions [34]. Consequently, an analysis of the
molecular dynamics of alcohol/water mixtures using a cheap, facile and readily available
analysis procedure will be established initially at ambient conditions. Following this an
investigation of alcohol/water mixtures at sub-critical conditions using the same analysis
procedure will be attempted to deliver insight into the change in the molecular dynamics of the

alcohol/water mixtures.

Aerosol based catalyst synthesis techniques have several advantages over conventional wet and
solid-phase production methods [35]. These include but are not limited to 1) no liquid
by-products, 2) facile and cheap collection processes requiring no separation 3) high purity
products with unique morphologies. For this reason aerosol processes are well-established and
used to produce a variety of materials such as carbon black, fumed silica, and titania particles
[36]. However, analysing the reactivity occurring within a flow tube during aerosol based
processes is challenging with a myriad of different physical and experimental constraints. The
concentration of the spray within a flow tube is low due to the low density of the spray and
singular droplets cannot be studied along the flow tube. Furthermore, spray drying apparatuses

are often large and unsuitable for attachment with external spectroscopic analysis instruments
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such as cyclone collectors. Therefore, the mechanism of catalyst formation inside of aerosol
processes are not fully understood and often considered a “black-box” this presents a gap
within the literature [37]. To address this gap optical trapping is employed mirroring the early
stages of aerosol processes, this technique traps a singular droplet within a beam of focussed
light [38]. Therefore the space domain in a conventional flow tube is substituted for a time
domain in the optical trapping cell. Aerosol-assisted sol-gel (AASG) synthesis techniques are
the focus of this research [39]. However, the same methodology can be utilised to gain
understating of other aerosol processes.

1.4. Research Aims and Objectives

The overall aim of this research is to investigate novel synthesis methods and environments
with a foundation in innovative spectroscopic methods. It is hoped that the results of these
investigations can consequently be used to inform on more sustainable synthesis processes for
fuels, catalysts, and adsorbents. Additionally, the research is hoped to pave the way for further
use of these spectroscopic analytical systems and mathematical methods. To achieve this
several different objectives were identified based on gaps within the literature:

- Utilise simplistic ATR FT-IR analysis at ambient and sub-critical conditions on binary
mixtures of water and methanol/ethanol/isopropanol at specified molar percentages.
This is intended to yield information about the intermolecular bonding dynamics at
sub-critical conditions. There is no similar investigation present in the literature.

- Perform mathematical analysis method such as deconvolution and perturbation induced
2D correlation analysis on the obtained FT-IR data to extract insights not readily
available by conventional analysis methods. This would display the efficacy of using
these complex analysis methods.

- Use a combined approach of optical trapping and in situ Raman analysis to observe the
reaction dynamics of aerosol-assisted sol-gel synthesis. Currently reactions within the
flow tube are unclear and assumptions are made. This would not only increase the
understanding of AASG but also demonstrate the capability of combined optical
trapping and Raman analysis as an innovative analysis technique for aerosol processes.

- Characterise the hydrothermal carbonisation of bread waste which is identified as a
waste product from the food manufacturing industry. There are currently limited
literature sources which investigate the hydrothermal carbonisation of bread waste

despite its potential as a homogenous high value feedstock which is currently sent to



landfill. The hydrochar produced from this bread waste is theorised to have high
potential as a sustainable solid biofuel.

- Investigate the effect of different pressurising gasses, alcohol/water systems, and
particle sizes on the hydrothermal carbonisation of bread waste. These investigations
could vyield insightful conclusions on the potential turnability of hydrothermal
carbonisation. In particular the effect of alcohol/water mixtures on hydrothermal
carbonisation is not known and could greatly influence the hydrochars formed.

- Perform a hydrothermal carbonisation reaction on whole avocado seeds as an
exemplary high lignocellulosic feedstock to produce high value carbon-based catalysts
and adsorbents. This process will utilise cheap and abundant iron as the reactive
catalytic material which is supported onto the hydrochar in situ using a ‘one-pot’
process. The successful demonstration of this would prove that hydrothermal
carbonisation is a viable process for large scale production of carbonaceous adsorbents

and catalysts from low value lignocellulosic waste.

1.5. Thesis Structure

Chapter 2 provides a study of the literature beginning with an explanation of the unique
properties of high temperature water (sub-critical water), with attention on the experimental
determination of those properties and its novel reactivity. Following this is the non-ideal
properties of alcohol/water mixtures with a closing focus on the mixtures at sub-critical
conditions. After, the potential of biomass to support a circular carbon based economy is
detailed. This discusses the structure of lignocellulosic biomass and the potential biochemical
and thermochemical conversion techniques providing a comparison to HTC. At which point
HTC is comprehensively reviewed with an initial explanation of simplistic hydrochar
formation reactions. Following this, hydrochar is assessed as a potential source of renewably
sourced solid fuel with graphical analysis provided from a multitude of literature sources. This
section is closed by sub-chapters focussed on the production of high value carbon based
materials via HTC. Finally, a section on sol-gel synthesis with a focus on aerosol-assisted

methods is presented.

Chapter 3 is a description of the analysis and experimental procedures employed to produce
the wide variety of different solid products. as Additionally, the instrumentation used to

perform the synthesis and analysis procedures is described in this subchapter. This section



closes with a brief overview of FT-IR and Raman spectroscopy which are the dominant

analysis techniques employed within this thesis.

Chapter 4 constitutes the use of Fourier-transform infrared spectroscopy to study the properties
of alcohol/water mixtures. Analysis methods are standardised by studying ambient
alcohol/water mixtures with an attenuated total reflectance (ATR) plate. This allows for
comparison to the abundant molecular and thermodynamic properties of alcohol/water
mixtures at ambient conditions presented in the literature. The mathematical methods
deconvolution and perturbation induced two-dimensional (2D) correlation analysis are
employed to derive additional insights from the data. Following this, alcohol/water mixtures
subjected to sub-critical conditions are then analysed using a specialised high temperature ATR
reaction cell. This expands the understanding of the changes in molecular dynamics of

alcohol/water mixtures under these conditions.

Chapter 5 presents, to the authors’ knowledge, the first research into the HTC of bread waste
which is a real waste stream from the Bradgate Bakery in Leicester. The bread waste produced
is unsuitable for animal feed or for conventional biochemical and thermochemical conversion
technologies. Therefore, the HTC of bread waste is characterised at a range of different
processing conditions. Before HTC the bread waste is dried, and ground then separated into
specific particle sizes. During HTC the processing temperature is varied from 160 to 200 °C,
retention time is studied between 30 and 90 mins, two pressurising gases helium and carbon
dioxide are investigated. Once the HTC of bread waste was characterised, the effect of ethanol
on the properties of the hydrochar was investigated. The combustion characteristics of the
bread waste hydrochars produced were analysed according to standard procedures displayed in

the literature.

Chapter 6 develops a one-pot synthesis procedure to synthesise a high value carbon based
magnetic material via HTC. An additional novel HTC feedstock, avocado seeds are processed
to demonstrate the applicability of the synthesis procedure to a wide variety of lignocellulosic
feedstocks. The process utilises relatively mild processing temperatures (230 °C) and the most
abundant metal on Earth, iron to produce a magnetic carbon composite (Fe/C) material. This
Fe/C exhibits selective adsorption behaviour of exemplar adsorbates in addition to acting as a
regioselective catalyst. Furthermore, Fe/C has exceptional separation efficiency with facile

magnetic removal. Therefore, a one-pot HTC technique is demonstrated to produce a
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sustainable material which can be used in both wastewater treatment and catalytic processes
instead of non-sustainable materials. Finally, the effect of ethanol during HTC on the properties

and function of the Fe/C is examined.

Chapter 7 presents an additional research opportunity made possible due to collaboration with
Dr Andrew Ward and the Central Laser Facility in Harwell. The basis of the research was to
utilise optical trapping to investigate the mechanisms involved in aerosol-assisted sol-gel
(AASG) synthesis. This impactful research contains overlapping analysis methods (Raman
spectroscopy) with the content of Chapter 4 and catalyst synthesis procedures further to that
presented in Chapter 6. To achieve this goal prior to work at the Central Laser Facility, bulk
sol-gel synthesis of 12 different catalyst systems was accomplished. Catalysts were
characterised using Raman spectroscopy and XRD to confirm successful synthesis. Of these
catalytic precursor solutions only one was suitable for optical trapping due to limitations in the

trapping procedure.

Chapter 8 is a summary for the conclusions presented in Chapters 4, 5, 6, and 7, these are put
into context with the objectives outlined in this introduction (Section 1.4). Following this a
description of the recommended avenues for future work towards achieving these objectives is
outlined. The accomplishment of which would expand the boundaries of HTC and provide
inspiration for further development of the research area.

References provides a complete list of the literature cited in this thesis in order of citation and
in IEEE style. Appendix includes both literature and thesis data/figures not included within the
thesis. At the end of the appendix first author papers are attached.



Chapter 2 Literature Review
2.1. High Temperature Water (HTW)

The importance of water (H>O) should not be understated, it is one of the most important
substances to our society in existence [40]. Water is used to produce electricity in steam
turbines, is the most common solvent used in chemistry and chemical engineering, and of
course is essential for all living organisms. The physical and chemical properties of water
change dramatically based on the temperature and pressure exerted upon it. Of interest in this
research are the distinct properties of high temperature water (HTW) also referred to as
superheated water or sub-critical water. HTW is broadly defined as water above 180 °C and
below 374 °C under sufficient pressure to avoid the phase change to steam and hold it in the
liquid phase (Figure 2.1) [41]. Above 374 °C and 220 bar water becomes a supercritical fluid
which has significantly different properties to that of both ambient water and HTW. In practice
HTW has the properties of a polar organic solvent, whilst supercritical water (SCW) has
properties similar to a non-polar organic solvent [42]. Consequently, HTW and SCW present
different challenges and opportunities, this difference has been highlighted to eliminate

confusion, only HTW is the considered in this research.
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Figure 2.1 Phase diagram for water displaying high temperature water, supercritical
point, as well as steam (vapor) and liquid (ambient) conditions.
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2.1.1. HTW Properties

The physical and chemical properties of HTW are more like organic solvents (e.g. acetone,
ethanol) than ambient water, because of this many organic compounds have a high solubility
in HTW [43]. Water is non-toxic, cheap, highly abundant, and renewable. Therefore, HTW has
the potential to replace organic solvents as a reaction medium for more “green” processes with
reduced environmental impact. Moreover, the properties of HTW can be tuned towards
different processes by varying the pressure and temperature used. This allows for a more
precise control over products using HTW processing conditions. Additionally, HTW is a very
versatile reaction medium, it can act as a solvent, reactant, catalyst, and an acid or base. Among
the physical properties which differ significantly between ambient water and HTW are density,
hydrogen bonding, dielectric constant, and ionic product. The surface tension, viscosity, and
thermal conductivity of HTW are also different to that of ambient water [44]. These are all

important properties for solvent selection in a wide variety of industrial processes [45].

2.1.1.1. Density

The density of the reaction medium can have a strong influence on the chemical reaction rates
through concentration effects increasing the number of successful collisions [46]. In most
cases, the density of a solvent will decrease as temperature is increased but will remain stable
with changes in pressure [47]. As is expected the density of HTW decreases as temperature is
increased, the density is between 0.9 g cm™ and 0.74 g cm™ from 180 to 300 °C. This density
range is relatively small compared to other solvents used industrially; chloroform is at the upper
range used and has a density of 1.48 g cm™, whilst diethyl ether has one of the lowest densities
at 0.71gcm?. Density is important in most HTW processes because individual water
molecules participate in initial reaction steps as reactants, products, and catalysts in hydrolysis,
hydration, hydrogen exchange, and free-radical oxidation, therefore concentration effects have
more ramifications in HTW systems [41]. This suggests that some compromise could be
necessary in process design between enough temperature to initiate desired reactions whilst
limiting it to keep density high allowing for more successful collisions and thus a faster reaction

rate.
2.1.1.2. Hydrogen Bonding

Hydrogen bonding is a type of dipole-dipole interaction between molecules, it occurs when a

compound has a hydrogen atom covalently bonded to a highly electron withdrawing group
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such as nitrogen, oxygen, and fluorine [48]. The dipole-dipole interaction then occurs between
the electropositive hydrogen and a neighbouring lone pair. Hydrogen bonding influences many
important characteristics of a solvent (structure, dielectric constant) and is responsible for many
of the unique properties of water. This is because it has the single strongest hydrogen bonding
effect of all molecules [41]. Water contains a highly electronegative oxygen (3.44 on the
Pauling scale, second only to fluorine) with two lone pairs and two covalent bonds to hydrogen,
this allows each water molecule to form two hydrogen bonds with other water molecules to
create a lattice type structure in solution (Figure 2.2) [49]. This is in stark contrast to most

organic solvents used industrially which have little to no hydrogen bonding [50].

Hydrogen bond
O O
H N H. \ H NN H
H ;O; H \ Donor
d e Acceptor
O O
H” ~H H” ~H

Figure 2.2 Hydrogen bonded tetrahedral water structure showing both hydrogen donor
and acceptor.

Hydrogen bonding within water becomes weaker and less obstinate as temperature and
pressure is increased [51]. Hydrogen bonding can be reported as an average number of
hydrogen bonds per molecule (nHB). Molecular dynamics simulations have been used to
determine nHB for subcritical water and SCW at four different temperatures 100, 200, 300,
and 400 °C [52], [53]. The nHB decreases from 3.89 at ambient conditions linearly down to
1.73 at 300 °C, however there is a sharper decrease in hydrogen bonding once supercritical
conditions have been reached at 400 °C (Figure 2.3).
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Figure 2.3 Molecular simulation data for the average number of hydrogen bonds (nHB)
as a function of temperature with density shown in brackets [52], [53].

The reduction in hydrogen bonding lowers the energy required for translational and rotational
motions because there are fewer hydrogen bonds holding the water molecule in a structured
orientation [41]. This effect increases the rate of self-diffusion in the water molecules in HTW
as the number and strength of hydrogen bonds decreases. Hydrogen bonding still has a large
effect on the properties of HTW despite this reduction in the number of hydrogen bonds per
water molecule. In HTW the hydrogen bond network is often considered to exist as small
hydrogen bonded clusters of water molecules, where every pair of molecules in the group is
connected by at least one hydrogen bond. These hydrogen bonded clusters of water can act as
a “solvent cage” which surrounds reactants and/or products during chemical reactions,
therefore the formation of these has large implications on reactivity in the HTW [54]. Solvent
cages are present in other organic solvents; however, this effect is more prevalent in HTW than
organic solvents because of the increased persistence of hydrogen bonds meaning longer lived
solvent cages. Notably, this solvent cage effect is nearly absent once supercritical conditions
are reached. Diffusion can be hindered by the formation of “solvent cages” around molecules,
preventing initiation and decomposition reactions because of reactant reformation reactions.
The influence that this effect has on reactivity is lower when the reaction is not diffusion

limited.
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2.1.1.3. Dielectric Constant

Dielectric constant is the ratio between the permittivity of the solvent and permittivity of free
space; hence it is also called relative permittivity [55]. The dielectric constant is a measure of
the polarity of a molecule and is denoted as ¢, the higher ¢ the more polar the solvent is. The
dielectric constant of ambient water is relatively high at 78 € compared to organic solvents
which are typically between 2 to 40 ¢, with notable exceptions such as formamide which has a
dielectric constant of 109 [56]. The dielectric constant of water decreases linearly as
temperature is increased under constant pressure up until the critical point after which the
dielectric constant is stable at 1.5 (Figure 2.4) [46]. These dielectric constant measurements
show that HTW has polarity comparable to many different polar organic solvents and can be
easily adjusted using temperature. This lowered dielectric constant is a large contributor
towards the increased solubility of small organic compounds in HTW, as well as their complete
miscibility with supercritical water. However, inorganic salts show inverse solubility, as the

dielectric constant is reduced their solubility is also reduced in HTW.
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Figure 2.4 Dielectric (g) constant of water at 250 bar as a function of temperature.
Dielectric constants (¢) of the organic solvents dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), ethanol, 2-propanol, and chloroform measured at 25 °C and
1 bar [46], [56].

2.1.1.4. lonic Product

Water has the potential to be used as a hydrogen source in chemical reactions because of its
ability to dissociate into hydronium and hydroxide ions. This dissociation is described by the

ionic product of water and is reported as Kw. The ionic product of ambient water is 1.00 x
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10" mol?> dm™® (Equation 2.1) [57]. The ionic product of water can be estimated using an

equation proposed by Marshall et al. (Equation 2.2) [58].
2H,0 - H3;0 + OH™

Equation 2.1 Dissociation of water into hydroxide and hydronium ions.

logK A+B+C+D+(E+F+G)><l
ﬁ — — — — —
091w T T, T, T T,) " °9P

Equation 2.2 Estimation for the ionic product of water (T is temperature in Kelvin (K), p
is density in g cm3, and Kw is in mol> dm®, the remaining letters are the fitting
parameters).

As temperature in increased under constant pressure the ionic product of water increases by a
factor of 2, at 180 °C Kw = 3 x 107 mol? dm™ this stays relatively consistent until 320 °C,
after which the ionic product of water rapidly decreases upon approaching the supercritical
point of water (Figure 2.5) [41]. This increased ionic product under HTW conditions means
that there are more hydroxonium and hydroxide ions present which can participate in and
facilitate reactions. In principle this shows HTW has more Brgnsted—Lowry acid/base
character, enhancing the amphoteric nature of water. Thereby HTW is better than ambient
water at facilitating acid/base catalysed reactions and can also catalyse hydrolysis reactions by
reducing the activation energy of the reaction and stabilising the transition state by making it
less energy strained.
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Figure 2.5 lonic product (Kw) of water as a function of temperature under 250 bar [41].

2.1.1.5. Viscosity

Viscosity is an important transport property which influences the rate of diffusion controlled
processes and reactions [41]. Viscosity is a measure of how resistant a liquid is to deformation,
related to the concept of “thickness” in fluids. Ambient water has a viscosity of 0.89 mPa:s as
temperature is increased under constant pressure its viscosity decreases until it becomes a
supercritical fluid (Figure 2.6). Under HTW conditions (250 bar, 180-374 °C) the viscosity of
the water is between 0.15 and 0.05 mPa-s. This is a low viscosity compared to other ambient
organic solvents such as acetone (0.3 mPa-s), dimethyl ether (0.122 mPa-s), and ethanol
(1.08 mPa-s).
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Figure 2.6 Viscosity (mPa-s) of water as a function of temperature under 250 bar [41].

2.1.2. Experimental Analysis and Characterisation of HTW

The intramolecular and intermolecular bonding dynamics of water under sub-critical
conditions can be investigated with various analytical techniques, including Raman
spectroscopy, X-ray diffraction, neutron diffraction, Fourier-transform infrared (FT-IR)

spectroscopy, and NMR spectroscopy [59], [60].

2.1.2.1. X-ray and Neutron Scattering

X-ray and neutron scattering are complementary analysis techniques which have been used to
analyse water under a large variety of conditions [60]. Both techniques measure the differential
scanning cross section produced by incident X-rays or neutrons. In analysis of water these
techniques can give intermolecular atomic correlation distances or radial distribution functions,
denoted as goo(), goH(), and guH(r for the distance between the oxygen to oxygen, oxygen to
hydrogen, and hydrogen to hydrogen atoms respectively (Figure 2.7). Additionally, the average
coordination number for each of these interactions can be calculated (Noo, Non, NHr). This
information can be used to further understand the intermolecular bonding present in water and
how it changes under different conditions. There are limitations to each type of scattering: X-
ray diffraction gives very little information from water because of the low electron density
through a very small cross section, especially hydrogen because it only has one electron;
neutron diffraction has large incoherent scattering and attenuation effects. Diffraction
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measurements are preferably performed on H.O/D.0 mixtures with less than 50% H20. This
is done to reduce incoherent scattering and attenuation effects and yield clearer more accurate
data. However, this presents issues because heavy water has different physical properties to

that of ordinary water.

H/O\\\\\ H
H .. 6
H \\ AN \/H AN
e
oy "
H e
H\O H/O\ H
\ H
H

Figure 2.7 Hydrogen bonding clusters present in water, intermolecular interactions as
follows; red dotted line (oxygen-oxygen), black dotted line (hydrogen-oxygen), and blue
dotted line (hydrogen-hydrogen).

X-ray diffraction has been used to analyse sub-critical water to obtain the oxygen-oxygen
distance between both hydrogen bonded water, neighbouring water molecules and
non-hydrogen bonded water [59]. However, the hydrogen-oxygen and hydrogen-hydrogen
distances are challenging to obtain with X-ray diffraction as stated. Therefore, neutron
diffraction can be used to obtain this information in sub-critical water systems. It can be
observed that the distance between neighbouring water molecules remains mostly unchanged

with temperature and pressure (Figure 2.8).
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Figure 2.8 Atomic distances in angstroms (A) between water molecules (displayed in
Figure 2.7) as a function of (a) temperature and (b) pressure [59], [61].

The coordination number for the oxygen-oxygen interactions for both hydrogen bonded, and
non-hydrogen bonded water molecules does change with varying temperature (Figure 2.9) [59].
As the temperature of sub-critical water is increased the number of hydrogen bonded water
molecules with oxygen-oxygen coordination interactions decreases linearly (Figure 2.9, a,
squares). Initially averaging 3.1 oxygen-oxygen interactions from hydrogen bonded water
molecules and reducing to 1.6 at the supercritical point. Therefore, X-ray diffraction data
provides additional evidence of the reducing number of average hydrogen bonds present in
sub-critical water. This is further supported by the increasing coordination number of
non-hydrogen bonded oxygen-oxygen interactions measured with temperature. No such

relationship can be given for increasing pressure in the sub-critical water system.
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Figure 2.9 Coordination number (N) for the amount of oxygen-oxygen interactions in
water plotted against (a) temperature and (b) pressure [59], [61].

2.1.2.2. Raman and FT-IR Spectroscopy

Raman and FT-IR spectroscopies are two of the most important analytical techniques for
obtaining information about the intra and inter molecular vibrational modes of water molecules
under HTW conditions [62]. These techniques are complementary and analyse the absorbance
of different wavelengths of light which correspond to vibrational absorbances from
intermolecular and intramolecular bonds. There are three foremost modes of molecular
vibration in water which are most frequently investigated; O-H bending, O-H symmetric
stretching, and O-H asymmetric stretching; in gaseous water these are well defined at
1595 cmt, 3657 cmt, and 3756 cmt respectively (Figure 2.10) [63]. However, also present in
water are liberational and translational vibration modes within the fingerprint region. In total 7
intramolecular vibrations, and 9 intermolecular vibrations can be observed [64]. These
additional absorbances arise due to variations in bond lengths and angles occurring in both
intermolecular and intramolecular bonding structures. In liquid water the wavelengths of
absorption are broadened and redshifted down which makes peak assignment more
problematic. Gaussian deconvolution can be performed on these broadened peaks to extract

each vibrational absorbance band.
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Figure 2.10 Characteristic absorbance modes of water in Raman and FT-IR
spectroscopy, (a) symmetric O-H stretching, (b) asymmetric O-H stretching, (c) O-H
bending (c).

Raman spectroscopy investigations have shown that as temperature is increased at constant
pressure the O-H stretching band intensity decreases and the peak maximum wavelength
increases until the supercritical point is reached [65]. Once the supercritical point is reached
the O-H stretching band is sharp (3580 cm™) and less intense than ambient water. This change
is attributed to a reduction in the number and strength of hydrogen bonds in the water.
Furthermore, the O-H stretching region can be deconvolved into five contributing absorbance

vibrations based on the hydrogen bonding present in the water (Figure 2.11) [66].
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Figure 2.11 Different hydrogen bond environments of individual water molecules present
in liquid water [36].

These are referred to by the number of lone pairs of electrons they are donating and accepting
as hydrogen bonds, for example fully hydrogen bonded water has four hydrogen bonds and a
tetrahedral structure this is referred to as double donor — double acceptor (DDAA) [35]. These
bonding configurations identified in the Raman spectra are vbaa-oH, VDbAA-OH, VDA-OH, VDDA-OH
as well as the free non-hydrogen bonded O-H stretching. Further, the deconvoluted bands are
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attributed to peaks at 3041, 3220, 3430, 3572, and 3636 cm! respectively. The elimination of
these bands at supercritical conditions shows a change in the water structure from
three-dimensional to string-like hydrogen bonding based on the Raman spectra of water under
supercritical conditions. However, under HTW conditions at 200 °C and 15 bar there is still a
broad O-H peak present, reduced in intensity at the lower wavelengths even at 300 °C and
15 bar there is still presence of hydrogen bonded O-H stretching peaks. This provides further
evidence that although the number and strength of hydrogen bonds is reduced under HTW

conditions they are still present in spread out three-dimensional clusters.
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Figure 2.12 Raman O-H stretching bands of water up to 1073 K and 383 MPa presented
by Sun et al. [65].

A comprehensive FT-IR spectroscopy study analysed changes in the structure of water from
25t0 380 °C and 1 to 250 bar [67]. This study showed a similar relationship to Raman spectra,
whereby as the temperature was increased from 25 °C up to 340 °C under constant pressure of
250 bar the broad O-H stretching band reduced in intensity and the peak maximum position
was shifted to a higher wavenumber. From 160 °C to 340 °C the intensity decreased by over
one third and the peak maximum shifted by over 200 cm™ higher. Additionally, the broad O-H
peak began to split into a more obvious doublet at 340 °C representing symmetric and
asymmetric stretching more clearly as is shown in gaseous water FT-IR spectra. Since a portion
of the signal from the O-H adsorption comes from intermolecular hydrogen bonding the
reduction and change in shape of this broad O-H peak shows a change in the extended hydrogen
bond network of the water molecules as temperature is increased. Therefore, temperature can
be used to control the number of tetrahedral, trimer, dimer, and singular water molecules

present in the system.
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2.1.2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

'H nuclear magnetic resonance (NMR) spectroscopy has been used to study the self-diffusion
coefficients of water as well as hydrogen bonding dynamics under raised pressure and
temperature [62]. Proton NMR measures the magnetic relaxation time of hydrogen atoms
which varies based on their local environment and bonding, yielding different chemical shift
(6 ppm) values. The abundance of the hydrogen atom environments relative to one another is
also gained by intensity of the peaks. Generally, the chemical shift values increase as the proton
is less shielded by local electron withdrawing groups. For example, carboxylic acids occupy
the highest chemical shifts from 10-12 § ppm and alkanes occupy the lowest chemical shifts

from 0-2 § ppm.

The chemical shift of protons is known to be susceptible to hydrogen bonding [68]. At room
temperature there is one chemical shift for proton NMR of water at 4.2 § ppm, this decreases
linearly until 300 °C down to 2 § ppm. After which the rate of decrease changes based on the
volume of water (density) within the analysis chamber to be somewhere between 1.6-1.1 § ppm
at the supercritical point. Small peaks for gaseous water molecules can also be seen in the
proton NMR spectra between 200 and 370 °C. The chemical shifts for water in nonpolar
organic solvents is less than 1.1 & ppm, in this analysis mixture only small clusters of water
hydrogen bonded together can exist in the system. Therefore, the hydrogen bonding in
supercritical water can be equated to that of a small amount of water in a non-polar organic
solvent. However, the hydrogen bonding in HTW is somewhere in between the two and can be
controlled by temperature. Researchers have also used pulsed-field-gradient spin echo
measurements to calculate the self-diffusion coefficients of water under elevated temperature
and pressure [69]. This method was able to calculate the diffusion coefficient of HTW at all
temperatures and pressures with high accuracy when compared to literature data. This proved
that the self-diffusion coefficient increases with increasing temperature and reducing density
of HTW.

2.1.3. HTW Reactivity and Products

Unlike most organic solvents HTW can participate in reactions as a reactant/product, catalyst,
and an acid/base. Under HTW conditions water molecules have been observed as reactants and
products in hydrolysis, hydration, hydrogen exchange, and free-radical oxidation reactions
[41]. The strict definition of hydrolysis is a bond cleavage reaction involving water, it is often

23



enhanced by acids or bases. The primary application of hydrolysis reactions in HTW is the
processing of biomass (organic waste), this is discussed in detail in Section 2.3. In short, this
is widely studied as a method to produce renewable chemicals and fuels from waste materials.
There are however many investigations into the hydrolysis of model organic compounds ethers,
esters, amides, amines, alkyl halides, and nitroalkanes [70]-[77]. The expected reaction
products from these investigations are highlighted in Figure 2.13. The main advantage that
HTW offers for hydrolysis reactions is that no additional catalysts, acids, or bases are required
to perform them, therefore hydrolysis reactions using HTW are greener than currently used

hydrolysis reactions
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Figure 2.13 Hydrolysis conversion reactions for different types of compound in HTW
(1 - ethers, 2 - esters, 3 - amides, 4 - primary amines, 5 - secondary amines, 6 - tertiary
amines, 7 - primary nitroalkanes, 8 - secondary nitroalkanes, 9 - alkyl halides, 10 -
primary dihalides, 11 - secondary dihalides) [70]-[77].

In these HTW reactions the water is disproportionately higher in equivalents, because of this it

is difficult to stop reactions at a desired product. Additionally, some reactions are enhanced
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through autocatalysis, e.g. this is true for nitroalkanes producing nitric acid which then further
propagates the hydrolysis reactions [41]. This autocatalysis also occurs for esters, aldehydes,
amines, and halides [70]-[77]. The hydrolysis of these functional groups is effective in HTW
because of the electron withdrawing substituents which promote the attack of the neighbouring

carbon by water molecules.

2.1.4. Influence of Binary Alcohol/Water Mixtures in HTW

Binary mixtures of alcohol and water are used as solvents in a variety of different biological
and chemical processes [78]. These include but are not limited to; separation and purification
of biopharmaceuticals, organic synthesis in heterogeneous catalysis, and chemical energy
storage in fuel cells [79], [80]. Using alcohol/water mixtures as solvents offers the same
advantage that HTW does, the properties of the solvent mixture can be easily tuned to fit the
requirements of the process [81]. This is done by varying the alcohol/water ratio and the
structure of the alcohol used. The physicochemical properties of alcohol/water mixtures are
unique and exhibit many anomalies at different compositions [82].

2.1.4.1. Unique Properties of Alcohol/Water Mixtures

The importance of alcohol/water mixtures on many industrial processes and therefore their
properties have been widely investigated over the past eight decades. Many thermodynamic
properties have been shown to deviate from the ideal solution, such as; diffusion coefficient,
viscosity, thermal conductivity, compressibility, excess enthalpy of mixing etc. [83]-[85].
When analysing data for these properties in alcohol/water mixtures it is beneficial to look at
the mixtures in terms of the molar percentage or molar fraction of the alcohol in water, thus
this is the standard in the literature [83], [86]. The excess enthalpy of mixing in alcohol/water
mixtures follows a non-ideal relationship (Figure 2.14). Non-ideal mixtures are any that have
positive (endothermic) or negative (exothermic) excess enthalpies of mixing [87]. If a mixture
has a negative enthalpy of mixing this means that there are more positive interactions between
the solvents in the mixture and thus the energy required to mix them is reduced and their mixing
is exothermic, the opposite is true for a positive deviation. Each alcohol/water mixture has a
peak maximum at a certain molar alcohol percentage for the negative excess enthalpy of mixing
(Figure 2.14). Peak negative maximums occur around 35, 15, and 11 mol% for methanol,

ethanol, and isopropanol respectively [87].
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Figure 2.14 Excess enthalpy of mixing across different molar percentages of aqueous
ethanol (EtOH), methanol (MeOH) , and isopropanol (IPA) at 25 °C [87].

The dielectric constant of alcohol/water mixtures shows a monotonic relationship which is
indicative of an ideal mixture (Figure 2.15, a) [88]. However, as the chain length of the alcohol
increases the non-linear relationship between the molar percentage of alcohol and the dielectric
constant can be clearly observed. The dielectric constant measured is consistently lower than
would be expected in alcohol/water mixtures. Another important property, viscosity, also
shows a non-ideal behaviour (Figure 2.15, b). In this case a peak maximum can be observed
for all alcohol/water mixtures examined. This peak maximum occurs between 31-38, 27-32,
and 23-31 mol% alcohol for 1-propanol, ethanol, and methanol respectively. This increased
viscosity can be attributed to the increased intermolecular interactions between the alcohol and

water which contribute to the unique molecular structure, this is discussed in Section 2.1.4.2.
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Figure 2.15 (a) dielectric constant (¢) and (b) viscosity (mPa-s) across different molar
percentages of aqueous ethanol, methanol, and 1-propanol at 25 °C [88].

2.1.4.2. Proposed Theories for the Molecular Structure of Alcohol/Water Mixtures

The molecular structure and intermolecular bonding in alcohol/water mixtures is a highly
contested area, the complete details of which are not yet fully understood. There are two main
theories proposed in literature for the molecular structure present in alcohol/water mixtures to
explain their anomalous thermodynamic properties (Figure 2.16) [89]. One is that the
alcohol/water mixtures exhibit their non-ideal behaviour because of incomplete mixing
whereby the water within alcohol/water mixtures has identical structure to its pure form [90],
[91]. The alternative is that water in alcohol/water mixtures exhibits an enhanced or destroyed
structure and forms various clathrate-like structures because of the presence of hydrophobic
ends of the alcohols [92]-[95]. Therefore, the arguments and evidence for both theories needs

to be understood to gain a full understanding of this complex system.
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Figure 2.16 Two-dimensional (2D) diagram representation of the two dominant theories
for non-ideal behaviour of alcohol/water mixtures in a low alcohol concentration mixture.

The theory of inhomogeneous mixing of alcohol and water is supported by neutron diffraction
measurements performed on methanol/water mixtures by Dixit et al. [90]. They calculated the
number of hydrogen bonds present in pure methanol and water in addition to methanol and
water in ratios of 7:3 and 3:7. They found that for pure methanol and water there were 1.8 and
3.6 hydrogen bonds per molecule respectively; this would predict 2.3 hydrogen bonds per
molecule in a 7:3 mixture of methanol/water if mixed. The analysis of said mixture contained
on average 2.3 hydrogen bonds, this means that the hydrogen bonds from methanol/water
mixing exactly compensates for lost bonds of the pure liquid. Furthermore, cluster analysis of
water molecules in this 7:3 methanol/water mixture showed that 87% of the water molecules
occurred in clusters of strings. This indicates that incomplete mixing is present in the system
with no evidence of clathrates and supports the existence of alcohol-rich and water-rich clusters
within any alcohol/water mixture. Another study analysed alcohol/water mixtures using mass
spectrometry to observe cluster structures [96]. Between 10-20 vol.% ethanol in water it was
found that the hydrogen bond network was identical to that of pure water with ethanol clusters
contained therein. Further evidencing the theory that the anomalous properties of alcohol/water
mixtures come from incomplete mixing and the formation of separate clusters within the

solution.

Researchers have also used different analytical techniques as evidence to support the theory
for clathrate-like structures in binary alcohol/water mixtures. Li et al. used terahertz
time-domain spectroscopy and pulsed field gradient nuclear magnetic resonance spectroscopy
on water mixtures with methanol, ethanol, 1-propanol, and isopropanol [92]. They found that

28



extended hydrogen bond networks which exhibit an enhanced hydrogen bonded network and
structure can be observed at two specific molar compositions. These were presented as
self-organised aggregates of either alcohol in water or water in alcohol, for ethanol these
occurred at 15 and 60 mol%. Investigation of low molar percentage ethanol in water (3 mol%)
using FT-IR spectroscopy, mass spectrometry, and X-ray diffraction confirmed a hydrophobic
core surrounded by a hydrogen bonded clathrate like structure [97]. FT-IR spectroscopic
analysis of these <3 mol% alcohol/water mixtures showed a reduction in the “free” water
molecules from reduced intensity of the broad O-H stretching band at 3600 cm™ presenting a

more structured “icy hydrogen bond” structure.

2.1.4.3. Changes in Alcohol/Water Mixtures Properties Under Hydrothermal Conditions
Whilst it is important to understand the molecular structure of alcohol/water mixtures much of
the research has been performed at ambient conditions, in which little if no processes are
performed. Therefore, investigations into the properties and molecular structure of
alcohol/water mixtures at raised temperature and pressure is imperative to justify and indicate
their use in chemical and biological processes [98]. This is the basis of investigation for Chapter
4. With further motivation for this research based on literature discussed in Section 2.3.5.
Additionally, thermochemical and physical properties of alcohol/water mixtures at raised
temperatures and pressures are not well presented in the literature. Some examination of the

change in density of ethanol/water mixtures is presented (Figure 2.17).
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Figure 2.17 Change in density (Kg m) of different molar percentages of EtOH in water
at (a) 100 bar and (b) 200 bar [98]-[100].

At the lower pressure (Figure 2.17, a) the addition of more water lowers the density at 300 °C

whilst at the higher pressure (Figure 2.17, b) the opposite correlation is shown. At the higher
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pressure (Figure 2.17, b) this higher density in lower mol% ethanol at 300 °C decreases
significantly when raised to 350 °C where the density is now lower than the pure ethanol. This
alludes to the unique properties which are brought out in alcohol/water mixtures when
subjected to raised temperatures and pressures.

2.2. Sustainability from a Biomass-Based Economy

Biomass is the general name for all organic matter from both plants and animals, it is often a
term used when discussing energy generation [101]. Principally biomass can be considered a
solar storage material which exploits biological pathways to store energy. Before the discovery
of fossil fuels our society met its energy requirements using plant biomass and made a
substantial number of products from sustainable biomass resources [102]. In the 19" century
more than 90% of the energy used in the U.S. came from plant biomass [103]. Biomass has no
net carbon dioxide emissions because it is part of the carbon cycle, no new carbon is being put
into the atmosphere, additionally the use of biomass reduces harmful nitrogen oxide and
sulphur oxide gas emissions [104]. A turning point was the mining of coal for use in steam
engines instead of charcoal because the fossil fuel coal was cheaper and had a higher energy
density which made transportation more efficient. Then, early 20" century research and
development was heavily focussed on exploiting fossil fuel resources [105]. This research
meant that fossil fuels were utilised to produce a huge number of products such as fuels,
plastics, detergents, fertilizers, lubricants, activated carbon, pharmaceuticals, waxes, etc.
Consequently, fossil fuel-based resources vastly increased the quality of human life worldwide

during the industrial revolution [106].

Global population is estimated to increase to 8 billion by 2024-2030 and more countries are
becoming industrialised thus the demand for fossil fuels such as crude oil, coal, and natural gas
are increasing whilst resources are dwindling [105]. In 2008, 11705.1 million tonnes of oil
equivalent energy was consumed globally, this increased to 13864.9 million tonnes by 2018
[107]. At the end of 2018 global reserves of oil were down to 244,100 million tonnes, this
means if the energy demands were met by only oil reserves, the planet would run out of crude
oil in just 18 years. Additionally, the widespread use of fossil fuels has contributed towards
global warming and caused irreparable damage to the planet. In short, fossil fuels are a limited
resource, the use of which risks the end of humanity on Earth. Therefore, alternative sustainable

replacements for fossil fuels need to be implemented. Many other sustainable energy sources
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are intermittent and weather dependent (solar, wind, etc.) [108]. Bioenergy can be used to
supplement these energy sources, because bioenergy is a consistent and reliable source of
renewable energy [109]. Additionally, biomass can be used to produce biochemicals to ensure
the sustainable production of many products which currently rely on fossil fuels [103]. There
is currently no other feasible source for the required chemicals to produce many such products.
Therefore, companies such as Shell, and UOP are preparing to work just as their 19" century
ancestors did, utilising biomass resources to replace existing fossil fuel processes by producing
sustainable biofuels and biochemicals [103].

2.2.1. Categorisation, Structure and Composition of Biomass

All biomass is derived initially from the photosynthesis reaction performed by plants to
produce carbohydrates from carbon dioxide, oxygen, water, and sunlight. Consequently 75%
of the 170 billion metric tons of biomass produced by nature each year are carbohydrate based
[101], [110]. Biomass can be broken down into the three main categories: wastes; standing
forests; and energy crops [111]. The biochemicals and biofuels produced from these biomasses
are categorised into primary, and secondary first (1%), second (2"%), third (3'%) and fourth (4"
generation based on the category of biomass used as well as how/if they are processed [112].
These categories are essential to understand if a biomass and biofuel/biochemical is an effective
replacement to fossil fuels based on how sustainable, consistent, and reliable they are [112].

2.2.1.1. Primary Biofuels

Primary biofuels are the longest and oldest fuels used by society. The term is applied whenever
natural unprocessed biomass is directly combusted; these are typically forestry or energy crops
[112]. Secondary biofuels and biochemicals are produced from processing biomass into either
solids (charcoal), liquids (biodiesel), or gases (syn-gas) [113]. These secondary biofuels and
biochemicals are the reason biomass has potential to replace fossil fuels in industrial processes.
Secondary biofuels and biochemicals are further separated into first, second, and third
generation biofuels and biochemicals.

2.2.1.2. First Generation Biofuels
First generation biofuels and biochemicals are synthesised directly from sugars and oils which
are extracted or refined from energy crops [105]. Sugars are short chain soluble carbohydrates,

glucose (d-glucopyranose) is the most widely used sugar in this process because of its
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simplicity and naturally high abundance [112]. Sugar cane and corn grain is widely utilised to
produce a renewable source of bioethanol [114]. In the United States alone over 4 billion
gallons of bioethanol is produced annually from these crops. Vegetable oils are mostly
triglycerides which are made up from a hydrophilic glycerol “head” and a lipophilic
hydrocarbon “tail” joined by an ester bond (Figure 2.18). These triglycerides are used to
produce alkyl esters via acid correction and then transesterification reactions under catalysts
such as KOH [115]. The alkyl esters produced are commonly referred to as biodiesel, recent
interest around soybeans to produce high yields of biodiesel has been developing in this area.

However, because first generation biofuels are mainly produced from energy crops which are
high in sugar and oil content this creates unwanted competition for the small amount of arable
farmland available. This has obvious moral questions with an estimated 10.8% of the global
population considered undernourished (have a caloric intake below minimum energy
requirements) in 2018 [116]. Despite this over 50 billion litres are still produced annually

because the production of first generation biofuels is both effective and renewable.
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Figure 2.18 a-d-glucopyranose and B-d-glucopyranose displayed as a Haworth projection
as well as an example triglyceride with caprylic acid fatty chains.

2.2.1.3. Second Generation Biofuels
Second generation biofuels are produced from forest or waste biomass which is lignocellulosic

in nature (agricultural wastes, crop residues, urban organic wastes, woody biomasses) [111],
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[112]. This has the significant advantage of utilising unwanted by-products which would
otherwise be sent to landfill or incinerated. Lignocellulose is a mixture of cellulose,
hemicellulose, lignin and various other extractives [117]. Cellulose is the most abundant
natural polysaccharide with the general formula (CeéH100s)n. It typically has around 10,000
monomeric d-glucopyranose (glucose) units joined by glycosidic bonds [117]. Hemicellulose
is a short chain polysaccharide comprised of 100-200 monomeric units from a multitude of
different monosaccharides (sugars) which are joined by glycosidic bonds [117]. Lignin is a
natural polymer where phenolic and aromatic compounds are joined by ether bonds between
the hydroxyl and methoxy groups (Figure 2.19). The various extractives which are also present
in lignocellulose feedstocks encompass a wide range of organic and inorganic compounds in

much lower concentrations; proteins, lipids, polyphenolics, resins, trace metals, and ionic salts.
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Figure 2.19 Chemical structure of cellulose, xylan a natural hemicellulose, and a small
branch chain of lignin.

There is potential to produce bioethanol from the cellulose, this is commonly referred to as
cellulosic ethanol [118]. However, the cost of converting lignocellulosic material into
bioethanol is more costly than from pure cellulose despite the lower price of lignocellulose.
Hence, innovation is needed to increase the efficiency of converting the lignocellulose to
fermentable carbohydrates. For this reason, research into the conversion of lignocellulose has
accelerated in recent years by examining the potential thermochemical and biochemical

pre-treatment technologies.

2.2.1.4. Third Generation Biofuels
Third generation biofuels use biomasses that require no arable terrestrial land to produce, such
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as aquatic plants [113]. Aquatic plants generally have very low lignin and cellulose content
because they need to be more flexible under ocean currents [119]. On average all seaweeds
contain 50% carbohydrates on a dry weight basis, however these carbohydrates are mostly not
digestible by mammalian enzymes. This means that although aquatic plants have low calorific
value as a food source there is potential to unlock a large amount of energy through biochemical
and thermochemical processing [112]. However, the second most abundant component in
seaweeds is minerals (~30%). The high content of these in biofuels and biochemicals leads to
issues such as ashing and fouling. The remaining content of seaweeds and other aquatic plants
is made up of proteins and lipids, both of which can be used to produce biofuels and

biochemicals.

2.2.1.5. Fourth Generation Biofuels

Finally, fourth generation biofuels are produced solely from genetically modified microalgae
[120]. Functionally these microorganisms perform the same as more traditional crops,
converting carbon dioxide into stored energy via photosynthesis. However, they are genetically
modified to increase growth rate and grow in nutrient poor conditions. Fourth generation
biofuels are still in the early stages of development and most of the literature around them is
focussed on the effects of different genetic adjustments [121]. The aim of these alterations is

to produce the lowest environmental impact biofuels.

2.2.2. Biochemical Conversion of Biomass
Biological conversion processes are performed using microbic digestion and/or fermentation
[111]. Biochemical technologies are commonly used on high moisture herbaceous plants,

aquatic plants, and manures because it does not require costly pre-drying steps.

2.2.2.1. Fermentation

Ethanol production from sugars using yeast is known as alcoholic fermentation [111]. Farmers
have cultivated crops for the production of alcoholic beverages for over 7000 years [122].
Before commercial fermentation for fuel production sugars must be extracted from sugar crops
by crushing and mixing with water, yeast is added to this slurry in a temperature controlled
tank called a fermenter. Starchy biomasses can be used in alcoholic fermentation; however,
additional processing is required to obtain glucose. Lignocellulosic biomass can be pre-treated

to extract and convert cellulose to glucose for fermentation [123]. Once the sugars have been
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converted into alcohol, distillation is typically used to remove the water and other impurities.
This extraction and processing of the biomass leaves a large amount of residue as a waste

by-product.

2.2.2.2. Anaerobic Digestion

Anaerobic digestion is the biochemical conversion of complex organic matter in absence of
oxygen into biogas using anaerobic bacteria [123]. This is fundamentally a different type of
fermentation process because it is using anaerobic microorganisms to chemically breakdown
the biomass [111]. Biogas is a combustible gas which mainly consists of methane and carbon
dioxide with some amount of other gases and trace elements [124]. In many counties biogas is
used for combined heat and power generation, it can also be used as vehicle fuel or in fuel cells.
The yield of methane is affected by several factors such as; feedstock, bacteria species, growth
stage, and bedding material. Anaerobic digestion is a suitable technology to treat both solid
waste and wastewater. The process is performed inside a sealed vessel, referred to as a digester.
Digesters can be built for household use which are as small as 1 m® whilst commercial units
can be as large as 2000 m*. Anaerobic digestion has the advantage of limiting the carbon
dioxide released to the environment and there is a substantial amount of viable feedstock
material which can be processed. However, the recalcitrant nature of these feedstocks often

make them challenging to digest via microbial hydrolysis.

The most common feedstocks used in European Biogas production are animal manures/slurries
and agricultural residues [124]. However, the scope of potential feedstocks is increasing
through the use of pre-treatment technologies on hard to digest materials [125]. The
pre-treatment methods currently being investigated are; organosolv, ionic liquid, alkaline,
hydrogen peroxide, biological, comminution, steam explosion, and acid. Each of these
pre-treatment techniques has different advantages and disadvantages. For example, ionic liquid
pre-treatment offers high potential recyclability which could be beneficial for large scale
industrial operations. Therefore, it is essential to choose the ideal pre-treatment technology

based on the feedstock, desired product, and digestor setup.
2.2.3. Thermochemical Conversion of Biomass
Thermochemical conversion processes encompass the use of heat, catalysts, and chemicals to

convert biomass into more energy dense, homogeneous fuels and useful substances [126]. The
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thermochemical conversion technologies examined herein are; combustion, gasification,

pyrolysis, hydrothermal processing, and transesterification.

2.2.3.1. Direct Combustion

Direct combustion of biomass, whilst workable, is far from ideal. This process burns the
biomass in air at temperatures of around 800-1000 °C to produce heat energy [111], [123]. Low
moisture content biomass (<50%) is required for combustion to be feasible. The conversion
efficiency of combustion is very low from 20 to 40 percent. The higher efficiencies are
achieved when biomass is co-fired with coal in large-scale power plants. However, direct
combustion of compressed wood pellets without co-firing is presented as a sustainable source
of renewable energy and it is utilised by the Drax Group PLC in power stations in the UK.
Compressed wood pellets are produced by a series of drying, milling, pelletizing, cooling, and
separating stages [127]. Therefore specialised and expensive processing equipment is required

to produce compressed wood pellets efficiently.

2.2.3.2. Charcoal Production

The oldest thermochemical conversion method is carbonisation which is the production of
charcoal from wood [128]. The conversion efficiency of this technique is poor, taking
approximately 6-12 equivalents of wood to produce 1 equivalent of charcoal on a per weight
basis. There are three methods for carbonisation: 1) internal heating also known as controlled
combustion; 2) external heating; 3) hot recirculating gas. Internally heated carbonisation is the
most widely used production method, despite the losses of carbon dioxide and carbon
monoxide to the atmosphere. Externally heated reactors allow the use of a closed system which
eliminates these loses and gives the highest yields of charcoal.

2.2.3.3. Biodiesel Production

Biodiesel can be produced from vegetable oils by a combination of transesterification,
pyrolysis, and emulsification often with the assistance of catalysts [129]. Therefore, in order to
produce biodiesel from vegetable oils they need to be extracted and separated from a fatty
biomass. Transesterification is the substitution of an ester from an alcohol group, in practice
this is the combination of triglycerides and long chain fatty acids [130]. Thus, biodiesel is made
up of monoalkyl esters of long chain fatty acids, is non-toxic, and has a low emission profile
compared to fossil fuels. However, there have been a variety of different issues when using

biodiesel directly in diesel combustion engines, including; heavy coking which blocks fuel
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atomization, gelling of engine lubricants, and oil ring sticking allowing unburned gases into

lower parts of the engine.

2.2.3.4. Pyrolysis

Pyrolysis is a thermochemical process in which lignocellulosic biomass is heated in the absence
of air/oxygen [128]. This method produces solid (charcoal), liquid (tar and more liquid
organics), and gas (Hz2, CO., CO) products [131]. The basic process for this is as follows: 1)
biomass is heated under an inert atmosphere, this causes pyrolysis reactions, the release of
volatiles and formation of solid char; 2) the volatiles released increase the heat transfer to
unpyrolysed biomass whilst some volatiles condense to form tar; 3) autocatalytic secondary
pyrolysis reactions continue until the reaction is quenched. Whilst pyrolysis can be used as an
independent process to produce these biofuels it is also the initial step in many commercial
gasification and combustion processes. Pyrolysis is further subdivided into conventional, fast,
and flash pyrolysis based on the processing conditions used [131]. Conventional pyrolysis is
performed under slow heating and yields solid, liquid, and gaseous products in equal
proportions and large volumes. Whereas fast pyrolysis is performed at higher temperatures
with a higher heating rate and yields mainly liquid products (up to 80% yield) [123]. Finally,
flash pyrolysis produces mostly gaseous products (up to 80% yield) by utilising a rapid heating
rate, high maximum temperature, and small biomass particle size. Pyrolysis is predominantly
performed on lignocellulosic biomasses which have low moisture content this often requires

pre-drying and grinding in the case of fast and flash pyrolysis.

2.2.3.5. Gasification

Gasification is performed by heating lignocellulosic biomass under oxygen to temperatures of
800-900 °C which produces a synthesis gas (mixture of hydrogen, carbon dioxide, and carbon
monoxide) [123], [128]. The synthesis gas produced is more versatile than the biomass used to
produce it and can be burned directly as a fuel in which case only carbon dioxide and water are
produced which gives the fuel a relatively low environmental impact [111]. Economic studies
of gasifiers have shown it can be as effective as coal fired power plants. Syn-gas can also be
used to produce high value chemicals or biofuels [123]. Fischer-Tropsch is a good example of
this whereby syn-gas is used to produce alkanes with the help of copper, iron, and ruthenium
based catalysts [132]. This process was developed early in the 20" century and is still in use
today to produce diesel and gasoline fuels. The overall basic reaction for Fischer-Tropsch is

carbon monoxide and hydrogen are converted into hydrocarbons and water (Equation 2.3).
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CO +2H, —> C,H, + H,0

Equation 2.3 Fundamental chemical reaction pathway for Fischer-Tropsch.

2.2.3.6. Hydrothermal Processing

Hydrothermal processing is the conversion of biomass using sub-critical or supercritical water
also known as high temperature water which is described in detail in Section 2.1 [133]. An
advantage of this process is that it does not require costly biomass pre-drying steps and the
biomass can be processed directly with any moisture content [134]. Hydrothermal processing
is broken down into the subcategories; hydrothermal carbonisation, liquefaction, and
gasification based on the state of matter that the target product is in solid, liquid, and gas
respectively [27], [135]. The yield of these three phases is controlled mainly by processing
temperature, retention time, and the properties of biomass used. Hydrothermal carbonisation
requires the mildest processing conditions and is discussed in detail in Section 2.3 because it
is a large focus of this research. Hydrothermal liquefaction requires higher temperatures
between 250-374 °C and is usually performed for shorter residence times of less than 5 h. The
bio-oil produced has higher oxygen and water content, high corrosiveness, high viscosity, and
low heating values when compared to crude oil. Therefore, hydrothermal liquefaction bio-oils
are inadequate for direct use in traditional combustion processes and need to be further
processed using similar techniques to crude oil processing. It is possible to use steam
reformation, hydrodeoxygenation, or catalytic cracking procedures to reduce the oxygen and
water content within the bio-oil. Additionally, the bio-oil can be esterified to convert
acid/aldehydes to esters/acetals and then separated using distillation [136]. Hydrothermal
gasification can be performed at sub-critical conditions (>300 °C) with the assistance of
catalysts or under supercritical conditions to yield gaseous products in significant volumes. The
main products are hydrogen, carbon dioxide, and methane, also known as syn-gas [137]. When
performing supercritical hydrothermal gasification compared to traditional gasification the
heating of the large volumes of water in hydrothermal gasification significantly increases the

energy required.

2.3. Hydrothermal Carbonisation/Hydrochar Synthesis
Hydrothermal carbonisation (HTC) is the formation of a solid carbonaceous material using
water held under pressure at raised temperatures, this process is introduced in Section 1.2 and

the unique properties of the reaction medium HTW are detailed in Section 2.1. HTC has some
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significant advantages over the previously described thermochemical and biochemical
conversion technologies. Direct processing of wet feedstocks is not only possible but beneficial
when performing HTC, whereby if the feedstock has a high enough moisture content it can be
processed without additional water [138]. This eliminates the need for energetically expensive
drying steps and means that previously untenable waste streams e.g. sewage sludge can be
processed using HTC [139]. HTC is a versatile processing technique which has been used on
a wide range of different feedstocks such as; purified carbohydrates [140], agricultural residues
[20], food waste (vegetables, fruits, meats, and staple foodstuffs) [141], faecal waste [142],
sewage sludge [143], algae [144], and discarded plastics [145]. Additionally, HTC also requires
lower processing temperatures than other thermochemical conversion technologies and
meaningfully shorter residence times than biochemical conversion technologies [146]. Finally,
the properties of the hydrochar can be tuned by selection of feedstock, retention time, pH,
catalysts, processing temperature, templating agents, solvents, and post-treatment procedures
[147], [148]. This means HTC can be used to produce hydrochar with applications in a
multitude of fields. The main areas highlighted in this review are; solid biofuels [149] (Section
2.3.2), adsorbents [150], catalysts [151], soil amendment, energy storage, fuel cells,

photocatalysis, drug delivery, gas storage, and bioimaging [148] (Section 2.3.4)

2.3.1. Synthesis Mechanism of Hydrochar Carbons

When HTC is performed on a biomass based feedstock it undergoes a complex series of
hydrolysis, dehydration, decarboxylation, polymerisation, poly-condensation, and
aromatisation reactions [152], [153]. These reactions vyield a highly functionalised
carbonaceous material which is unique to HTC and referred to as hydrochar or hydrothermal
carbon. There are a multitude of different potential side reactions depending on feedstock
properties and processing conditions. This occurs alongside solid-solid charring reactions
similar to low temperature pyrolysis reactions under inert gases which form the familiar char
carbonaceous material [154]. The combination of these two reaction mechanisms proceeding
concurrently produces a functionalised carbon product with reduced mass and increased energy
density (Figure 2.20). Since the reactivity during HTC of biomass is very complex, many
authors have studied basic carbohydrate systems in depth to understand the formation of
hydrochar carbons more fully [140], [155], [156].
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Figure 2.20 Conversion of biomass into carbonaceous material by the two routes during
HTC; (a) the liquid phase polymerisation of dissolved reactants, (b) the pyrolysis like
carbonaceous reactions.

Herein, the basic mechanism for the conversion of sucrose to carbon microspheres using HTC
is explained based on what is presented in the literature. The sucrose (p-d-fructofuranosyl a-d-
glucopyranoside) is initially hydrolysed by the water to yield glucose (a-d-glucopyranose and
B-d-glucopyranose) and fructose (a-d-fructofuranose and B-d-fructofuranose) [157]. The ether
bond between both monomers is protonated by hydronium ions which makes it more electron
withdrawing, this allows for hydroxide ions to attack the carbon attached to either side of this
newly protonated ether bond. Two isomers of glucose and fructose are produced because the
hydroxide ions can attack the carbon from above or below and bond cleavage can occur from
either side of the ether bond (Figure 2.21) [157].

Figure 2.21 Initial hydrolysis of sucrose to form a mixture of a-d-glucopyranose and
B-d-glucopyranose as well as a-d-fructofuranose and B-d-fructofuranose [157].

Glucose is converted into fructopyranose (o-d-fructopyranose and B-d-fructopyranose) then
fructose (a-d-fructofuranose and B-d-fructofuranose) by a series of tautomerization reactions.
Then the fructose monomers follow a series of dehydration reactions to form
5-(hydroxymethyl)furfural (5-HMF) [155]. The initial reaction is propagated by protonation of
a hydroxide group at position 5, this forms a good leaving group for the formation of a double

bond, after which the double bond is pushed by formation of a carbonyl group, this reaction
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occurs at the same time as displayed by the brackets [157]. Finally, the last hydroxide group is
cleaved by the same dehydration reaction as occurred initially to form 5-HMF (Figure 2.22)
[158].
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Figure 2.22 Dehydration reactions for the conversion of fructose to 5-HMF during HTC
[157].

Aldol polycondensation reactions then occur between 5-HMF molecules which form an
extended polymeric structure of primary spherical particles which can then aggregate to
generate larger carbonaceous spheres (Figure 2.23) [156], [157]. Initially an enolate forms from
the 5-HMF, this attacks the carbonyl on a different 5-HMF molecule [140]. From this water is
removed by condensation reaction to leave a stable carbon double bond, this reaction proceeds
to form an extended structure of bonded 5-HMF molecules, which when large enough appear
as carbonaceous spheres. The carbon microspheres formed during HTC have oxygen (and other
heteroatom) functionality built into their structure because of these polycondensation reactions

between dissolved organic compounds which contain oxygen (and other heteroatoms) [148].
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Figure 2.23 Aldol polycondensation of 5-HMF to form carbonaceous spheres during HTC
[157].

Whilst this is a limited view into the reactivity present in HTC, it is useful for understanding
some of the driving mechanisms when more complex feedstocks are processed. It should also
be noted that many other reactions occur during the HTC of sucrose which produces; formic,

levulinic, and acetic acid in substantial quantities in addition to many other organics in lower
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concentrations [157].

2.3.2. HTC of Biomass to Produce Renewable Solid Fuels

There are innumerable sources of waste biomass which if appropriately managed can be a huge
reserve of renewable energy [153]. However, biomass has unfavourable properties for direct
combustion such as high moisture content which lowers combustion temperature and increases
carbon monoxide emissions, therefore biomass requires further processing to use in energy
production as explained in Section 2.2. HTC has competitive potential in the pre-treatment of
waste biomass avoiding costly pre-drying steps, and as previously stated, HTC can be used on
a wide variety of different feedstocks [159], [160]. Comparative technoeconomic assessment
of the processing of rice husk further cements these theorised advantages [161]. HTC showed
a calculated cost of 0.013 $ MJ? significantly lower than direct combustion, pyrolysis, or
anaerobic digestion at 0.021, 0.043, and 0.055 $ MJ respectively. Additionally, the HTC
process produced lower greenhouse gas emissions at 0.125 kg of carbon dioxide equivalent
per MJ of energy produced, again lower than direct combustion, pyrolysis, or anaerobic
digestion at 0.795, 0.426, and 0.522 respectively. Therefore HTC can be used to improve the
combustion properties of the biomass waste showing higher carbon content, lower oxygen
content, increased higher heating value (HHV), higher density, and lower emissions of
greenhouse gases [162]. For this reason, HTC has been heavily investigated for bioenergy

production.

2.3.2.1. Analysis of Hydrochar as a Renewable Solid Biofuel

It is possible to approximate how hydrochars will perform as solid fuels by obtaining the higher
heating value (HHV), proximate analysis, and ultimate/elemental analysis [163]-[165].
Ultimate/elemental analysis is used to determine the percentage of the carbon, nitrogen,
hydrogen, and oxygen in the hydrochar, from these atomic H/C and O/C ratios are determined
so that the degree of polyaromatisation which has occurred can be shown, this is often displayed
graphically with the use of van Krevelen diagrams which plot O/C (x-axis) against H/C (y-
axis) (Figure 2.24) [166]. Ultimate/elemental analysis is determined by burning the sample in
oxygen with an oxidising agent to enable complete combustion which forms carbon dioxide
(carbon), water (hydrogen), gaseous nitrogen (nitrogen), and sulphur dioxide (sulphur). These
gases are then passed through a column which separates them and are detected by a thermal

conductivity detector [167]. From this data the percentage of carbon, hydrogen, nitrogen, and
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sulphur can be determined, whilst oxygen is typically calculated by subtracting these and the
ash content from 100 (Equation 2.4).

0(%) =100 — (C(%) + H(%) + N(%) + S(%) + Ash(%)
Equation 2.4. Calculation of oxygen content from CHNS elemental analyser data.

HHYV is also referred to as calorific content which is how much energy is given out when the
fuel is completely combusted, herein reported in MJ Kg* [168]. HHV can be experimentally
determined by controlled combustion in a bomb calorimeter. This hydrochar is ignited with an
electrical impulse in pure oxygen inside of the sealed bomb. This is placed inside of a large vat
of water in which the temperature is measured, the change in temperature shows how much
energy is given from the combustion and HHV can be calculated. HHV can also be estimated
mathematically for which there are numerous linear equations based on the percentage of
elements in the sample; these are often termed “Dulong-type” because Dulong et al. developed
the first of these [169]. Herein HHV has been calculated when required using the formula
presented by Friedl et al. (Equation 2.5) [170].

HHV = 0.0355C? — 0.232C — 2.23H + 0.0512CH + 1.31N

+ 20.6

Equation 2.5. Equation to calculate the HHV from carbon (C), hydrogen (H), oxygen (O),
and nitrogen (N) content.

Proximate analysis is performed on a solid material (hydrochar) by controlled heating under
different atmospheres whilst monitoring the weight of the solid. In a laboratory setting this is
often performed using thermogravimetric analysis, this gives key information about the
behaviour of the fuel (hydrochar) during utilisation [171]. The analysis is performed by initial
heating in an inert atmosphere or vacuum at 110+5 °C for an hour, the weight loss during this
time is the moisture content of the solid material (hydrochar) [172]. The higher the moisture
content of the fuel the more energy it will take to dry it before combustion. Following this an
increase to 900+20 °C under the same inert atmosphere yields a second weight loss. This raised
temperature expels various gaseous species both inorganic and organic. This material is not
analysed, and the sum of the losses are combined and defined as volatile matter (VM). The
remaining material is held at temperature and exposed to in air, this burns off the remaining
organic material which was not volatile, and this is known as the fixed carbon (FC). To
accurately obtain the weight of all inorganics (ash) it is vital that these are not volatilised off
and therefore the solid material must be combusted in an oxygen rich environment at a lower

temperature (<300 °C) [173]. If the inorganic volatile matter is a desirable characteristic to
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determine, a lower secondary temperature must be used after drying below 500°C to prevent

volatilisation of inorganic species.

Fuels (hydrochars) with high VM are easy to ignite and burn quickly, whilst fuels (hydrochars)
with high FC contents are difficult to ignite and burn more slowly. The ratio of VM to FC is
known as the fuel ratio which gives an indication of how hard the fuel is to ignite, how long it
will burn, and the quality of the flame produced. The ash content of the fuel (hydrochar) needs
to be low enough so that it does not cause issues during combustion in the reactor. Whilst
research has shown that ash contents up to 55% can be used in some power plants and even up

to 75% when co-fired with oil, it is desirable to have an ash content below 20% [174].

2.3.2.2. Different Processing Conditions of Hydrochars and Severity Factor Calculation
Hydrochar properties are directly dependant on a multitude of different factors, processing
temperature, temperature ramp rate, compositions of the biomass (lignin, hemicellulose,
cellulose, protein, inorganics), moisture content of feedstock, water/feedstock ratio, application
of stirrer, rate of stirring, and the use of catalysts (homogeneous and heterogeneous) [23]. It is
suggested in the literature that the most important factor of HTC is processing temperature
followed by retention time. To examine the effect of different temperatures, retention times,
and biomass in HTC, literature data was collected and compiled. The respective values for the
HHV, proximate, and ultimate/elemental analysis are compared with fossil fuel coals, and other
types of solid bio fuels as discussed in Section 2.2.3 (Appendix 1, Appendix 2, Appendix 3).
To add additional value to the discussion where relevant a severity factor was calculated from
the temperature and retention time of the reaction following Equation 2.6. This concept was
originally developed by Chornet and Ralph Overend to unify data of complex systems which
were processed at different operating conditions, experimental equipment, and even
laboratories [175].

T—-100

Ry =1tX e[14-75 SF = Log(Ry)

Equation 2.6. Equation for the calculation of severity factor in a reaction. Ro = reaction
ordinate (min), t = retention time (min), T = processing temperature (°C).

2.3.2.3. van Krevelen Diagrams Based on Literature Data for Hydrochars
van Krevelen diagrams are used to assess the viability of a carbonaceous material in fuel

applications. There are, as previously discussed in Section 2.3.1 many different reaction
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mechanisms which change the oxygen, carbon, and hydrogen content during HTC. Two of the
most important in HTC for fuel applications are dehydration, and decarboxylation which
remove H0, and CO- from the raw material respectively [176]. The van Krevelen diagram of
the hydrochars shows that at HTC any temperature and time decreased both the oxygen and
hydrogen content of the raw material (black markers) more than its carbon content (Figure
2.24). This is displayed by the reduction in both O/C and H/C ratios in all hydrochars. This
means — among other things — that the hydrochars are a more viable carbonaceous material for

fuel applications than their raw biomasses when produced at any processing temperature or

time.
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Figure 2.24 van Krevelen diagram displaying hydrochars produced from 12 different
biomass sources. Severity factor for the HTC process was calculated using Equation 2.6
and is displayed by coloured datapoints from 7 (dark blue) to 17 (bright green). Extracted
literature data is available in Appendix 1 [163]-[165], [177]-[184].

Furthermore, the hydrochar produced by coconut fibres and cellulose had a similar O/C and
H/C ratio to industrially used coals under certain conditions [176]. Whilst grape pomace,
eucalyptus leaves, miscanthus and coffee beans produced a hydrochar with, at best, properties
similar to those of lignite. Maize residues, paper sludge, municipal solid waste, sewage sludge,
cow manure, and food waste (mixed vegetables, fruits, meats, and staple foodstuffs) did not
produce a carbonaceous material with properties applicable to fuel application judging only by
the van Krevelen diagram. This shows that the properties of biomass used in HTC exerts
significant control over the properties of the hydrochar. However, potential alternative

applications of these hydrochars still remain, see Section 2.3.4.
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Figure 2.25 van Krevelen diagram displaying hydrochars produced from 12 different
biomass sources. Processing temperature is displayed with coloured datapoints from
150 °C (dark blue) to 300 °C (bright green). Extracted literature data is available in
Appendix 1 [163]-[165], [177]-[184].

From these data the hydrochar with lowest O/C and H/C ratio is always produced by the highest
processing temperature which is in line with the literary discussion [185] (Figure 2.25). This is
further compounded by the evidence that the retention time of the HTC has little to no effect
on the O/C and H/C ratios of the hydrochar (Figure 2.26). The reaction only requires 5 min at
the specified retention time to undergo enough conversion based on the van Krevelen diagrams
produced from literature data. However, there are many other important parameters for solid

fuels which are not observable in a van Krevelen diagram.
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Figure 2.26 van Krevelen diagram displaying hydrochars produced from 10 different
biomass sources. Retention time is displayed with coloured datapoints from 0 min (dark
blue) to 90 min (bright green). Extracted literature data is available in Appendix 1 [163]-
[165], [177]-[184].

2.3.2.4. Proximate Analysis of Hydrochars in the Literature

As previously stated, the proximate analysis (volatile matter (VM), fixed carbon (FC), and ash
content) yields vital information about the combustion properties of the hydrochar (fuel). The
change in these properties from the raw material to the hydrochar and at the designated
temperature and retention times is shown visually (Figure 2.27, Figure 2.28, Figure 2.29, Figure
2.30). For comparison, some of the highest ranked coals for combustion are anthracite and
bituminous. Anthracite has a volatile matter content between 2-12%, FC content between
75-85%, whilst bituminous has between 15-45% and 50-70% for VM and FC respectively
[186]. Lower rank coals sub-bituminous and lignite have 28-45% and 24-32% VM and for FC
30-57% and 25-30% both respectively. For all biomasses reported their VM (%) content was
reduced, and FC (%) content increased under any HTC processing condition. Furthermore,
there is a clear trend that a higher processing temperature yields a hydrochar with higher FC
(%) and lower VM (%) compared with the lower processing temperature. The same
relationship could not be determined from retention time of the HTC process. This is identified
to be connected to the dissolution of volatile organics and their subsequent reaction and final
self-polymerisation into carbonaceous material as previously outlined in Section 2.3.1 [152],

[153]. This results in a hydrochar with an increased fuel ratio (FC to VM ratio). In practice this
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means that the hydrochar will burn longer and cleaner due to the increased FC content (%)
although it will be harder to ignite due to the decreased VM content (%). Thus the desired fuel
ratio can be acquired based on the proximate analysis of the raw biomass and the processing
temperature of the HTC process, allowing for control over the combustion properties of the

fuel to suit the furnace and boiler system.
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Figure 2.27 Stacked bar chart showing the percentage composition of the unprocessed
biomasses (Raw), and the hydrochar produced from HTC of the biomass for a specified
retention time in mins (m) and processing temperature in °C. Composition is given on a
dry basis as the ash, fixed carbon (FC), and volatile matter (VM) given in wt.% [163]-
[165], [177]-[184].
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Figure 2.28 Stacked bar chart showing the percentage composition of the unprocessed
biomasses (Raw), and the hydrochar produced from HTC of the biomass for a specified
retention time in mins (m) and processing temperature in °C. Composition is given on a
dry basis as the ash, fixed carbon (FC), volatile matter (VM) given in wt.% [163]-[165],
[177]-[184].

The proximate analysis of hydrochar from coconut fibres, eucalyptus leaves, coffee beans,
maize residues, miscanthus, food waste, and cellulose are in the same category because of their
similar raw biomass composition and the trends seen upon HTC processing (Figure 2.27,

Figure 2.28). In nearly all these biomasses their ash content was reduced under HTC at any
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temperature and retention time (cellulose being the exception). Additionally, all these
hydrochars contained less than 10% ash which is the lower maximum accepted industrially for
coals. This means that based on ash content alone all these hydrochars are viable for use as a
solid fuel in place of coals. Comparing the FC and VM contents to the coals previously stated,
only the cellulose processed at 280 °C for 30 min has both a VM and FC content in range of
the values for coal. Specifically, in this case bituminous coal at 42% VM and 55% FC. This
hydrochar would be a more than adequate replacement for fossil fuel coals however, it has the
caveat that this is the only hydrochar listed which is produced from a pure processed material
and not a waste biomass. The other hydrochars listed often suffer from a high VM content,
even whilst their FC content is comparable to sub-bituminous coals in many examples (coconut
fibres 300 °C and 30 min, eucalyptus leaves 300 °C and 30 min, coffee beans 250 °C and min,
miscanthus 260 °C and 5 min, food waste >200 °C and 60 min, cellulose >220 °C and 30 min).
In practice this would mean that the hydrochar would burn much faster than fossil fuel coals
and would likely not burn as cleanly (producing smoke), however adaptations in the
combustion process could overcome these issues. Finally, it is important to note that often
higher temperatures of >250 °C were required to produce a viable hydrochar fuel, the
exceptions being cellulose, and food waste. This may posit a focus on the processing of food

wastes in the HTC process.
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Figure 2.29 Stacked bar chart showing the percentage composition of the unprocessed
biomasses (Raw), and the hydrochar produced from HTC of the biomass for a specified
retention time in mins (m) and processing temperature in °C. Composition is given on a
dry basis as the ash, fixed carbon (FC), and volatile matter (VM) given in wt.% [163]-
[165], [177]-[184].
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Figure 2.30 Stacked bar chart showing the percentage composition of the unprocessed
biomasses (Raw), and the hydrochar produced from HTC of the biomass for a specified
retention time in mins (m) and processing temperature in °C. Composition is given on a
dry basis as the ash, fixed carbon (FC), and volatile matter (VM) given in wt.% [163]-
[165], [177]-[184].

Another category of biomasses are high ash content and sludge type waste biomasses; paper
sludge, municipal solid waste, cow manure, sewage sludge, and grape pomace (Figure 2.29
and Figure 2.30). These biomasses show the opposite behaviour for ash content, where HTC
processing under any conditions increased the ash content of the solid material. Smith et al.

proposed that the feedstocks with high ash contents due to silicon and iron yield higher ash
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hydrochars [187]. It is hypothesised that the HTW does not solubilise these inorganic materials
thus they cannot be removed from the feedstock using HTC. They additionally noted that
potassium, sodium, magnesium, and phosphorus were more readily removed from the
feedstocks using HTC. Another potential cause is the formation of surface functionalities which
reabsorb metals from the process water; it has been shown that carboxylic groups on the
hydrochar surface can cause a high cation exchange capacity [188]. The same increase in FC
content and reduction in VM content is shown for these high ash content sludge type wastes as
previously observed in the lignocellulosic wastes. However, the ash content is too high for
these to be suitable for use in combustion processes, in addition to their low FC and VM
contents. These types of biomass therefore have little to no potential in replacement of fossil
fuels, however the HTC processes may still be useful to generate hydrochars for alternative

applications, see Section 2.3.4 for more details on this.

2.3.2.5. Energy Density Increase in Hydrochars Presented in the Literature

Finally the energy content of the hydrochar is essential to evaluating how successful it would
be in replacing fossil fuel coals. The increase in HHV of the biomasses based upon processing
temperature and severity factor used in HTC is shown to evaluate effectiveness of the HTC
process (Figure 2.31, Figure 2.32). There is a clear overall trend that an increase in processing
temperature and/or severity factor causes a larger increase in the HHV of the hydrochar formed.
Furthermore, temperature is a better indicator of this, and the addition of retention time (for
severity factor) confuses the expected HHV increase. Solidifying the point cited in literature
that processing temperature is the most important parameter in the HTC of biomass and only a
minimum retention time is required for the organic reactions to take place and convert the
biomass. A good example of this is miscanthus (purple star) which is operated at the same
processing temperature but different processing times. The increase in severity factor does not

cause a larger increase in HHV.
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Figure 2.31 Increase in higher heating value (HHV) of 12 from raw feedstock plotted
against the processing temperature of the HTC reaction [163]-[165], [177]-[184].

Additional examination of the HHV increase with temperature (Figure 2.31) shows that the
same biomass hydrochars with lower ash and higher FC content e also have larger increases in
HHV (coconut fibres, eucalyptus leaves, coffee beans, maize residues, miscanthus, food waste,
and cellulose). The hydrochars from all these biomasses have HHV comparable to sub-
bituminous coals >17.4 MJ Kg! when produced at any HTC processing temperature, whilst
they can yield a hydrochar with high HHV values comparable to anthracite >27.9 MJ Kg in
many cases (coconut fibres 300 °C and 30 min, eucalyptus leaves 300 °C and 30 min, coffee
beans 250 °C and 40 min, food waste >250 °C and 60 min) [186]. The remaining biomasses
which are high ash and sludge based show little to no increase in HHV further compounding

evidence that they are ill suited for use in fossil fuel replacement.
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Figure 2.32 Increase in higher heating value (HHV) of 12 biomasses from raw feedstock
plotted against the severity factor of the HTC reaction. Calculated from temperature and
retention time (Equation 2.6) [163]-[165], [177]-[184].

In summary, an analysis of the fuel properties of hydrochar presented in the literature shows
three key findings. 1) biomasses with a high ash content (>20%) cannot be upgraded enough
using HTC to replace fossil fuels, therefore some biomass streams are ill suited to this
application. 2) processing temperature is the key metric in determining the carbonisation degree
of the biomass to hydrochar, with only a minimal retention time required. 3) hydrochars which
have very favourable HHV, and proximate analysis (comparable to anthracite) can be produced

at low temperature (<250 °C) if the biomass processed is carefully selected (e.g. food waste).

2.3.3. Additional Processing Methods to Control the Properties of Hydrochars

Hydrochar is also used to produce high value specialised carbon based materials, these have
applications in many different areas such as adsorbents [150], catalysts [151], soil amendment,
energy storage, fuel cells, photocatalysis, drug delivery, gas storage, and bioimaging [148].
This is discussed in Section 2.3.4. There are several methods employed both pre- post- and
during HTC to change the properties of hydrochar synthesised in order to specialise and control

the hydrochar properties for applications in these different areas.

2.3.3.1. Post-Treatment of Hydrochar to Induce Porosity

Hydrochar generally has a low surface area and almost no porosity [189]. The most direct
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industrially used comparison to hydrochar is activated carbon which is a highly carbonaceous
material with many small pores and a large surface area. Activated carbon is commonly
produced from non-porous carbonaceous materials with low surface areas via several different
methods [190]. However, only a small number of resources are currently used industrially for
production of activated carbon; coal, peat, wood, shells, and some synthetic organic polymers.
Activated carbon is heavily applied in separation, removal, retrieval, and modification of
various compounds in the liquid and gas phase. A similar processing method used to synthesise
activated carbon can be applied to hydrochars [191]. One method uses physical activation in a
two-step process starting with initial thermal treatment (>700 °C) under an inert atmosphere
(pyrolysis) followed by activation under oxidising gases (steam, CO2, CO, N3, and air) between
800-1100 °C [192]. The second step using activation with oxidising gases at high temperatures
>800 °C can be applied directly to hydrochars. The temperature, gas, and processing time all
have significant effects on the morphology, structure, and functionality of the hydrochar after
thermal treatment [193]. Compared to the pyrolysis step, HTC has mild and simplistic
processing conditions and can be used on a more diverse range of feedstocks without
pre-treatment [194]. Chemical activation is another post-processing method that has also been
investigated to induce porosity. This is typically performed with the addition of dehydrating
groups such as potassium hydroxide, zinc chloride, phosphoric acid, and sodium hydroxide,
removing oxygen and hydrogen in the form of water [19]. Fortunately, hydrochar has a high
concentration of oxygen functional groups which react readily with the activation chemicals to

leave a highly porous aromatic carbon shell [195].

2.3.3.2. Using Hydrochar as a Catalyst Support Material

Metals and inorganics can also be supported onto hydrochar in place of other catalyst support
materials [196]. Carbon has a few significant advantages over traditional support materials, it
is cheap, abundant, and can be sourced from environmentally friendly processes, carbon is
resistant to degradation in acidic and basic solutions, stable at high temperature, offers higher
control over pore and macro structure, has modifiable surface properties, and a recoverable
active phase through destruction of the carbon support [197]. Metals can be supported onto
hydrochar from biomass wastes by wet impregnation to transfer the metals onto the hydrochar
[198]. Another method used to support metals onto carbon is the addition of powder or
nanoparticles during HTC which embeds these materials onto the hydrochar produced. This
has been shown to support metals onto specialised carbon materials such as activated carbon,

carbon nanotubes, graphene sheets, etc. [199]. A few studies have also investigated a one-pot
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approach combining these two methods, whereby biomass wastes are hydrothermally

carbonised and metal oxides are precipitated onto the produced hydrochar in situ [200].

2.3.3.3. Soft and Hard Templating in the Synthesis of Hydrochars

Porous hydrochar with well-defined structure has also been synthesised by both hard and soft
templating methods [148]. Nanoporous carbon synthesised using nanostructured silica as
sacrificial templating materials was first presented by Knox et al. [201]. This founded the basis
of hard templating procedures in which a carbon precursor (phenol) is infiltrated into a
sacrificial (silica) template and is coked onto the sacrificial template at temperatures above
700 °C, the template is then removed (using HF or NaOH) to leave the inverse of the sacrificial
template (Figure 2.33) [202]. Another method often referred to as soft templating involves the
use of sol-gel chemistry; sol-gel procedures are discussed in depth in Section 2.4. This method
uses block copolymers and aromatic precursors to form ordered porous carbon via evaporation
induced self-assembly, followed by polymerisation to bind the aromatic precursors together
and then finally carbonisation to produce a highly ordered porous carbon material (Figure 2.33)

[203].
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Figure 2.33 (top) Hard and (bottom) soft templating procedures used in HTC for
production of porous carbon materials.

HTC has been used to produce porous carbon via both hard and soft templating procedures

[148]. Since HTC takes place in the aqueous phase, incorporation into existing templating
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procedures is simple. Furthermore the functionalised hydrochar synthesised by HTC allows for
further modification; a more facile process than when starting from highly aromatic or graphitic
carbons [204]. Hard templating procedures are easily replicated under HTC conditions
whereby infiltration and carbonisation are performed in a single step [205]. A carbon precursor
which dissolves in the solvent is selected (glucose), this is heated under pressure with a
nanostructured sacrificial template (silica) which causes polycondensation of carbon precursor
onto the sacrificial template, the sacrificial template can then be dissolved (HF, NaOH) to leave
only a nanostructured porous carbon. Soft templating procedures can be employed using a
similar technique [206]. Block copolymers (polystyrene latexes) are dispersed into aqueous
solutions with water soluble precursors (glucose), the polymers form a macro structure via
self-assembly then hydrothermal carbons form by polycondensation onto the surface of the
polymers, after which the polymers can be decomposed to leave only porous carbon spheres.

2.3.4. Applications of Different Specialised Hydrochars

Using the methods discussed in the previous sub-chapter and varying the processing conditions
specialised hydrochars can be produced for use in a large variety of different applications. The
use of these specialised carbon materials produced by HTC in adsorption and catalysis
applications is investigated more in depth because of its relevance to research performed in
Chapter 6.

2.3.4.1. Hydrochars in Adsorption

Using hydrochar made from waste biomass in adsorption is a relatively new topic within the
literature. “Web of Science” search terms “hydrochar AND adsor*”” show an increasing number
of publications every year with the first reported in 2011 (Figure 2.34). Currently activated
carbon is used in the tertiary treatment phases industrially (food, textiles, petroleum refineries,
dyes, explosives) to remove a wide range of organics (pesticides, phenolics, alcohols,
surfactants, soluble dyes, etc.) and inorganics (ammonia, nitrate, heavy metals) [207].
Therefore, there is a clear demand for carbonaceous adsorbents industrially.
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Figure 2.34 Number of publications by year for search term “hydrochar AND adsor*”
on “Web of Science”.

As discussed in the Section 2.3.4 hydrochar has tuneable physical morphology, surface area,
and modifiable surface chemistry (oxygen functionality, metal impregnation, nitrogen doping)
[198], [204], [208]. HTC can produce sustainably sourced high-quality adsorbents from low
quality waste materials as an alternative to activated carbon, which is mostly sourced from
non-renewables [148]. A high quality adsorbent needs to have a high adsorption capacity (the
amount of adsorbate that can adhere to the adsorbent) and a fast adsorption rate (the speed at
which the adsorbate adheres to the adsorbent) [209]. What is considered a high adsorption
capacity and a fast adsorption rate varies based on the type of adsorbate which is being
adsorbed. The two factors that are the most important for having a high adsorption capacity
and a fast adsorption rate are that the hydrochar has a high surface area (>1200 m? g*) and a
large pore network [210]. On top of this the adsorbent needs to be inclined to one or more of
the four types of adsorption; ion exchange, physical, chemical or specific [211]. lon exchange
involves the displacement of ionic species attached to the adsorbent, physical adsorption is
primarily caused by Van der Waals forces, chemical adsorption occurs due to a reaction
between the adsorbate and adsorbent, and specific adsorption requires the use of specific

functional groups which are “fitted” to the adsorbate.
There are a few useful analysis methods to estimate a materials efficiency for adsorption such

as measuring the surface area (BET), and surface functionality (FT-IR). Actual adsorption

capacities and kinetics can be determined by performing kinetic and isothermal adsorption
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studies with ideal organic compounds (methylene blue, tetracycline) or inorganic compounds
(heavy metals, nitrates) [212]. Adsorption studies are performed by soaking the adsorbent in a
representative contaminant solution for a measured period then measuring the concentration of
the contaminant after adsorption [213]. Isothermal tests vary the concentration of the
contaminant solution for the same amount of time. To these data adsorption isotherms are fitted
(Langmuir, Freundlich) to determine the maximum adsorption capacity. Kinetic adsorption
analysis varies the time the adsorbent is soaking, to this pseudo-first and pseudo-second order
fitting is performed, yielding gives information about the speed and mechanism of adsorption.

Examples of hydrochar being used to adsorb methylene blue have been selected from the
literature for comparison with industrial activated carbon and other adsorbents (Table 2.1).
Methylene blue (MB) is often used in adsorption studies because it is widely used as a dye in
textiles, printing, and food production [214]. MB is a known environmental pollutant from
these industries and because of its strong colour is easily quantifiable by ultraviolet-visible
(UV-Vis) spectroscopic analysis, these combined make MB an ideal testing contaminant for
laboratory analysis of adsorption efficiency. The hydrochars synthesised from coffee husk,
acerola pulp, and wastewater sludge have the lowest adsorption capacities of 35, 109, and
63 mg g respectively which is significantly less than the highest performing commercial
adsorbents at 980 mg g [215]-[217]. This lower adsorption capacity is because these
hydrochars have no post-treatment after HTC, so their porosity, surface area, and surface
functionality are only controlled by the parameters used during HTC (temperature, retention
time, pH) and the feedstock processed. This, as stated previously, leads to a hydrochar with
less than ideal properties. The synthesis of composite based materials such as heamatite and
silicate porous carbon from starch and walnut shell gave much higher adsorption capacities of
370.2 and 434.78 mg gX. This is a large improvement in adsorption capacity showing at least
four times as much capacity for methylene blue, with the added boon of efficient removal and
separation provided by the magnetic material [218], [219]. Physical and/or chemical activation
of the hydrochar also greatly increased the adsorption capacity shown by camellia oleifera shell
and sycamore sawdust at 493.02 and 644 mg g!; the main reason for this is in increase in
surface area [220], [221]. Finally, a hydrochar with better adsorption capacity for methylene
blue than some commercial activated carbons is presented by Li et al. The synthesis of a
polyaminocarboxylate modified hydrochar using etherification, amination, and carboxylation
reactions is described to yield a hydrochar with MB adsorption of 1238.66 mg g [222]. This

research shows the potential to use HTC based methods to produce adsorbents from waste
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biomass which can replace existing commercial activated carbon industrially.

Table 2.1 Example adsorption capacities for methylene blue (MB) on hydrochar and
other commercially used adsorbents.

Hydrochar precursor Ad_sorptlon 4 Reference  Commercial adsorbent Ad_sorptlon 4 Reference
(composite) capacity (mg g™) capacity (mg g™)
Coffee husk 34.85 [216]  Commercial activated 980.3 [223]
carbon
New Zealand coal
Acerola pulp 108.88 [215] activated carbon 588 [223]
Wastewater sludge 63.3 [217] Peat 324 [223]
Starch (heamatite) 370.2 [218] Charcoal 62.7 [223]
Wal_n_ut shell 43478 [219] Straw activated 4721 [223]
(silicate) carbon
Camellia oleifera Groundnut shell
shell AU [221] activated carbon ) 1222
Rosa canina seeds
Sycamore sawdust 644 [220] activated carbon 47.2 [223]
Bamboo powder 1238.66 [222] e Siell 1.33 [223]

activated carbon

2.3.4.2. Hydrochars in Catalysis

Historically the primary application of carbonaceous material in catalysis has been as a support
material for metals and metal oxides [24]. They can however also act directly as catalysts,
called “carbocatalysts” in a variety of different industrial reactions. Carbon based materials
offer a more environmentally friendly cheaper alternative to expensive and non-renewable
catalysts. Acidified carbonaceous material is widely used in a variety of acid-catalysed
reactions such as hydrolysis, dehydration, and esterification [224]. Hydrochar has significant
potential both as a carbocatalyst and as a catalyst support material because of the tuneable
properties, as discussed in Section 2.3.3 [197], [225].

The main properties which influence the performance of hydrochars in catalysis are surface
area, porosity, surface functionality, electron conductivity, hydrophilicity, and elemental
composition [24]. Hydrochars exhibit a high amount of heteroatom functionality because of
the polymerisation reactions which produce the coke (Section 2.3.1). This functionality is
beneficial in a few different ways; they prove as anchoring sites for metals during catalyst
synthesis which can enhance dispersion, they increase the hydrophilicity of the surface, and
they can interact catalytically to increase the catalyst efficiency [226], [227]. As discussed in
Section 2.3.4.1 it is possible to synthesise highly porous carbon materials with large surface

areas (>1200 m? g'1), adding to the efficiency of the hydrochar as catalysts because there are
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more sites for reactions to occur [228]. Finally, the main advantage that HTC offers for catalyst
production is the highly tuneable properties of the hydrochar and that it can support a wide
range of different metals and metal oxides. The hydrochar catalysts can be designed and
optimised for use in specific reactions by varying the processing conditions (feedstock,
retention time, processing temperature) and utilising different additives and post-treatment

procedures.

In depth examples of different catalytic applications using hydrochar are also described in the
following text. Porous hydrochar encapsulated iron nanoparticles have been used to decompose
phenol under mild reaction conditions (600 °C, 1h) in a fixed bed reactor, the highest
conversion observed was 98.4% [199]. In this case the phenol is acting as a model compound
for the proposed use, the decomposition of biomass tar, which is mainly composed of
phenolics, alkylated aromatics, and polycyclic aromatics. The catalytic dehydration of fructose
into 5-HMF was also performed using carbon microspheres synthesised directly from glucose
via HTC with no further processing [229]. This was performed in an ionic liquid at 100 °C
using 20% of the weight of fructose in synthesised carbon microspheres after 2 h 5-HMF yield
was 79.9%, without any catalyst 5-HMF yield was 10% after 4 h, showing an 8-fold increase
in yield with the hydrochar catalyst. This investigation is one of few which uses the hydrochar
directly without further modification through addition of inorganics and/or physical/chemical
activation after producing the hydrochar. Metal supported onto hydrochar are also developed
for catalytic uses, utilising the carbon in lieu of existing supports such as silica or alumina.
Palladium nanoparticles have been impregnated onto hydrochar particles. These were used
successfully in a Suzuki-Miyaura coupling reaction between 4-iodoanisole and phenylboronic
acid to yield 4-methoxybiphenyl at 93% [21]. The Pd/hydrochar showed better catalytic
activity for Suzuki-Miyaura coupling reactions between a variety of different aryl halides and
boronic acids than commercial Pd (10 wt.%) on charcoal. There are many more examples of
hydrochar being used in catalysis in the literature some examples of which are summarised in
Table 2.2. These show that hydrochar is a versatile catalyst support material and carbocatalyst

which can be effective in numerous different catalytic reactions.

Photocatalysts have also been prepared using HTC for use in renewable solar energy
applications [230], [231]. Photocatalysts increase the efficiency for the conversion of solar
energy into chemical energy, typically by offering a lower energy reaction pathway. The

hydrochar photocatalysts require the addition of photoactive metallics and it cannot be used
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simply as a “carbocatalyst”

Table 2.2 Example catalytic applications for hydrochars compared to other commercially
used catalysts [199], [232]-[235].

HTC feedstock Catalyst Reaction Y'e'f’ or
conversion (%)
Iron(111) nitrate Iron nanoparticles
nonahydrate(Fe(NOs)3-9H,0) supported on hydrochar Thermal 90.7-98.4
catalysts and pinewood sawdust (Fe203/C) decomposition
of phenol
N/A No catalyst 48.7
Straw Hydrochar Oxidation of 95.3
benzylamine by
N/A No Catalyst oxygen 16.1
CuS04-5H,0, F127, chitosan, Copper nanoparticles 98
and maleic acid supported on hydrochar Ullmann
CuSO, supported on C-N coupling
N/A - 70
chitosan
Macroalgae Sulfonated hydrochar Esterification of 96.6
oleic acid and
N/A Amberlyst-15 methanol 86.7
Defatted rice bran Sulfonated hydrochar Cellulose 49.6
N/A Sulfonated activated carbon hydrolysis 48.9

2.3.4.3. Further Applications of Hydrochars

Chars and carbonaceous material produced by other methods are often used for soil amendment
purposes, hydrochar has potential to be used in the same area [236]. Carbon sequestration
(removal of carbon dioxide from the atmosphere) is often used to reduce greenhouse gas
emissions, hydrochar has been found to be less effective in this area than other chars because
they have a more facile degradation compared to other chars, this has been measured by NHs,
CO2, and CH4 emissions from soil which was amended with hydrochar [237]. Hydrochar can
also be used to improve the soil properties for agricultural applications, and has potential to
increase the nutrient content, water retention, soil pH, cation exchange capacity, and bulk
density of the soil [238], [239]. When hydrochar has been added to soil in addition to fertilizers
it has been found to increase the yield of various crops, e.g. barley, but decrease the yield for
others e.g. leek [240].

Another emerging application of hydrochars is as sustainable energy storage devices,

hydrochars can be used as a type of supercapacitor called an electric double layer
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capacitor (EDLC) [241]. EDLCs store energy through the adsorption of ions in the electric
double layer, they are reported to have high power density, high coulombic reversibility, long
cycle lifetimes, and a wide operational temperature range, because of this they have the
potential to replace traditional batteries [242]. Hydrochars can be adapted to have many of the
properties required for sustainable EDLCs such as high surface area, chemical stability, cheap
production, conductivity, and low density [243]. In the same vein as the production of
adsorbents the surface area of hydrochars has to be increased for them to be effective as
EDLCs, this can be done as previously stated using physical or chemical activation [148],
[244].

Hydrochar can also be used as a support material for anodes and cathodes in different types of
types of fuel cells [148]. Polymer electrolyte membrane fuel cells are the most heavily
researched application of hydrochar and other carbonaceous materials for use as anodes and
cathodes in fuel cell applications [245]. Polymer electrolyte membrane fuel cells consist of an
anode, cathode, and an electrolyte. The fuel is oxidised to produce electrons at the anode, these
travel to the cathode which combines with protons to form water and energy as products.
Hydrochar and other carbonaceous materials are valuable in this application not only because
of the same catalytic reasons in the previous sub-chapter but also because carbon is naturally
conductive. Hydrochar which has been doped with nitrogen has shown high potential in this
field [246].

Nanocomposites synthesised using HTC by encapsulating nanoparticles and arranging them in
superstructures have been reported as showing high potential in drug delivery and bioimaging
[230]. One example is the synthesis of green-luminescent silver core shell spheres which gave
off strong emission under excitation at 340 nm [247]. These particles (and similar materials)
can be inserted into human lung cancer cells with no cytotoxic effects, thereby allowing for the
identification of cancerous tissue or drug delivery by modifying the surface of the sphere’s to

more strongly uptake into them.

2.3.5. Synthesis of Hydrochar Type Materials through Solvothermal Methods
As previously discussed in Section 2.1.4, when a different organic solvent is used to process
the biomass the method is usually described as solvothermal or alcohothermal [29], [248]-

[250]. The application of different solvent/water mixtures under hydrothermal conditions on
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biomass is an underdeveloped area in the literature. The use of different solvent/water mixtures
drastically changes the properties of the aqueous system which as discussed in Section 2.1.4
this allows for a swath of different reactions to take place and hence the formation of novel
products, permitting optimisation of the solvent/water mixture to give highest solid yield,
desired surface functionality, highest HHV, etc. [28], [251]. Herein all solvent/water mixtures
are reported on an organic solvent percentage molarity basis (mol%) to allow for clear
comparison between investigations. A variety of organic solvents including acids, esters,
phenols, alcohols, ketones, and amines have been applied in the solvothermal processing of
biomass [252]. It is important when selecting a solvent to identify low boiling point, low

toxicity chemicals which are soluble in water [253].

Of the available organic solvents, simple alcohol water mixtures have been studied the most in
solvothermal processing of biomass. This is likely to be because simple alcohols (methanol,
ethanol, isopropanol) are cheap, abundant and have relatively low toxicity [250]. Feng et al.
treated cellulose, lignin, and a 50/50 wt.% mix of cellulose and lignin at 300 °C for 15 min in
pure water, ethanol/water (28.5 mol%), and pure ethanol [254]. The solid yield was
significantly lower in the ethanol/water mixture reaction and the bio-oil yield was the highest
for all feedstocks examined. For cellulose, hydrochar yields were 23%, 6.9%, and 27.9% for
the pure water, ethanol/water (28.5 mol%), and pure ethanol respectively and bio-oil yields of
30.25%, 40.3%, and 30.1% were obtained. Under these conditions the water is degrading the
biomass through the typical hydrolysis reactions as discussed in Section 2.3.1. However, the
ethanol is inhibiting the usual condensation reactions which cause hydrochar formation, and
thus is beneficial for achieving a larger yield of bio-oil. Also observed was enhanced solvent
permeation into the biomass through SEM analysis of the hydrochar. Yuan et al.
hydrothermally treated rice straw at 260 °C holding for 3 min in pure water, 3, 11.1, and
23.5 mol% ethanol/water mixtures and pure ethanol [252]. This had a similar effect on the
hydrochar yield which was lower in the ethanol/water mixtures at ~38% than in the pure water
at ~46%. The inhibition of condensation reactions can also be observed, however, under these
milder reaction conditions there is still significant yield of hydrochar. Porous carbon materials
have also been produced in ethanol/water mixtures at 8.8, 23.5, 49.4 mol% comparing to pure
water and ethanol under the same mild conditions 180 °C for 20 min. The highest surface area
porous carbon was obtained from the 8.8 mol% ethanol/water mixture, FT-IR spectroscopy

analysis revealed this was due to the selective removal of cellulose from the biomass [249].
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2.4. Aerosol-Assisted Sol-Gel (AASG) Synthesis of Catalysts
2.4.1. Bulk Sol-Gel Synthesis

Sol-gel processes are defined by their transition between a sol and gel state by gelation [39]. A
sol is a colloidal suspension of amorphous or crystalline solid particles in a liquid, it can have
a dense, porous, or polymeric substructure depending on the aggregation behaviour of the solid
particles [255]. A gel is a porous covalently bonded solid network with three-dimensional
structure surrounded by a liquid phase. The gelation is caused by irreversible reactions forming
covalent bonds between the solid particles; because of this the shape and size of the solid
particles determines the structure of the gelated network. After a gel has been formed the liquid
phase is removed — often by calcination — to produce a stable solid material. If drying of the
gel by evaporation causes shrinkage of the gel network by a factor of 5-10 times as a result of
capillary forces collapsing the gel network, then the product is referred to as a xerogel. When
the gel is dried at a controlled temperature and relative humidity the structural integrity of the
network is maintained in the dried product, when this is performed the product is known as an
aerogel [256]. When temperature and relative humidity are not controlled carefully the drying
stress causes partial destruction of the porous structure and a disordered porous solid is

obtained (xerogel) (Figure 2.35).

Controlled
evaporation

Figure 2.35 Sol-gel synthesis diagram showing the structure of two potential products;
aerogels and xerogels.

Research into sol-gel synthesis surged in the 1950s & 1960s because of the potential to produce
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heterogeneous silica-based materials with high homogeneity [257]. This proved invaluable as
sol-gel processing is used currently to synthesise silica-based materials and mixed metal oxides
in a large range of applications such as adsorption [258], catalysis [259], drug delivery [260],
and energy storage [261]. The distinction between silica-based and mixed metal oxides is
important because they have different chemical reactivity and form structurally distinct gel

networks.

2.4.1.1. Mechanisms and Reactions Involved in Traditional Sol-Gel Synthesis

Silica-based processes involve the hydrolysis of Si-OR into silicone hydroxide groups which
then, through polycondensation reactions, form a highly structured siloxane network [255].
The precursors for this reaction are typically silicates (stabilised with metal salts e.g. Na, K)
and silicon alkoxides (e.g. tetramethoxysilane & tetraethoxysilane). Silicates are unreactive
between pH 1.5 and 4.5 in water, above or below this pH the surface silicates becomes charged
because it is no longer stable as Si-OH and therefore sol-gel reactions can be initiated [262].
This means that silicate based processes can be initiated by simple addition of acid or base. In
contrast, silicone alkoxides need to be hydrolysed to produce the Si-OH reactive groups before
polycondensation reactions can occur; this is achieved through the addition of alcohol/water
mixtures for dissolution and acids to increase rate of reaction. This is notably very different to
most other polymerisation reactions. The reaction mechanism is the same for silicates and
silicon alkoxides, however, it is different in acidic and basic conditions (Figure 2.36). In acidic
conditions the reaction is initiated by protonation of the oxygen atom on the silicon creating a
alcohol/water leaving group rendering the silicon atom susceptible to nucleophilic attack by
water (hydrolysis) or silanol (condensation). In basic conditions the reaction is initiated by
nucleophilic attack from a hydroxide (hydrolysis) or siloxide (condensation) which are
produced by deprotonation of water and silanol respectively. These two different mechanisms
produce more chain-like networks in acidic conditions and more branched networks in basic

conditions.
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Figure 2.36 General reaction mechanism for (a) acidic hydrolysis and (b) condensation
reactions in silicon alkoxides.

Metal oxide based synthesis of sol-gel materials differs because metals have stronger Lewis
acid activity (ability to accept a lone pair of electrons) and they can have a wide variety of
co-ordination numbers potentially ranging from 2 to 9; silicon always has a co-ordination
number of 4 [263]. This increased bonding potential allows for the gel networks in metal oxide
based materials to have structurally different bonding geometry based on the metals used,
whereas silicon-based sol-gel materials always have tetrahedral geometry. The chemical
reactivity of metal oxide sol-gel processes is the same as silica-based, following hydrolysis and
condensation mechanisms. However, because of the increased Lewis acid activity of metal
alkoxides the hydrolysis and condensation reactions occur over much shorter time-scales
compared to silica-based processes. This can be problematic when the addition of water causes
spontaneous precipitation, these reaction rates need to be moderated to produce gels instead of
precipitates [264]. The reaction rates of metal alkoxides can be controlled by replacing alkoxo
ligands with -OR groups that are more difficult to hydrolyse such as carboxylate or bidentate

ligands.

Initial condensation reactions form three-dimensional particles which aggregate. This increases
the viscosity of the solution up until the gelation point in which a solid structured
three-dimensional network is formed (wet gel) [265]. After this gel point has been reached
there are still unbound/unreacted species present and chemical reactions are not complete.
Therefore, to obtain a more strongly structured three-dimensional network controlled aging can
be employed. This increases the strength of the three-dimensional network which is
advantageous when aiming to synthesise a porous monolith e.g. aerogels. When producing
coatings or powder catalysts ageing is a dispensable step in the sol-gel process. Once a gel has
been produced the organic compounds used during synthesis are usually removed by heating

in an air or inert atmosphere. This is done at low temperatures to yield an amorphous material
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but can be done at higher temperatures to yield crystalline materials, however the latter is not

typical for sol-gel processes.

2.4.2. Aerosol-Assisted Sol-Gel (AASG) Synthesis

Aerosol/spray drying techniques have no liquid by-products, offer facile and cheap collection
processes with no separation, and yields high purity products with unique morphologies
requiring only a few preparation steps [35]. A vast array of manmade materials are produced
using aerosol-based techniques. A few examples are carbon black particles in tyres, fumed
silica in cosmetics and pharmaceuticals, and titania particles used in paints [266], [267].
Aerosol processes simplistically comprise atomising a solution/dispersion into droplets into a
carrier gas, these atomised droplets are then heated to induce evaporation of the solvent and

condensation of the non-volatile molecules into solid particles (Figure 2.37).
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Figure 2.37 Diagram showing the general set-up of aerosol based processes.

Recently aerosol techniques have been applied using sol-gel precursors to establish
aerosol-assisted sol-gel (AASG) synthesis as a new innovative sol-gel processing technique
[37]. To perform this technique, it is necessary to have a sol which is stable over a reasonable
timescale to allow for processing of a full batch (>1 h). The sol needs to contain the same metal
precursors to form the structured gel network. Additionally, additives such as solid polymers
and surfactants can be used to influence the structure of the extended gel network. When the
atomised droplets are heated, hydrolysis and condensation reactions occur in the same vein as

bulk synthesis, whilst the additives control the formation of the networks.
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2.4.2.1. Additives Used in AASG Processes

There are three main additive types and methods used to control this formation in AASG
synthesis (Figure 2.38). One is using micrometre sized particles such as polymer beads and
inorganic powders which act as templating agents which the gel network forms around [268].
After synthesising the gel/catalyst these micrometre sized particles are removed to produce a
material with pores of a controllable size and shape. Another method uses surfactants or block
copolymers to form micelles in the droplet which the gel network is then produced around.
This controlled formation in AASG synthesis is often referred to as evaporation induced self-
assembly (EISA). A further modification to this process combines both micrometre sized
particles and surfactants to produce a very complex precursor sol which can yield a wide variety
of multifunctional materials [269].

Figure 2.38 AASG synthesis diagram with three different additives to direct structure;
(a) solid polymers, (b) surfactants (EISA), (c) a combination of both solid polymers and
surfactants. Step 1, 3, and 5 all occur during drying and steps 2, 4, and 6 involve removal
of the surfactants and/or solid polymers.

2.4.2.2. Advantages of Evaporation Induced Self-Assembly (EISA) AASG Synthesis
EISA-AASG synthesis (Figure 2.38, b) is the type of sol-gel processing studied in Chapter 7.
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This method can be used to produce mesoporous & nonporous spherical materials with
consistent and reliable structural morphology [270]. There are a few advantages of
EISA-AASG synthesis which makes it excel in the production of these specialised spherical
materials. One is because using a surfactant as a templating agent means that the micellisation
can be controlled simply with operating conditions [266]. Therefore, micelles can be formed
before, after, or during the inorganic polycondensation reactions in the sol-gel. These micelles
are trapped within the inorganic material and can be readily removed to release the structured
porosity. The control of the micelle formation consequently allows for control of the final

catalyst porosity and structure with changes in operating conditions.

EISA-AASG synthesis also has the general advantage of most AASG synthesis type processes
where the starting solution(s) are dilute and therefore are metastable during atomisation and
storage [266]. Therefore, no gelation or precipitates are synthesised at these points and the
solution remains homogeneous. This is a key point to the homogeneity of the final spherical
material and allows again for precise control of the final composition of the product based on
the reactants used. Finally, high metastability is also displayed in the solid spherical gel
particles produced [271]. The main cause of this is “kinetic quenching” which is the trapping

of non-reactive species within the inorganic network.

2.4.2.3. Examples of EISA-AASG Synthesis in the Literature

Smeets et al. described the application of AASG synthesis with tetrapropylammonium
hydroxide as a surfactant structure directing compound to synthesise titanium silicates [272].
The TiO.-SiO2 structured catalysts were evaluated using the epoxidation reaction of
cyclohexane with cumene hydroperoxide and compared to titanium silicates synthesised via
hydrothermal methods. The TiO2-SiO2 AASG catalysts gave yields up to 62% compared to the
20% vyielded from the hydrothermally synthesised catalysts. Structural analysis of the
Ti0,-Si02 AASG synthesised catalysts showed that many different pore sizes and structures
can be produced and controlled, as well as varying the distribution, morphology and
homogeneity of the titanium species. They proposed that this process has high potential for
application in future industrial applications. Kim et al. utilised table salt (NaCl) as a templating
agent in the synthesis of silica particles using AASG processing [273]. The process involved a
long aging period (<50 h) to create initial three-dimensional gel networks around the
solubilised NaCl. During spray drying the droplets formed strong three-dimensional gel

networks with NaCl precipitating out and incorporating into the gel structure. Both the silica
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and NaCl survived a low temperature calcination procedure (400 °C) after which the salt was
easily removed by dissolution in water. The silica catalyst that was synthesised by this method

had large surface areas ranging from 200 to 1200 m? g*.

Maksasithorn et al. synthesised a silica supported tungsten catalyst (WO3-SiO2) using
polyethylene glycol monocetyl ether as a surfactant for templating and a typical AASG process
for synthesis [274]. This produced a catalyst with a high specific surface area with a small
range from 500 to 600 m? g*. This surface area was caused by pores which are all around 2 nm
predicted using BET and a Barrett, Joyner, and Halenda model. These pores are produced when
the inorganic network forms around the micelles which are then removed after gelation.
Additionally, they found that temperatures beyond 650 °C collapsed the porous structure of the
catalysts and produced aggregated WOs crystals. Another study produced an alumina and silica
supported tungsten catalyst by AASG synthesis using pluronic P123, which is a block
copolymer, as a surfactant templating agent [275]. This also had a large surface area 525 m? g*
with an average pore diameter of around 5 nm. The catalysts were evaluated catalytically based
on cross-metathesis of ethene and 2-butene to propene. It was found to be highly selective for
propene with high yields (39%). It was theorised that this reactivity was because of the matrix
acidity of the tungsten-oxo species. The key finding to extract from these studies and others
presented in the literature is that EISA-AASG synthesis is an important option to consider when
the aim is to synthesise a consistent homogeneous spherical porous material. This is because
the process allows for precise control of the final structure of the material by tuning the
reactants, operating conditions, and calcination temperature. The final product can have a
defined pore size, surface area, and metallic loading within a small range if the process is
correctly designed. This is advantageous to industrial catalytic processes which require

consistent homogeneous catalysts.
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Chapter 3 Experimental Methods

3.1. Equipment and Materials

3.1.1. Materials

Iron(IIT) nitrate nonahydrate ACS reagent >98%, iron(ll) sulfate heptahydrate ACS reagent,
>99.0%, n-hexane anhydrous 95%, nitric acid puriss p.a. >65%, methanol anhydrous 99.8%,
ethanol absolute EMPLURA®, isopropyl alcohol >99.7% FCC FG, hydrochloric acid fuming
>37%, iron >99% reduced powder (fine), aluminum chloride hexahydrate, cobalt(Il) nitrate
hexahydrate, molybdenum(V) chloride 95%, nickel(ll) nitrate hexahydrate 99.999%,
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) average Mn
~5,800 (pluronic P123), tetracthyl orthosilicate >99.0% (GC), vanadium(lV) oxide sulfate
hydrate 97%, aluminum isopropoxide >98%, 5-(hydroxymethyl)furfural >99% FG,
ammonium molybdate 99.98% trace metals basis, iron(lll) chloride reagent grade 97%,
ammonium hydroxide 28-30 wt.% solution of NHz in water p.a, iodobenzene 98%,
phenylacetylene 98%, ethylene glycol anhydrous 99.8%, potassium carbonate anhydrous
free-flowing Redi-Dri™ ACS reagent >99%, and diphenylacetylene 98% were all purchased
from Sigma Aldrich (Dorset, UK). Deionized water was obtained from a Suez L300130
(>1M Q cm). Carbon dioxide and helium was supplied by a BOC cylinder. Iron (11, 111) oxide
97% (metals basis), sodium hydroxide pellets 98%, and L11860 carbon powder activated Norit
GSX steam activated acid washed, were all purchased from Alfa Aesar. Methylene blue
chloride trihydrate purchased from Bio Basic. Acetone >95% technical, phosphoric acid pure
ACROS Organics™ was purchased from Fisher Scientific. Avocado seeds were collected from
fresh avocados supplied by Marks and Spencer Group plc. Bread waste was supplied by
Bradgate Bakery in Leicester UK, part of the Samworth Brothers food manufacturing

company.

3.1.2. Instrumentation Diagrams for Pressurised Reaction Vessels

Instrumentation diagrams for the pressurised reaction vessels used in this research are shown
below in addition to a picture of the reactor setup. Nomenclature is as follows; B is a BOC gas
cylinder fitted with a Harris regulator, TIC indicates a thermocouple which measures and
controls the temperature, Tl is a thermocouple which only measures the temperature, PG is a

pressure gauge, Pl is an electronic pressure indicator, and V is a valve.
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Figure 3.1 Instrumentation diagram and photograph for 22 mL Reaction Cell Top Plate
for Golden Gate™ ATR FT-IR (Specac, Orpington, UK) used for research presented in
Chapter 4.
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Figure 3.2 Instrumentation diagram and photograph for 50 mL E-Z Seal Autoclave
Engineers pressurised reaction vessel (Parker, Huntsville, USA) used for research
presented in Chapter 5.
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Figure 3.3 Instrumentation diagram and photograph for 300 mL Parr autoclave Series
3050, (Parr instrument company, Illinois USA) used for research presented in Chapter 6.

3.1.3. Optical Trapping Configuration

Liquid droplets were delivered to a small trapping cell, of aluminium construction, with
approximate dimensions 10 x 2 x 1 cm. Windows made from borosilicate cover-slips allowed
the passage of the laser beams through the cell. Droplets were generated using an ultrasonic
nebuliser (aerosonic, combineb model 3019) to generate a mist which flowed into the cell
through %4” PTFE tubing. A right angle turn in the tubing is achieved using a Portex PVC

connector tube.

Droplets were trapped using counter-propagating Nd:Yag laser beams operating at 1064 nm.
The typical laser beam powers required for stable trapping were 15 mW through the top
objective and 10 mW through the lower objective. The objective lenses were Mitutoyo x50 NA
0.42 long working distance objectives. The asymmetric power balance was required to force
the particle into the optical focus plane of the lower objective, thereby allowing focused images
to be acquired. The Nd:Yag beam is passed through a beam splitter (Oz Optics) to obtain two
separate fibre-coupled beams. Both beams are then expanded and collimated so that they
slightly overfill the back apertures of the objective lenses. Dichroic mirrors (CVI Melles Griot)
reflect the laser beams but allow transmission of illumination light and the Raman signals. The

LED illumination (Comar Optics) is filtered to prevent interference with the Raman signal.

Raman spectra were acquired by probing the droplet using a 514.5 nm laser. The laser was
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directed through the lower objective lens and focussed onto the droplet. The backscattered
Raman signal was collected using the same lens and focussed into a spectrometer (Acton
SP2500i and Princeton Instruments Spec 10 CCD). A 600 grooves/mm grating was calibrated
using spectrophotometric grade toluene as a reference. Typical laser power was 2 mW,
acquisition time was 30 s, and the 514.5 nm laser was shuttered such that the droplet was only

illuminated during collection of spectra.

3.2. Procedures and Methods

3.2.1. Synthesis of Magnetic Carbon Composites (Fe/C) from Avocado Seeds (AS)
Using HTC

All avocado seeds (AS) processed were between 10 and 15 grams. AS are composed of
carbohydrates (~49%), proteins (~15-16%), lipids (~18%), moisture (~15%), and ash (~2%)
[276]. AS were dried in an oven (Memmert, Schwabach, Germany Model) at 100 °C for 24 h
and subsequently stored in a cold room at 5 °C. Dried avocado seeds (DAS) were pre-treated
by refluxing in sodium hydroxide (0.1 M, 50 mL) at 70 °C for 2 h to remove tannins and dyes
[277] prior to separation by filtration and washing with deionized water (3 x 50 mL). The DAS
were then dried in an oven (100 °C, 24 h). The DAS were soaked in a solution of 1:2 mol ratio
Fe?*/Fe*" (0.5 M FeSO4-7H20, 1 M Fe(NO3)s-9H20, 50 mL) for >3 days. Subsequently the
soaked DAS and iron solution was transferred into a 300 mL Parr autoclave (Figure 3.3) along
with sodium hydroxide solution (1 M, 50 mL). The vessel pressurised with carbon dioxide
(30 bar) and transferred to an aluminium block preheated to 230 °C using a heating mantle (C-
MAG HS7, IKA®, Oxford UK). The temperature was monitored using a thermocouple. The
internal temperature reached 230 °C after 45 min and this temperature was maintained for 3 h.
The reaction was then quenched in a water bath for 30 min. Solid Fe/C was collected by vacuum
filtration and soaked in acetone (50 mL) for 24 h. It was then subject to a further vacuum
filtration and then washed with deionized water (50 mL x 3) and dried in an oven (100 °C,
24 h). The Fe/C was then heated in a tube furnace to 400 °C (ramp rate 6.5 °C mint) under
constant nitrogen gas flow and held at that temperature for 1 h before cooling to room
temperature. The resultant product was ground using a pestle and mortar and sieved to a size
fraction of 38-212 pm using mesh Retsch steel sieve (test sieve 1ISO 3310-1 body 316 mesh
s-steel/RF body 200 mm x 50 mm). Particles < 38 um were also retained in order to compare
to the larger grains in order to investigate any particle size effects. The larger particles will

herein be denoted as Fe/C particles (38-212 um) and the smaller as Fe/C powder (< 38 pum).
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For clarity a flow chart displaying the synthesis steps as a flow diagram is given in Figure 3.4

AS (10-15 g) dried at 100 °C for
24h

Fe/C soaked in acetone (=24 h)

Fe/C vacuum filtered and dried
in an oven (100 °C for 24 h)

Fe/C heated in tube furnace
under N, at 400 °C

AS soaked in NaOH (0.1 M, 50 Fe/C vacuum filtrated from
mL) for 2 h solution

Post-carbonised Fe/C collected
and ground in a pestle and
mortar

AS washed with deionised water After 3 h reaction quenched in
(50 mL x 3) water

AS Autoclaved at 230 °C under
30 bar CO, with additional
NaOH (1 M, 50 mL)

Fe/C sieved to collect particles
between 38 and 212 um

AS soaked in Fe**/Fe*" solution
(=3 days)

Figure 3.4 Flow chart describing the Fe/C synthesis process in full, essential iron soaking
step highlighted in orange.

Hydrochar without iron supported on it was also synthesised by this method by removing the
iron soaking step (displayed in orange in Figure 3.4) and adding additional deionized water
(50 mL) in the reaction vessel during HTC in lieu of this solution. This was also separated into

hydrochar particles (38-212 um) and the smaller hydrochar powder (< 38 um).

Following this synthesis, the amount of ethanol in the solvent was varied during HTC to
examine the effect on the Fe/C synthesised. This was done by varying the amount of ethanol
in the Fe?*/Fe* soaking solution and sodium hydroxide processing solution (1 M, 50 mL)
Table 3.1.

Table 3.1 Ethanol/water mixture molar and volumetric concentrations used in synthesis
of Fe/C.

Ethanol Ethanol Ethanol in Fe?*/Fe®* Ethanol in sodium hydroxide
mol% vol% soaking solution (mL) processing solution (mL)

3.0 10 5 S

6.7 20 10 10

111 30 15 15

16.6 40 20 20

235 50 25 25

32.0 60 30 30

42.9 70 35 35

56.9 80 40 40

75.3 90 40 50
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Fe/C and hydrochar synthesised by this method were characterised by: AAS, catalytic testing,
XRF, FT-IR, SEM, XRD, adsorption testing, and BET surface area analysis the details are
presented in sections: 3.3.1, Error! Reference source not found., 3.3.3, 3.3.4, 3.3.8, 3.3.9,
REF _Ref80884212 \r\h 3.3.12, 3.3.13.

3.2.2. Synthesis of Magnetite Nanoparticles

Iron chloride hexahydrate (6.1 g) and iron sulphate heptahydrate (4.2 g) were dissolved in
deionized water (100 mL) and heated to 90 °C. When the desired temperature was reached,
ammonium hydroxide (25%, 10 mL) was added, and the solution was stirred for another 30 min
at 90 °C. The reaction mixture was cooled to room temperature and the solid magnetite
nanoparticles were collected by vacuum filtration and washed with deionized water

(3x 25 mL).

3.2.3. HTC of Dried Bread Waste (DBW)

Bread waste was stored in a cold room at 5 °C prior to drying in an oven (100 °C, 24 h). The
weight of dry and wet bread waste was measured and noted (Thermo Fisher Scientific MH-214
model analytical balance). The dried bread waste was ground using a pestle and mortar then
separated by particle size using 4 mesh sieves (Sigma Aldrich). This separated the dried bread
waste (DBW) into five different particle sizes; <63 um, 63-125 um, 125-250 um, 250-500 pm,
and >500 um. DBW (5 g) with particle size 63-125 um was made up into a 20 wt.% slurry in
deionized water (20 g). This slurry was transferred to a 50 mL EZ seal autoclave (Figure 3.2).
The reaction vessel was pressurised with either helium (He) or carbon dioxide (CO2). Slurry
was processed at three different temperatures (160, 180 or 200 °C) and three different retention
times (30, 60 or 90 min) under constant agitation with an impeller (500 RPM). After the
retention time the vessel was quenched in an ice bath. The solid (hydrochar) and aqueous
fraction were separated by vacuum filtration. Aqueous fraction was syringe filtered (0.2 pm)
and stored in a cold room at 5 °C. Hydrochar was collected, dried in an oven (100 °C, 24 h),
and stored in a cool dry place (Table 3.2). The resulting hydrochar was weighed to calculated
yield (Equation 3.1).

77



Table 3.2 Different HTC processing conditions investigated on DBW.

Temperature (°C)  Retention time (Min)  Pressurising gas

160 30 He
160 60 He
160 90 He
180 30 He
180 60 He
180 90 He
200 30 He
200 60 He
200 90 He
160 30 CO;
160 60 CO;
160 90 CO;
180 30 CO;
180 60 CO;
180 90 CO;
200 30 CO;
200 60 CO;
200 90 CO;

Weight of Dried Hydrochar

%X 100
Weight of Dried Ground Bread Waste Used

Hydrochar Yield (%) =

Equation 3.1 Calculation of bread waste hydrochar yield. Weight of dried bread
waste was 5 g = 0.01 g in all experiments.

Additional reactions were performed using central reaction conditions, 180 °C and 60 min,
pressurised with carbon dioxide (CO2). These were performed on the four other particle sizes
of DBW 63 um, 125-250 um, 250-500 pum, and >500 um. Ethanol/water mixtures detailed in
Table 3.3 were evaluated using the same 63-125 um DBW pressurised with helium (He).
Finally, a reaction using palmitic acid (PA) (3.4 g) instead of carbon dioxide (CO.) or He on
63-125 um DBW was also performed.
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Table 3.3 Ethanol/water mixtures used in HTC of DBW at 180 °C and 60 min under CO:a.

Ethanol (mL) Water (mL) Ethanol (wt.%) Ethanol (mol%)

2 18 8.1 3.0

4 16 16.5 6.7

6 14 25.3 11.1
8 12 34.5 16.6
10 10 44.1 235
12 8 54.2 32.0
14 6 64.8 42.9
16 4 75.9 56.9
18 2 87.7 75.3

All bread waste hydrochar was characterised by: FT-IR, TGA, Bomb calorimetry, SEM, and
CHNS analysis presented in sections: 3.3.4, 3.3.6, 3.3.7, 3.3.8, 3.3.11. The aqueous fraction
was analysed by GC-MS presented in section 3.3.5.

3.2.4. FT-IR of Different Alcohol/Water Mixtures

Alcohol/water mixtures were made up to a volume of 10 mL, measured by weight with a
Fischer Scientific MH-214 model analytical balance. Methanol, ethanol, and isopropanol water
mixtures were produced at 5 vol% intervals for analysis at room temperature and 10 vol%

intervals for analysis in the hydrothermal cell shown in Figure 3.1 (Table 3.4).
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Table 3.4 Methanol/water mixtures analysed using FT-IR.
Methanol (Q) Water (g)  Methanol (vol%) Methanol (wt.%) Methanol (mol%)

0.40 9.5 5 4.0 2.1
0.79 9 10 8.1 4.3
1.19 8.5 15 12.3 6.7
1.58 8 20 16.5 9.4
1.98 7.5 25 20.9 12.2
2.38 7 30 25.3 15.3
2.77 6.5 35 29.9 18.7
3.17 6 40 34.6 22.3
3.56 5.5 45 39.3 26.3
3.96 5 50 442 30.6
4.36 4.5 55 49.2 35.3
4.75 4 60 54.3 40.4
5.15 3.5 65 59.5 45.9
5.54 3 70 64.9 51.9
5.94 2.5 75 70.4 58.4
6.34 2 80 76.0 65.5
6.73 15 85 81.8 73.1
7.13 1 90 87.7 81.4
7.52 0.5 95 93.8 90.4

Table 3.5 Ethanol/water mixtures analysed using FT-IR.

Ethanol (g) Water (g) Ethanol (vol%) Ethanol (wt.%) Ethanol (mol%)
0.39 9.5 5 4.0 14
0.79 9 10 8.1 3.0
1.18 8.5 15 12.2 4.8
1.58 8 20 16.5 6.7
1.97 7.5 25 20.8 8.8
2.37 7 30 25.3 11.1
2.76 6.5 35 29.8 13.7
3.16 6 40 345 16.6
3.55 55 45 39.2 19.9
3.95 5 50 44.1 23.5
4.34 4.5 55 49.1 27.5
4.74 4 60 54.2 32.0
5.13 35 65 59.4 37.1
5.53 3 70 64.8 42.9
5.92 2.5 75 70.3 49.4
6.31 2 80 75.9 56.9
6.71 15 85 81.7 65.4
7.10 1 90 87.7 75.3
7.50 0.5 95 93.7 86.7
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Table 3.6 Isopropanol/water mixtures analysed using FT-IR.

Isopropanol (g) Water (g) Isopropanol (vol%) Isopropanol (wt.%) Isopropanol (mol%)

0.39 9.5 5 4.0 11
0.79 9 10 8.0 2.3
1.18 8.5 15 12.2 3.7
1.57 8 20 16.4 5.2
1.96 7.5 25 20.7 6.9
2.36 7 30 25.2 8.7
2.75 6.5 35 29.7 10.9
3.14 6 40 34.4 13.2
3.53 5.5 45 39.1 15.9
3.93 5 50 44.0 19.0
4.32 4.5 55 49.0 22.5
471 4 60 54.1 26.5
5.10 3.5 65 59.3 311
5.50 3 70 64.7 36.5
5.89 2.5 75 70.2 42.8
6.28 2 80 75.8 50.3
6.67 15 85 81.6 59.2
7.07 1 90 87.6 70.0
7.46 0.5 95 93.7 83.3

Ambient temperature analysis was performed using a Specac Quest ATR. Disposable glass
pipettes were used to transfer the solutions onto the ATR crystal. FT-IR spectroscopy
measurements were performed with resolution of 4 cm™ and 100 scans on a Shimadzu
IRAffinity-1S (Shimadzu, Kyoto, Japan) with a range of 400-4000 cm™ (Section 3.3.4). High
temperature and high pressure analysis was performed using the 22 mL Specac reaction cell
top plate for golden gate™ ATR (Section 3.1.2, Figure 3.1). For high temperature analysis the
alcohol/water mixtures were sealed in the reaction vessel which was pressurised with helium
(30 bar), and heated to 25, 50, 100, 150, 175, and 200 °C being held at temperature for analysis
using FT-IR. Analysis conditions were; resolution of 4 cm™, 250 scans, and a range of

400-4000 cm™*. Data produced were analysed by methods presented in Section 3.3.16.

3.2.5. Benchtop Sol-Gel Synthesis Procedures

For the metal salts precursors, a stock solution of 0.05 M hydrochloric acid was prepared from
concentrated HCI (32%, 1.23 mL, 1.43 g) in a volumetric flask (250 mL) up to the mark with
deionized water. Pluronic P123 (4.64 g) was dissolved in 0.05 M HCI (30 mL) and ethanol
(10 mL) to make a 0.02 M “organic” solution. Then the support metal, either aluminium
chloride hexahydrate (4.83 g) or tetraethyl orthosilicate (4.17 g) was dissolved in 0.05 M HCI
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(30 mL) and ethanol (10 mL) to make a 0.8 M “inorganic” solution. The catalytic metal salt
was dissolved in the inorganic solution and made to a concentration of 0.016 M in the solution.
The catalytic metal salts used were cobalt (11) nitrate hexahydrate, molybdenum (V) chloride,
vanadium (IV) oxide sulfate hydrate, and nickel (11) nitrate hexahydrate. The inorganic solution
was heated to 80 °C under reflux, to this solution the organic solution was added dropwise.
This solution was then heated under reflux to 160 °C for and held for 1 h. The solution was
aged at room temperature for an extended period to form a gel (>2 weeks). The gel was dried
inan oven (200 °C, 24 h), this dried gel was calcined in a furnace by ramping to 600 °C holding
for an hour, then further ramping to 800 °C and holding for an additional two hours. After this
the xerogel was collected, ground and stored in a cool dry place. The nomenclature for these
catalysts is the metal followed by support material with an affix for the state the material is in
e.g. nickel alumina as a catalyst is NiAl-Cat.

For the alkoxide precursors, pluronic P123 (3.48 g) was dissolved in ethanol (40 mL) to make
a concentration of 0.015 M. To this the catalytic metal salt was added and made to a
concentration of 0.012 M. The catalytic metals salts used were cobalt (11) nitrate hexahydrate,
molybdenum (V) chloride, vanadium (IV) oxide sulfate hydrate, and nickel (Il) nitrate
hexahydrate. Aluminium isopropoxide (4.90 g) was dissolved in ethanol (10 mL) and
concentrated nitric acid (68%, 10 mL) to make a concentration of 1.2 M solution. This alkoxide
solution was added dropwise under stirring to the pluronic P123 and catalytic metal solution.
This solution was used in Section 6.5. The solution was aged at room temperature for an
extended period to form a gel (>2 weeks). The gel was dried in an oven (200 °C, 24 h), and
then calcined in a furnace by ramping to 600 °C holding for an hour then further ramping to
800 °C and holding for an additional two hours. After this the xerogel was collected, ground
and stored in a cool dry place. Alkoxide synthesised catalysts have the prefix Alk, a table for

all the reference names is displayed (Table 3.7).
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Table 3.7 Reference nomenclature for the sol-gel catalysts synthesised with the additional

affixes Sol, Gel, Cat, colours are shown in Appendix 5.

Reference Metal Support Synthesis Colour of
Conditions Catalyst
NiAl Nickel Alumina Salt Light blue
CoAl Cobalt Alumina Salt Black
MoAl Molybdenum Alumina Salt White
VAI Vanadium Alumina Salt Dirty Green
NiSi Nickel Silica Salt Grey
CosSi Cobalt Silica Salt Dark grey
MoSi Molybdenum Silica Salt Mint green
VSi Vanadium Silica Salt Orange
AIKNiAl Nickel Alumina Alkoxide Light blue
AlkCoAl Cobalt Alumina Alkoxide Bright blue
AlkMoAl Molybdenum Alumina Alkoxide White
AlkVAI Vanadium Alumina Alkoxide Yellow

3.2.6. Aerosol Analysis (operando Raman)

For AASG syntheses, the freshly mixed solution was transferred into a nebuliser (aerosonic,
combineb model 3019) that delivered a mist of aerosol droplets into a trapping cell, the precise
configuration of which is described in Section 3.1.3. From this aerosol, a single droplet could
be trapped and lowered into the centre of an annular ceramic heater, with the applied power
then increased incrementally (0-14 W) to raise the internal temperature of the cell (< 200 °C).
Direct temperature measurements were not possible since the positioning of thermocouples
sufficiently close to the trapped droplet would disrupt the trapping beams. Instead, the cell
temperature was inferred from calibration measurements performed on an empty cell, where a
thermocouple could be positioned directly in the centre of the annular heater to measure the
temperature over a range of powers (Figure 3.5). The elevated temperature in the cell initiated
EISA and the incipient formation of the Ni/Al>Os catalyst, which was spectroscopically
analysed by operando Raman. Measurements were typically taken at the onset of trapping, and
subsequently at intervals of 10 or 30 s over the spectral range 500-3100 cm™ until the droplet
was lost from the optical trap. In this way, the catalyst formation could be spectroscopically

interrogated under conditions representative of the AASG process.
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Figure 3.5 Temperature calibration used for heated cell in Section 7.2.3.

3.3. Characterisation and Analysis Techniques

3.3.1. Acid Digestion of Fe/C and Production of Iron Standards for Analysis by
AAS

A stock solution of 1:3 nitric: hydrochloric acid (aqua regia) was made by mixing concentrated
nitric acid (30 mL) with concentrated hydrochloric acid (90 mL). A stock solution of 1% nitric
acid was prepared by transferring concentrated nitric acid (15 mL, 64-66%) to a 1 litre
volumetric flask and making it to the mark with deionized water. Iron standards were produced
to provide a calibration curve for the absorbance in the Perkin Elmer AAS AAnalyst 400
(Perkin Elmer, Massachusetts, USA). Iron powder (0.1 g) was dissolved in aqua regia (10 mL)
under gentle heating (80 °C) for 4 h. This solution was transferred to a 100 mL volumetric flask
and made to the mark with 1% nitric acid. This solution was diluted by transferring 30 mL into
a 100 mL volumetric flask and made to the mark with 1% nitric acid to produce a 1000 ppm
Fe standard. This was further diluted by transferring 5 mL of the 1000 ppm Fe standard into a
50 mL volumetric flask and making to the mark with 1% nitric acid to make a 100 ppm Fe
standard. Dilutions were performed from this 100 ppm Fe standard to make the final calibration

standards in 50 mL volumetric flasks following (Table 3.8).
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Table 3.8 Dilutions from 100 ppm Fe stock used to produce the iron standards for AAS
analysis.

Standard (ppm) Volume of 100 ppm Fe Stock (mL) Volume of Deionized Water (mL)

2 1 49
4 2 48
6 3 47
8 4 46
10 5 45
12 6 44

For the Fe/C produced by 3.2.1. Fe/C (0.02 g) was weighed out and carbonised (400 °C, 2 h).
The remaining material was then dissolved in aqua regia (10 mL) under gentle heating (80 °C)
for 4 h. This solution was cooled and decanted into a 100 mL volumetric flask and made to the
mark with 1% nitric acid. This solution was diluted by transferring 10 mL into a 100 mL
volumetric flask and making to the mark with 1% nitric acid [278]. All samples were analysed
on Perkin EImer AAS AAnalyst 400 (Perkin Elmer, Massachusetts, USA).

3.3.2. Catalytic Testing - Hydroalkoxylation of Phenylacetylene with Ethylene
Glycol

The catalytic performance of Fe/C was evaluated in the hydroalkoxylation of phenylacetylene
with ethylene glycol, yielding 2-benzyl-1,3-dioxolane (2B13D) as the desired product (Figure
3.6) [272], [273]. lodobenzene (1 mmol, 0.20 g/0.11 mL), phenylacetylene (2 mmol,
0.20 g/0.22 mL), potassium carbonate (2 mmol, 0.276 g), and catalyst (0.25 mmol iron oxide,
magnetite nanoparticles 0.058 g, Fe/C and hydrochar 0.116 g) were dissolved in ethylene
glycol (3.34 g / 3 mL) and stirred for 48 h under reflux. The solid material was then separated
using an external magnet. Deionized water (5 mL) and hexane (5 mL) were then added to the
remaining solution and the hexane layer separated. The hexane extract was analysed by GC-MS
method presented in Section 3.3.5 with 2-benzyl-1,3-dioxolane (2B13D) calibration curve and

dibenzofuran internal standard R? = 0.991.
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Figure 3.6 Schematic of the hydroalkoxylation of phenylacetylene with ethylene glycol to
yield 2-benzyl-1,3-dioxolane (2B13D).

3.3.3. X-ray Fluorescence (XRF)

XRF analysis of the Fe/C produced by 3.2.1 was performed on an Olympus delta DP-2000-C
(GP Technical Equipment, Savannah, USA) using a titanium filter, tube voltage of 15 kV and
a current of 55 pA. These conditions are selected because they provide the ideal analysis of
light elements Fe and below. Fe/C particles and powder samples were transferred to into
transparent polymer containers which the X-rays could penetrate without providing
interference signals in the XRF results. This analysis measures iron content accurately at the
depth that the X-ray laser penetrates the solid material. Quantification was performed with
calibration standards produced from magnetite (iron(ll,111) oxide) and activated carbon

following Table 3.9.

Table 3.9 Weights used for production of the standards for XRF analysis.
Wt.% Fe Fes04 (9) Activated carbon (g)

0 0.000 0.500
5 0.052 0.448
10 0.104 0.396
15 0.155 0.345
20 0.207 0.293
25 0.259 0.241
30 0.311 0.189
35 0.363 0.138
40 0.414 0.086
45 0.466 0.034

3.3.4. Fourier-Transform Infrared (FT-IR) Spectroscopy

FT-IR measurements were performed with a Shimadzu IRAffinity-1S. Resolution used was
always 4 cm™, with a scanning range between 4000-400 cm™, average scans varied between
100 and 4000. A Specac Quest ATR Diamond Accessory (Specac, Orpington, UK) was used

for ambient condition measurements. A Specac Golden Gate™ ATR Reaction Cell used for
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high temperature/pressure analysis Section 3.1.2. Stirrer used at 10 V/50 RPM; external
cooling provided by 5 mm diameter tubing with constant running water. Internal heating was
controlled using a Golden Gate High Temperature Top-Plate + Controller (Specac, Orpington,
UK).

3.3.5. Gas Chromatography-Mass Spectrometry (GC-MS)

Analysis of volatiles within the aqueous fractions produced during HTC was performed on a
Shimadzu gas chromatograph mass spectrometer QP2010 SE (Buckinghamshire UK). Prior to
analysis samples were syringe filtered using Fisherbrand nylon syringe filter (25 mm diameter
0.2 um pore size) to remove small particles. Analysis was carried out using a DB5-MS column
(24.5m, 0.25 mm, 0.25 um) 1 puL of aqueous phase was injected at 250 °C with an initial oven
temperature of 40 °C which was raised to 240 °C at 10 °C min. High purity helium (A Grade,

99.996%, BOC) was used as a carrier gas at a flow rate of 1 mL min™.

3.3.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on Perkin Elmer TGA 4000 (Perkin Elmer,
Massachusetts, USA). This provided proximate analysis of the hydrochars (moisture, fixed
carbon (FC), volatile matter (VM), and ash). The program method used was as follows: initial
holding temperature 40 °C for 5 minutes under N2 atmosphere (100 mL min™), after initial
holding period temperature ramped at 10 °C min* until 800°C. Finally, the flow gas was

changed to oxygen (50 mL min™).

3.3.7. Bomb Calorimetry

Calorific analysis of energy content was performed by bomb calorimetry using a Parr 6100
Calorimeter (Parr, Illinois, USA) analysis conditions used were: 30 bar oxygen, 10 cm ignition
wire. The calorimeter was calibrated using benzoic acid of a known calorific value. The
samples analysed were produced by method following Section 3.2.3. Analysis was performed

on samples of mass between 0.3 and 0.5 g. In the case of a misfire the analysis was repeated.

3.3.8. Scanning Electron Microscopy (SEM)

SEM was performed to analyse the surface structure and morphology of solid materials. The
analysis was performed on a JEOL JSM 1010LA SEM (Jeol, Tokyo, Japan). Sample
preparation involved dispersion of solid (0.01 g) into hexane (5 mL) and pipetting a single

87



droplet onto the surface of carbon tape attached to a 10 mm cylinder SEM stub. Non-conductive
samples were sputter coated in a 10 nm layer of gold using an Emscope Sputter Coater (Emazer,

Barcelona, Spain) to improve SEM imaging resolution.

3.3.9. X-ray Diffraction (XRD)

Bruker D2 Phaser XRD (Bruker, Massachusetts, USA) was used to analyse the crystal structure
of the solid materials. Standard analysis was performed using a Cu tube with 1.54184 A,
scanning for 1 second at increments of 0.02° between 24 and 65°. Following this, data

acquisition analysis was performed using PDF4+ as well as MATCH! XRD analysis software.

3.3.10. Raman Spectroscopy

Bulk Raman spectroscopy was performed on a Renishaw inVia Raman microscope (Renishaw,
Gloucestershire, UK) fitted with a green laser (514 nm). Solid samples were analysed on a
glass microscope slide using a 50x objective lens and optimised Raman laser focussing.
Analysis settings were: 60 seconds exposure time, 20 acquisitions averaged, with cosmic ray
removal, full analysis range 50-4000 cm. Liquid samples were analysed in glass vials using a

5% objective lens and matching analysis settings.

3.3.11. CHNS (Carbon, Hydrogen, Nitrogen, Sulphur) Elemental Analyser
Carbon, hydrogen, nitrogen, sulphur analysis was performed on Thermo Fisher Flash 2000 EA
(ThermoFisher, Massachusetts, USA). Hydrochar samples produced using 3.2.3 were prepared
for analysis by weighing out 2-5 mg into a silver capsule, in addition to this 3-5 mg of vanadium
pentoxide was added to ensure complete combustion. The instrument was calibrated using 2,5-
bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene (BBOT) which has known carbon, hydrogen,
nitrogen, sulphur, and oxygen percentages.

3.3.12. Adsorption Studies with Ultraviolet-Visible Spectroscopy Analysis

Adsorption capacity and rate of adsorption was investigated using kinetic and isothermal
adsorption experiments. These were performed with 0.01 g of adsorbent in 25 mL of methylene
blue solutions at 4-40 ppm (isothermal) and retention times from 0.25 to 24 h (kinetic) in an
Infors HT multitron shaker at 30 °C and 180 RPM. Fe/C was subsequently magnetically
separated while hydrochar was separated by filtration and the remaining solutions analysed
using a Genesys 150 UV-Vis spectrophotometer (ThermoFisher, Massachusetts, USA) A =
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634 nm. The amount of methylene blue adsorbed, ge (mg g*) and g: (mg g*) were calculated

as shown in Equation 3.2.

|4 |4
qe=(C0—Ce)><W th(CO_Ct)XW

Equation 3.2 Calculation of methylene blue adsorption where Co and Ce are initial
and equilibrium concentrations of the methylene blue (mg L), V is the volume of solution
(L), and W is the weight of the adsorbent used (g).

3.3.13. Brunauer-Emmett-Teller (BET) Surface Area Analysis

BET surface area analysis was performed on Quadrasorb Surface Area Analyzer and Degasser
(Quantachrome, Florida, USA). Analysis performed by Dr Leila Negahdar at the Central Laser
Facility, Rutherford Appleton Laboratory, Harwell, UK.

3.3.14. X-ray Photoelectron Spectroscopy (XPS)

Surface composition was examined using X-ray photoelectron spectroscopy (XPS), performed
on Kratos Supra (Kratos Analytical Ltd, Manchester UK) instrument with a monochromated
aluminium source two analyses per sample, each of area 700 um by 300 pum. Survey scans
were collected between 1200 to 0 eV binding energy, at 160 eV pass energy, 1 eV intervals,
and 300 seconds/sweep with one sweep being collected. High-resolution Fe 2p, O 1s, C 1s, N
1s, and In 3d were also collected. Data was analysed using CasaXPS software. Analysis
performed by Dr Debbie Hammond at the Sheffield Surface Analysis Centre.

3.3.15. Magnetisation Superconducting Quantum Interference Device (SQUID)
Magnetisation was measured using a Quantum Design (London, UK) SQUID Vibrating
Sample Magnetometer MPMS3. Analysis performed by Dr Richard Rowan-Robinson the

Department of Material Science and Engineering at the University of Sheffield.

3.3.16. Perturbation Induced 2-D Correlation Analysis and Deconvolution of
FT-IR Alcohol/Water Mixture Data

Computational analysis was performed on the FT-IR data obtained in Section 3.2.4, this is
discussed in Chapter 4. The data was analysed and plotted using Microsoft Excel, Matlab, and
Origin Pro. The deconvolution of peaks was performed in Origin Pro using the “peak analyser”.
This modelled the peaks under a Gaussian curve by selecting two points and fitting for the best
fit.

89



Synchronous and asynchronous 2D correlation spectroscopy contour plots were obtained
following the tutorial presented by Noda [279]. Initially a dynamic spectrum A must be
calculated (Equation 3.3). Therefore, the average intensity at each wavenumber (j) is obtained
to produce the average spectrum (A(vj)). At which point the dynamic spectra A(vj,ti) for each
perturbation (ti) is obtained by subtracting the average spectrum (A(v;)) from the obtained

spectrum A(vj,tj) at that perturbation.

A(Vj, tl) = A(Vj, tl) - A(Vj)

A = 1> a.0)

Equation 3.3 Calculation of dynamic spectrum (A) from reference spectrum (A) and
obtained spectrum (A).

The synchronous correlation data is then obtained following Equation 3.4. This equation
measures the similarity among spectral intensity variations along the perturbation variable (t;).
The simplified matrix representation of this inserts the reference spectra (A) and the transposed
reference spectra (AT) to produce the synchronous output (¢). This is then plotted using a

contour plot to obtain the synchronous 2D correlation spectrum.

m
1 ~ -
d(vy,v2) = —1 z A(vy, t) -A(va, t)
i=1
_ K. AT
¢ m-—1

Equation 3.4 Calculation of synchronous correlation variable (¢).

The asynchronous correlation data is obtained through application of the Hilbert-Noda
transformation (Nix) [280]. Which is given by the matrix displayed in Equation 3.5. This matrix
is then applied to the dynamic spectra previously obtained to produce the asynchronous

correlation variable (W) which can be plotted in a contour plot.
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Equation 3.5 Calculation of Hilbert-Noda transformation matrix.

Y = ; -N-A-AT

m-—1

Equation 3.6 Matrix calculation of asynchronous correlation variable (V).
The 2D spectra were plotted on contour maps with the x and y axis as the wavenumber and the
synchronous and asynchronous spectrums as the z axes. This was performed with two different
perturbations composition and temperature from ambient and raised temperature experiments,
respectively. For transparency and clarity the full matlab code used for 2D correlation analysis
and plotting is shown below:
D={INSERT COMPILED DATA HERE}; %Compile spectra data as wavenumber variables
(vertically) in different columns and perturbation variables (horizontally) in different rows
W=Wavenumber; %Values displayed in different columns (horizontally)
m ={INSERT NUBER OF PERTUBATIONS HERE); % Number of perturbations is given by
rows (horizontal) in the data
R = mean(D); %This averages the data displayed in the columns and produces the reference
spectra
A =D - R; %This produces the dynamic spectra
Syn = (1/(m-1)).*(A")*A;
Syn(Syn<0.001 & Syn>-0.01) = NaN; %Noise in data is eliminated for plot
[C,h]=contourf(W,W,Syn); %Synchronous data is then plotted into a filled contour plot
axis square
xlabel("Wavenumber (cm”-"1)");
ylabel("Wavenumber (cm”-"1));
box off
set(gca, FontSize',24)

set(gca, 'FontName', 'Times New Roman’)
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c.LineWidth = 1;
clabel(C,h)

n =m; %Following this Asynchronous data is calculated

Z = zeros(m,n);

forj=1:m
fork=1:n

if j ==k)
Z(j,k)=0;

else
Z(j,K)=1/(k-j);
end

end

end

N = Z*(1/pi);

ASyn = (1/(m-1)).*(A")*N*A,;

ASyn(ASyn<0.001 & ASyn>-0.01) = NaN; %Noise in data is eliminated for plot
contourf(W,W,ASyn) %Asynchronous data is then plotted into a filled contour plot
axis square

xlabel("Wavenumber (cm”-"1)";

ylabel("Wavenumber (cm”-"1)";

box off

set(gca, FontSize',24)

set(gca, 'FontName', 'Times New Roman’)

c.LineWidth = 1;

3.4. Fundamentals of FT-IR and Raman Spectroscopy

FT-IR or Raman spectroscopy (which are complementary techniques) permeate each results
and discussion chapter within this thesis. Chapter 4 involves the in depth analysis and
deconvolution of FT-IR data of alcohol/water mixtures. Both Chapter 5 and Chapter 6 use
FT-IR to analyse the surface functionality of hydrochar and catalyst samples. Finally Chapter
7 uses Raman spectroscopy as its primary analytical tool in examining the early changes within

trapped aerosolised droplets and bulk equivalents. Therefore the function of this subchapter is
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to demonstrate a basic understanding of FT-IR and Raman techniques to allow for unperturbed
discussion of the data in the results and discussion chapters. The information laid out here is
not exhaustive and gives only a broad simplistic explanation of the fundamental science

without insight into specific instrumentation variations and advances.

Spectroscopy is the study of the interaction of electromagnetic waves with matter.
Electromagnetic waves are categorised by their wavenumber/wavelength into the
electromagnetic spectrum Figure 3.7 [281]. Electromagnetic radiation is a combination of
periodically oscillating electric and magnetic fields, these oscillate at the same frequency but
at perpendicular orientation [251]. Spectroscopy as an analytical tool has been instrumental in
the development of many different industrial and research areas including biology, medicine,
chemistry, and physics.

- Visible -
Wavelength A 200 nm 380 nm 455 nm 495 nm 575 nm 595 nm 620nm  780nm 2.5um
| Near-uv | Violet Blue Green Yellow Orange Red MNear-IR
10pm 100 pm 1nm 10 nm 100 nm 1pum 10 um 100 um 1mm 10 mm 100 mm

| yprays | X-rays ‘ Vacuum UV | . .| Mid-IR " FarR Microwaves : Radio |
i

Figure 3.7 The full electromagnetic spectrum displaying all frequencies with respect to
their wavelength ranges [282].

3.4.1. FT-IR Spectroscopy

Infrared (IR) and Raman spectroscopy are often coupled together because they yield
complementary information which can be combined together for in depth structural analysis
[283]. Infrared spectroscopy looks at the vibrational absorption of infrared radiation whilst
Raman spectroscopy analyses the inelastic Raman scattered light produced by UV-visible
radiation [284], [285].

The IR region of the electromagnetic spectrum is between 14000-10 cm™, in IR spectroscopy
this is further subdivided into near (14000-4000 cm™), mid (4000-400 cm™), and far
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(400-10 cm™) [284], [286]. Near is used to study overtone and harmonic or combinational
vibrations, mid is used to study fundamental vibrations, and far is used to study the low heavy
atom vibrations (e.g. metal ligands). In this research mid-IR spectroscopy is used exclusively.
IR absorption occurs because the electromagnetic radiation interacts with the polarity of
chemical bonds in the molecules. The polarity is due to dipole moments, thus if no dipole
moment is present in a chemical bond there is no infrared interaction (no signal). The frequency
of the absorbed IR is the same as the molecular vibration in the dipole moment. The number
of vibrational modes in a molecule can be calculated using the equation 3N-6 for non-linear
molecules and 3N-5 for linear molecules where N is the number of atoms. When two
vibrational modes have the same frequency (and thus wavenumber) they are said to be
degenerate. Vibration-rotation spectra are observed for gaseous samples, whereas liquid and

solid spectra are purely vibrational.

Vibrations involve either a change in bond length (stretch) or bond angle (bend). The stretching
vibrations are further subdivided if they are in phase known as symmetrical (s) whilst out of
phase is asymmetrical (as) [284], [287], [288]. Bending vibrations are further complicated by
the division of in-plane and out-of-plane bending known as deformation (or bend), rock, wag,
and twist. These vibrations are displayed visually in Figure 3.8 along with the Greek letter
assignments for each type of vibration. Characteristic or group vibrations occur at approximate
wavenumbers, these provide clues for identifying compounds and their substructures using IR.
For example, C=0 symmetric stretch (vs) occurs at roughly 1706 cm™ with a strong sharp peak,

this characteristic peak allows for quick identification of carbonyl groups.
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Figure 3.8 Classifications of fundamental vibrational absorbances which are observed in
IR spectroscopy.

These IR absorbances are further complicated by overtones and combination bands, fermi
resonance, and coupling [284], [287]. First overtone bands occur when vibrational energy
transitions from the base level to two levels above, this can be applied further and yield second,
third, fourth, etc. overtone bands. Functionally the overtone bands occur at twice that of the
initial fundamental vibrations. Combination bands occur when two fundamental bands absorb
energy simultaneously; the wavenumber is the combination of both their respective
fundamental absorption bands. Fermi resonance is a phenomenon whereby an overtone or
combinational band has the same wavenumber position as a fundamental vibration, this causes
them to both be shifted in opposite directions and form a doublet. Vibrations in the skeletal
structure of molecules can become coupled, this means that vibrations are not limited to one or

two bonds causing shifts in the bond absorption positions.

IR spectrometers have been commercially available since 1940, these spectrophotometers

relied on prisms as their dispersive element to select the wavelength to be analysed and detected
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[284], [286]. A significant improvement on these spectrometers came with the invention and
implementation of Fourier-transform infrared spectrometers (FT-IR) which allowed for
concurrent analysis of all wavelengths of IR radiation. This required the combination of the
Michelson interferometer which merged two light sources together to create an interference
pattern and the mathematical process of Fourier transforming the obtained data. Additionally
there are different sampling handling techniques each of which are better suited for different
phases and sample structures. The main four sample handling techniques are attenuated total
reflection (ATR), diffuse reflectance (DRIFTS), true specular reflectance/reflexion

(absorption), and transmission.

3.4.2. Raman Spectroscopy

Raman spectroscopy analyses the signal from Raman scattering when an intense
monochromatic beam of electromagnetic radiation is exposed to a sample [289]. When the
energy hits the sample, it is absorbed, transmitted, and scattered. This scattering can be thought
of as a two-photon process, where one photon of energy from the beam of energy excites a
photon in the sample to a higher virtual state. This then relaxes down and emits a photon which
is the scattered energy observed. Ninety nine percent of this scattered energy is Rayleigh
scattering which has the same frequency (energy) as the incident radiation. The remaining 1%
of the scattered energy is Raman scattering, which has a different frequency to the incident
radiation [285]. This Raman scattering can be further broken down into Stokes which has a
lower energy than the incident radiation and anti-Stokes which has a higher energy than the
incident radiation. This occurs when the photon either relaxes down to a higher energy state or
is evolved from a higher energy state for Stokes and anti-Stokes, respectively. The energy level

diagram displaying these changes is shown in Figure 3.9.
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Figure 3.9 Energy level diagram depicting Rayleigh and Raman scattering.

The sample is distorted on a molecular level when it is subjected to the electromagnetic
radiation. This distortion is caused by the electrons being attracted to the positive pole and
nuclei being attracted to the negatively charged pole of the electromagnetic field, this produces
a dipole moment within the molecule [285]. This distortion is caused by polarizability of the
electron cloud within the perturbed molecule; therefore Raman scattering is only observed
when a molecule is polarisable [290]. To put it more succinctly a bond vibration is Raman
active when the dipole moment of the molecule is changed, this is known as a polarisable bond.
The Raman scattering signal is usually plotted in intensity (counts) as a function of the Raman
shift (cm™) which is the difference in frequency between the incident radiation and the scattered
radiation [289]. This means that the symmetry of a molecule defines what vibrations are Raman
and IR active, therefore symmetric vibrations are studied by Raman spectroscopy and
asymmetric vibrations using IR spectroscopy. Raman spectroscopy provides complementary
information to that of IR spectroscopy, thus using them in tandem unlocks the potential for full

molecular dynamic analysis.

A Raman instrument consists of four parts; an excitation source, collection optics, wavelength

selector, and a detector [289]. Whilst Rayleigh and Raman scattering are produced in all
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directions from the sample the most common instrumental configurations are at 90 and 180
degrees to the incident beam [285]. The main challenge in Raman analysis is the elimination
of the large amount of Rayleigh scattering and selection of the relatively weak Raman
scattering. Older Raman spectrometers used single grating-based monochromators whilst

newer models are fitted with Rayleigh line filters which offer increased optical throughput.
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Chapter 4 Vibrational Analysis of Alcohol/Water Mixtures Under
Hydrothermal Conditions using FT-IR

As previously discussed in Section 2.1.4, binary alcohol/water mixtures are unique and have
long intrigued physical chemists [94]. They are a low cost useful industrial solvent medium for
a variety of chemical reactions and separation processes [291]. The unique properties of binary
alcohol/water mixtures are likely attributed to both direct alcohol-water hydrogen bonding and
hydrophobic hydration interactions. Vibrational spectroscopy is a critical tool for probing and
understanding the structure and dynamics of water and other aqueous systems [292]. However,
theoretical modelling of the fundamental vibration transitions in water is difficult and cannot
reach agreement with experimental data. Therefore, the further complication provided by the
addition of alcohol interactions necessitates the use of experimental vibrational spectroscopy.
Mid-infrared spectroscopy is considered to be one of the most promising methods for
identifying the formation of alcohol hydrates by examining the hydrogen bonding dynamics
between different O-H groups [293]. This chapter focuses on the analysis of alcohol/water

mixtures using Fourier transform infrared (FT-IR) spectroscopy.

The data for the spectra are analysed in three different stages, firstly peak assignment and
qualitative analysis is performed on whole spectra, this is followed by peak deconvolution of
the overlapping peaks in O-H stretching region, and finally 2-dimensional (2D) correlation
analysis is performed using both temperature and alcohol molar concentration as perturbations.
The alcohols investigated in this section were methanol, ethanol, and isopropanol, the
compositional mixtures which were studied are displayed in Section 3.2.4. The aim of this
research is to utilise FT-IR to gain further insight into the structure of alcohol/water systems at

raised temperatures and pressures.

4.1. Analysis and Assignment of Alcohol/Water Mixture FT-IR Spectra
4.1.1. Full FT-IR Assignment for Ambient Water, MeOH, EtOH, and IPA

To understand more effectively the intermolecular and intramolecular bonding variations
which are being observed in the FT-IR spectra it is imperative that a full analysis and peak
assignment is performed for water, methanol (MeOH), ethanol (EtOH), and isopropanol (IPA).
This analysis allows any observed peak shifting, broadening, and changes in intensity to then
be attributed to changes within the physical structure of the alcohol/water system which are

related to the non-ideal behaviour of the mixtures which is discussed previously and well
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reported. The full FT-IR spectra for pure ambient liquid water, methanol, ethanol, and
isopropanol are displayed in Figure 4.1 and the tabulated peak assignments are shown in Table
4.1, Table 4.2, Table 4.3, & Table 4.4.

| L

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm )

Figure 4.1 FT-IR spectra full range for ambient water, MeOH, EtOH, and IPA analysed
using a Shimadzu IRAffinity-1S spectrometer fitted with a Specac ATR plate. Analysis
conditions: scans 100, resolution 4 cm, absorbance mode.

Water is a non-linear molecule which contains only three atoms. Following the equation 3N-6
there are 3 different characteristic absorbances for a single water molecule. These are O-H
scissoring, and O-H stretching, both symmetric and asymmetric. The assignments for these in
the most common isotopologue of water (*H2'°0) are 1594.7, 3653.1 and 3755.9 cm™
respectively [294]. In practice, the analysis of gas-phase, liquid phase, or frozen water do not
show only these simplistic absorbances as single sharp peaks (Figure 4.2). There are a
multitude of different peaks present in the FT-IR of gaseous water, these occur because water
has a very small moment of inertia on rotation causing a rich tapestry of vibrational-rotational
bands. In liquid and solid (frozen) water the stretching vibrations are redshifted and broadened
[63]. This is predominantly caused by the multitude of different hydrogen bond environments
which absorb at different wavenumbers. The effect of hydrogen bonding is to increase the IR
intensity and lower the O-H stretching frequency, thus lower the wavenumber the more

intermolecular bonding is present between the water molecules.

Both symmetric and asymmetric OH stretching modes are also present and overlapping, further
complicating the spectra. Additionally, in liquid water, OH scissoring overtones are observed
at approximately 3250 cm™ which overlaps with these mixed and broadened OH stretching

modes. It can be observed that frozen water has a sharp peak which is at lower wavenumbers
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compared to the liquid water. This is because the water molecules are locked into a heavily
ordered hydrogen bonded environment, therefore most water molecules have the same amount
of hydrogen bonding which is more than that of liquid water. Researchers have used infrared
and Raman spectroscopic techniques to analyse this OH stretching region and provide
insightful information in the microscopic hydrogen-bond network of water in aqueous
solutions. It is common to use deconvolution to separate out some of the different hydrogen
bonding environments which are then assigned to clusters [293], [295], [296]. Deconvolution
of the obtained data in this research is presented in Section 4.2. The structure and dynamics of
the hydrogen bonding network in water also depends on local molecular structure,
concentration, and co-solvents, as well as already explained temperature effects [296].
Therefore investigation into the OH stretching region of alcohol/water mixtures using FT-IR
can provide an understanding of the molecular dynamics and structure, expanding upon the

research into the cause and implications of their non-ideal behaviour.
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Figure 4.2 FT-IR spectra for water vapor, liquid, and ice between 4000-2800 cm-! [294].

FT-IR spectra for alcohols have additional vibrational absorbances stemming from the C-H
and C-O bonds. In alcohols the C-H bond typically has stretching modes between
2700-2975 cm™ and bending modes located from 1300-1500 cm™. C-O has stretching modes
between 1050-1205 cm™, the wavenumber is higher the more structurally hindered the alcohol.
So primary alcohols have C-O stretching at lower wavenumbers and tertiary alcohols at the
higher wavenumbers. Methanol, the most simplistic primary alcohol, has twelve normal modes

of vibration. There is only one O-H stretching vibration because there is only a single bond
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thus no symmetry to allow for symmetric or asymmetric stretching variations. However this
O-H stretching region is broadened by the coexistence of many different hydrogen bond
environments just as is observed with water O-H stretching, therefore a broad peak is observed
around 3308 cm™. There are three C-H stretching modes observed next to the O-H stretching
between 2800-3000 cm™. A particularly complicated region of the methanol spectra is found
between 1600-1300 cm, here there are three different C-H bending modes and one O-H
bending mode. However there are also many different combinational bands and coupled peaks
from fermi-resonance making this section difficult to interpret. Moving down the spectra there
are weak absorbances from the rocking of the methyl groups at 1120 and 1153 cm™. There is
a very sharp peak coming from the C-O stretching vibrations at 1022 cm™. Finally the broad
absorbance centred at 636 cm™ comes from O-H---O torsion. The FT-IR spectra for ethanol
and isopropanol have more different local environments of these fundamental vibrations with
no new fundamental vibrations. Therefore the spectra for ethanol and isopropanol contain more
peaks within the same ranges explained for methanol. New skeletal absorbances are present in
these though because of the larger backbone. A full breakdown of the assigned absorbances for
water, methanol, ethanol, and isopropanol is displayed for reference in Table 4.1, Table 4.2,
Table 4.3, Table 4.4, respectively.

Table 4.1 The assignment of identified absorbance bands in ambient water from the

spectra in Figure 4.1 with intensity (vw = very weak, w = weak, m = medium, s = strong,
vs = very strong, sh=shoulder br = broad).

Wavenumber (cm™)  Intensity Assignment
925-400 br Librations (hindered rotations)
1636 s, br d O-H; scissoring (symmetric in-plane bend)
3090 s, br 26 O-H; scissoring overtone (symmetric in-plane bend)
3280 s, br vs O-Hz symmetric stretching
3490 s, br vas O-Hz asymmetric stretching
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Table 4.2 The assignment of identified absorbance bands in MeOH from the spectra in
Figure 4.1 with intensity (vw = very weak, w = weak, m = medium, s = strong, vs = very

strong, sh=shoulder br = broad).

Wavenumber (cm™)
636
1022
1120
1153
1418
1449
1472
1506
2830
2943
2980
3308

Intensity
s, br
VS
w
VW
w, sh
m, sh
m, sh
m, sh
m
m
w, sh
s, br

Assignment
3 O-H---O torsion
v C-O stretching
p -CHa rocking (asymmetric in-plane bend)
p -CHa rocking (asymmetric in-plane bend)
& O-H bending (in-plane bend)

& C-Hs scissoring (symmetric in-plane bend)
® C-Hs wagging (symmetric out-of-plane bend)
1 C-Hs twisting (asymmetric out-of-plane bend)

vs C-Hs symmetric stretching
vas C-Hs asymmetric stretching
vas C-Hz asymmetric stretching
v O-H stretching

Table 4.3 The assignment of identified absorbance bands in EtOH from the spectra in
Figure 4.1 with intensity (vw = very weak, w = weak, m = medium, s = strong, vs = very

strong, sh=shoulder br = broad).

Wavenumber (cm™)
434
637
804
880
1045
1088
1149
1273
1325
1379
1418
1456
1489
2876
2889
2928
2972
3312

Intensity
m
s, br
w, sh

Assignment
& C-C-0 bending
3 O-H---O torsion
p C-H. rocking (asymmetric in-plane bend)
v C-C-O skeleton stretching
v C-O stretching gauche
v C-O stretching eclipsed
p -CHa rocking (asymmetric in-plane bend)
T C-H; twisting (asymmetric out-of-plane bend)
6 O-H bending (in-plane bend)

6 C-Hgs scissoring (symmetric in-plane bend)
® C-H, wagging (symmetric out-of-plane bend)
p C-H. rocking (asymmetric in-plane bend)

& C-Hgs scissoring (symmetric in-plane bend)
vs C-H2 symmetric stretching
vs C-Hs symmetric stretching
vas C-H2 asymmetric stretching
vas C-Hs asymmetric stretching
v O-H stretching
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Table 4.4 The assignment of identified absorbance bands in IPA from the spectra in
Figure 4.1 with intensity (vw = very weak, w = weak, m = medium, s = strong, vs = very
strong, sh=shoulder br = broad).

Wavenumber (cm?)  Intensity Assignment
419 m & C-C-0 bending
488 w & C-C-0 bending
637 s, br 3 O-H---O torsion
816 S v C-C-O skeleton stretching
951 VS v C-C stretching
1107 s, sh p -CHjs scissoring (symmetric in-plane bend)
1128 S v C-O stretching
1159 S p -CHjs rocking (asymmetric in-plane bend)
1306 m, br & O-H bending (in-plane bend)
1341 w & C-H bending
1368 m, sh & C-Hjs scissoring (symmetric in-plane bend)
1406 w o C-Hz wagging (symmetric out-of-plane bend)
1458 w, sh p C-H; rocking (asymmetric in-plane bend)
1466 m 6 C-Hs scissoring (symmetric in-plane bend)
2884 m vs C-H; stretching
2930 m vs C-Hs symmetric stretching
2970 S vas C-Hs asymmetric stretching
2980 w, sh vas C-Hz asymmetric stretching
3327 s, br v O-H stretching

4.1.2. Peak Analysis of Ambient Alcohol/Water Mixtures as a Function of Mol%

Vibrational frequencies in the FT-IR spectra are very sensitive to the local molecular
environment, including intermolecular interactions such as hydrogen bonding [297]. Therefore,
the FT-IR spectra can be related to the structure of the liquid. Herein, O-H stretching, and C-O
stretching, vibrational bands of the alcohol/water systems have been analysed for broadening,
shifting, and intensity changes. These are given as full width half maxima (FWHM), peak
maxima position, and peak maxima intensity in absorbance. These vibrational bands are among
the largest in the FT-IR spectra, they are also corresponding to some of the functionalities
participating in hydrogen bonding in water and methanol for O-H and C-O respectively.
Additionally O-H stretching is present in both pure water and alcohol systems, C-O stretching
is present in only alcohols, allowing for the changes in the hydrogen bond dynamics of the

alcohol to be singled out.

Blueshifting (an increase in wavenumber) of a vibrational band corresponds to a reduction in
hydrogen bonding (and related intermolecular interactions) in the aqueous system [298].
Breadth (FWHM) of a vibrational absorbance can be related to the number of different
hydrogen bonding systems attached to the functionality [299]. Finally as demonstrated by the

Beer-Lambert law absorbance in the FT-IR spectra is proportional to concentration [300]. This
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relationship has been used to successfully determine the concentration of a dissolved solute.
However, this becomes problematic when strong intermolecular interactions alter dipole
moments creating non-linear intensities. Therefore, the non-linear changes in intensity in the
binary alcohol/water mixtures are identified by determining the excess peak maxima intensity
following Equation 4.1. Calculated excess intensity (ExI) shows if the intensity of the peak is
higher (positive) or lower (negative) than would be expected for a binary mixture of the

alcohol/water mixture based on the peak intensities of pure substances.
(ActIPWater — ActIPOH)
Prel =

100
ExI = Actl — Prel

X WaterMol) + ActIOH

Equation 4.1 Calculation of the excess peak maxima intensity (ExI) of the O-H stretching
peak as well as the C-O stretching. Variables are: predicted peak maxima intensity at
given molar percentage alcohol/water mixture (Prel), actual peak maxima intensity of
pure water (ActlPWater), actual peak maxima intensity of pure alcohol (ActlIPOH),
molar percentage water (WaterMol), actual peak maxima intensity at given molar
percentage of alcohol/water mixture (Actl).

Excess intensity of the O-H stretching band in methanol/water mixtures is negative at all molar
percentages (Figure 4.3), suggesting that there is reduced intermolecular O-H interactions in
methanol/water mixtures, with a minima at 45.9 mol% methanol. However, further inspection
of the peak maxima position reveals tiered blueshifting from initially ~3263 cm™ up to
22.3 mol% methanol, the peak position then shifting up to ~3282 cm™ until 45.9 mol%, then
finally the position shifts to ~3312 cm™ above 51.9 mol%. Within the O-H stretching
vibrational band in water there are many different types of hydrogen bonded clusters, the
deconvolution of which is presented in Section 4.2. Blueshifting of the O-H stretching peak
can be related to a reduction in the presence of tetrahedrally bonded clusters in methanol/water
mixtures at higher molar percentages [301]. The transition point at which the hydrogen bonding
between water molecules is heavily disrupted by methanol molecules is cited at 40 mol%,
closely aligning with the increase in wavenumber. Therefore, the negative excess intensity is
caused by a shifting in the major peak location. A methanol molar percentage of 45.9 mol%
therefore represents a transition point from dominance of tetrahedral structures. FWHM is
generally difficult to obtain for the O-H stretching peak because of the aliphatic C-H stretching
obscuring it, however the breadth of the peak is relatively stable up until 22.3 mol% at around
393 cm. At 58.4 mol%, the breadth of the peak is 362 cm™ after which it rapidly reduces and
at 90.3 mol% methanol it is 290 cm™. This change is associated the reduction of tetrahedrally

bonded water molecules.
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Figure 4.3 O-H stretching (3280 cm™) band in MeOH, (a) excess peak maxima intensity
(a.u.) marked with circles (0), (b) peak maxima position (cm) marked with cross (x) and
full width of peak at half maximum height (cm) marked with an asterisk (*).

Matching trends can be observed in the O-H stretching profile for both ethanol and isopropanol
(Figure 4.4). The largest contributors to the broad O-H stretching are related to higher
wavenumber peaks at 3320 cm™ and 3345 cm™ for the highest molar percentages of ethanol
and isopropanol respectively. The peak maximum position is higher with increasing chain
length of alcohols and also increases at lower molar percentages 23.5 and 15.9 mol% for
ethanol and isopropanol. For ethanol/water mixtures this shift in position can be attributed to
the structural transition from tetrahedral-like networks to a zigzag chain network [302].
Isopropanol/water mixtures observe this transition at a lower molar percentage because the
aliphatic tail is bulkier and more sterically hindering. Identical reduction in FWHM observed
in methanol/water mixtures is shown, rapid descent beginning at 56.9 and 42.8 mol% for
ethanol and isopropanol respectively. Therefore, increasing alcohol chain length also relates to
narrowing of the O-H stretch at higher molar percentages, because of the reduction in
tetrahedrally bonded clusters. Finally, excess intensity is negative in all alcohol/water systems,
linked again to this shift in the main contributor to the O-H stretching absorbance. Minima are

located at 56.9 and 42.8 mol% for ethanol, and isopropanol.
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C-O stretching for methanol provides many interesting observations (Figure 4.5). Peak maxima
position is initially redshifted down to 1013 cm™ at both 26.3 and 30.6 mol%, after which it is
blueshifted up to 1021 cm™ at 90.4 mol%, demonstrating that there is increased intermolecular
interactions associated with the C-O stretch, the largest increase is between 26.3 and
30.6 mol%. Position distribution present has similar structure to the excess enthalpy of mixing
discussed in Section 2.1.4 and displayed in Figure 2.14. Minima for excess enthalpy of mixing
for methanol are between 24.6 and 35.6 mol%. Furthermore, the excess intensity follows the
same profile, however the positive values represent an increase in intermolecular interactions
with the highest extent of interaction at 30.6 mol%. Ahmed et al. discussed the contributions
of four different hydrogen bonding environments causing the shifting in peak maxima position

[303]. First a weak vibration at 1000 cm™ is attributed to the methanol oxygen acting as the
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hydrogen acceptor to either a methanol or water molecules hydrogen. Next at 1010 cm™ a
strong absorbance at 1010 cm™ designated to methanol hydrogen bonded to water by both the
oxygen and hydrogen groups concurrently. Another strong contributor was at 1023 cm™
coming from trimer hydrogen bonded clusters of methanol. Finally, a weak component at
1060 cm™ when the methanol was a hydrogen donor to either a water or methanol molecule.
Therefore, this minimum in the peak position represents a maximum amount of fully hydrogen
bonded methanol-water or methanol-methanol environments. Moreover, this highly structured
methanol/water mixture is responsible for many of the non-ideal thermodynamic properties
(such as excess enthalpy of mixing), hence the overlap with peak maxima position. FWHM
below 12.2 mol% is unreliable due to small peak height, however after this point there is a
noticeable linear increase until 45.9 mol% after which the peak becomes narrower. This
indicates that after 45.9 mol% methanol the relative concentration of the stronger
methanol-water hydrogen bonds is reducing, and the weaker methanol-methanol hydrogen

bonds are increasing in relative concentration [301].
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Figure 4.5 C-O stretching (1022 cm™) band in MeOH, (a) excess peak maxima intensity
(a.u.) marked with circles (0), (b) peak maxima position (cmt) marked with cross (x) and
full width of peak at half maximum height (cm) marked with an asterisk (*).

Peak maxima position for the C-O stretching in both ethanol and isopropanol have the same
initial redshifting (lowering of position in cm™) followed by blueshifting (increasing of position
in cm™) as alcohol mol% is increased (Figure 4.6). However, they are less closely aligned with
excess enthalpy (Figure 2.14) compared to methanol. Ethanol presents its lowest C-O
stretching peak position between 16.6 and 23.5 mol%, with the largest excess enthalpy of
ethanol at 14.4 mol%. For isopropanol the lowest C-O stretching position is between 3.7 and

6.9 mol%, and the largest excess enthalpy is positioned at 10.9 mol%. However, the C-O
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stretching position for both ethanol and isopropanol follow the same shaped curve as excess
enthalpy of mixing. As previously discussed for methanol/water mixtures this is related to
different hydrogen bonding environments [303]. Shifting to lower peak position is attributed
to increased density of intermolecular hydrogen bonds between the alcohol hydroxide group
and water molecules. The reduced shifting observed in isopropanol can be attributed to the
bulkier aliphatic tail which sterically hinders the formation of isopropanol-water hydrogen
bonding. Both ethanol and isopropanol have roughly Gaussian excess intensities with maxima
at 49.4 mol% and 31.1 mol%, respectively (Figure 4.6, a, ¢). This increase in excess intensity
for ethanol/water mixture can be attributed to the formation of ethanol-water clathrates which
exhibits a maximum at 50 mol%. Above 50 mol% formation of ethanol-ethanol clusters is
increased and below it the formation of water-water clusters is favoured. Isopropanol/water
mixtures can be accepted to follow the same trend with a maximum in isopropanol-water
clathrates at a lower molar percentage somewhere around 31 mol%. FWHM shows little
variation in isopropanol. C-O stretching FWHM peak jumps to narrower at 37.1 mol% ethanol
compared to 42.9 mol% ethanol, again indicating a transition to more ethanol/water hydrogen
bond systems [301].
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Figure 4.6 C-O stretching (1045 cmt, 1128 cm™?) band in EtOH, and IPA, (a, c) excess
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4.1.3. FT-IR Spectra for Sub-Critical Alcohol/Water Mixtures

FT-IR spectroscopy data obtained at raised temperatures and pressures in the Specac reaction
cell (Figure 3.1) created particular challenges. At higher temperatures the background
absorbance of the cell changed in a repeatable pattern based on the temperature alone.
Additionally, the signal output was ~50x lower than for the ATR plate. To overcome these
challenges and produce reliable data for analysis the background spectra at each temperature
was subtracted from the obtained spectra (with an ambient background). This data was then
further processed using Spectragryph (http://spectroscopy.ninja) to perform adaptive baseline
removal with 100% coarseness. Full spectra for pure water, methanol, ethanol, and isopropanol
are presented at each temperature point in Figure 4.7. Blueshifting and a reduction in intensity
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for O-H stretching is observed in all systems as temperature is increased. This has been shown
for water in literature and is attributed to a reduction in hydrogen bonded hydroxyl (OH)
groups, as evidenced by the reduction in the average number of hydrogen bonds as temperature
and pressure is increased [51], [304]. Alcohols also exhibit a clear reduction in the C-O

stretching intensity as temperature is increased. This can also be attributed to a reduction in the

hydrogen bonding for the C-O groups of the alcohols.
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Figure 4.7 FT-IR spectra full range for water, methanol, ethanol, and isopropanol at
200 °C analysed using a Shimadzu IRAffinity-1S spectrometer fitted with a 22 mL Specac

reaction cell top plate for golden gate™. Analysis conditions: scans 250, resolution 4 cm™,
absorbance mode.

None of the same trends for peak position, excess intensity, or FWHM are observed with
methanol, ethanol, and isopropanol/water mixtures (Section 4.1.2) when studied at 200 °C
under pressure. However, the excess intensity in the C-O stretching peak for the alcohol/water
mixtures remains positive, showing that the peak intensity for C-O stretching is higher than
expected for that alcohol/water mixture. This suggests that there is still some enhanced
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intermolecular hydrogen bonding occurring between the alcohol and water molecules under
these conditions. Observing trends by analysing the peak positions and intensity becomes
increasingly difficult and unintuitive as more variables are added in the sub-critical system. 2D
correlation analysis presented in Section 4.3 provides a basis for complex multivariate analysis
of this complex system, allowing for more insightful investigation into the sub-critical

alcohol/water mixtures.
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Figure 4.8 C-O stretching (1022 cm?, 1045 cm, 1128 cm™) band in methanol, ethanol,
and isopropanol, (a, b, c) excess peak maxima intensity (a.u.) marked with circles (o) at
200 °C in 22 mL Specac reaction cell top plate for golden gate™.

4.2. Deconvolution of Peaks Within FT-IR of Alcohol/Water Mixtures

Observed peaks within an FT-IR spectra may be further complicated by overlapping
absorbance bands convoluted into a singular peak. The deconvolution of these peaks in the
FT-IR spectra into the absorbance bands of their respective species is a widely practiced
procedure with many examples, such as the deconvolution of non-apatitic, A-type, and B-type
carbonate bands (920-800 cm™), secondary structure determination of proteins using the amide
bands (1900-1400 cm™), and alkoxy groups bound to silica (1250-1000 cm™) [305]-[307]. The
deconvolution of these bands allows for a more accurate understanding of the species and
bonding environment present. Therefore, deconvolution of the O-H and C-O stretching bands
of alcohol/water mixtures is attempted to elucidate more information about the bonding

structure and environment in Sections 4.2.1 and 4.2.2.

4.2.1. Deconvolution of O-H Vibrational Stretching Band
Water OH stretching (3800-2800 cmY) vibrations are delocalised over 10 or more molecules
as a result of hydrogen bonding and the associated dipolar (and polarisation) interactions [308].

Intermolecular fermi resonance coupling to the HOH bending overtone makes it harder to
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quantify the influence of O-H stretching intermolecular interactions. Whilst hydrogen bonding
in simple alcohols such as methanol, ethanol, and isopropanol does not have the HOH bending
they can still be deconvoluted into di-hydrogen bonded alcohol molecules, monomerically
bonded alcohol molecules and non-hydrogen bonded molecules [309]. Therefore,
alcohol/water mixtures contain too many different hydrogen bond environments to allow for

straightforward deconvolution into every category.

This challenge is tackled in this research by breaking down the broad O-H stretching into four
Gaussian distributions as representative bands using OriginPro multiple peak fit software. The
HOH bending overtone (D1) is ascribed to a fixed band at 3090 cm™. Strongly hydrogen
bonded alcohol/water (D2) molecules (e.g. tetrahedrally hydrogen bonded water molecules)
are assigned to a fixed position at 3220 cm™. Non-hydrogen bonded alcohol/water (D4)
molecules are given the fixed position at 3540 cm™. And finally the moderately bonded
alcohol/water (D3) molecules (e.g. dimer/trimer hydrogen bonded water) are given a flexible
position at 3390 cmL. For the reader a table with the reference name to the deconvoluted band
is presented in Table 4.5, in addition to a figure depicting each bonding environment for water
molecules (Figure 4.9).

Table 4.5 Reference shorthand for the deconvoluted bands in the O-H stretching of
alcohol/water mixtures and a description of the bonding environment.

Reference  Wavenumber (cm™?) Description
D1 3090 HOH bending overtone (fixed position)
D2 3220 Strongly hydrogen bonded O-H groups (fixed position)
D3 3390 Moderately hydrogen bonded O-H groups (flexible position)
D4 3540 Non-hydrogen bonded O-H groups (fixed position)

113



2X H\O/H ~—_‘/ \O/ H” H
D1 D4
0 O
H/O\H\ ,H/ \H ’H/ \H
S’ O"/
H Oy H™ TH,
O':' \-"o \.\°O
D2 D3

Figure 4.9 Hydrogen bonding environments of water in deconvoluted peaks from the O-H
stretching band of alcohol/water mixtures.

The deconvoluted O-H stretching spectra for pure water, methanol, ethanol, and isopropanol
are presented in Figure 4.10. Aliphatic (C-H) stretching bands in the alcohols and alcohol/water
mixtures additionally had to be fitted to eliminate their influence on the deconvoluted O-H
stretching bands. These aliphatic bands had to be fitted for the alcohol/water mixtures at 9.4,
16.6, and 6.9 mol% for methanol, ethanol, and isopropanol, respectively. Additionally, the
HOH bending overtone (D1) became non-existent at alcohol/water mixtures of 90, 65, and
59 mol% for methanol, ethanol, and isopropanol, respectively. The expected trend for D1 is
therefore a linear decrease with increasing alcohol concentration. For the other peaks D2, D3,
and D4 the peak area is also expected to decrease with increasing alcohol concentration because
the water has a higher absorbance O-H stretching peak than the alcohols. It can also be observed
that the ratio of D2 to D3 in water is significantly higher than the ratio observed in the pure
alcohol/water mixtures. This is because water is able to easily coordinate 4 hydrogen bonds
with other water molecules in a tetrahedral structure and therefore exhibits a larger proportion

of strongly hydrogen bonded molecules than the alcohols.
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Figure 4.10 FT-IR spectra deconvolution of O-H stretching vibrations for water, MeOH,
EtOH, and IPA between 3800-2800 cm™ using a Shimadzu IRAffinity-1S spectrometer
fitted with a Specac ATR plate. Analysis conditions: scans 100, resolution 4 cm™,
absorbance mode.

The peak area for each deconvolved Gaussian distribution at varying alcohol molar percentages
for methanol, ethanol, and isopropanol under ambient conditions is displayed in Figure 4.13.
A jump in D1 and D2 is observed at 9.4, 16.6, and 6.9 mol% for methanol, ethanol, and
isopropanol, respectively. This is attributed to the inclusion of aliphatic fitting at these molar
percentages. A sharp reduction in peak area for D1 is observed for all alcohols, the position is
at a lower molar percentage as chain length increases. This is observed at 65.5, 56.9, and
50.3 mol% for methanol, ethanol, and isopropanol respectively. After these molar percentages
a transition point is considered to occur where the water exists as small clusters surrounded by
alcohol molecules [92]. This transition point is identified as 70, 60, and 50 mol% for methanol,
ethanol, and isopropanol. The large reduction in D1 peak area is because the intensity of the
OH bending overtone of water is dependent on fermi-resonance with tetrahedrally hydrogen
bonded water, which at this molar percentage is diminished [293]. The majority of the strongly
hydrogen bonded O-H stretching (D2) can be attributed to hydrogen bonding between alcohol
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molecules and not water.
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Figure 4.11 Peak area of deconvoluted O-H stretching bands in (a) MeOH, (b) EtOH, and
(c) IPA at ambient conditions.

From the peak area of D2 a transition point is observed where the rate the peak is decreasing
is reduced. This transition point occurs at 35.3, 32, and 26.5 mol% for methanol, ethanol, and
isopropanol, respectively. Therefore, the strongly hydrogen bonded clusters of water are being
distributed until they are all linked with alcohols at these molar percentages. The transition
point occurs at lower molar percentages with increasing alcohol chain length because of the
larger hydrophobic aliphatic tails causing increased disruption to the hydrogen bonding
structure of water. D2 also stabilises and remains at a relatively stable peak area at 81.4, 56.9,
and 42.8 mol% for methanol, ethanol and isopropanol, respectively. After these molar
percentages the strongly hydrogen bonded structures remain the same as more alcohol
molecules are present. D3 shows gradual reduction with increase in alcohol molar percentage
for all alcohol/water mixtures. Indicating that this peak changes only based on a reduction in
the number of hydroxide groups present in the system and not hydrogen bonding. D4 has a
transition point of reducing the rate of decrease at 26.3, 16.6, and 8.7 mol% for methanol,
ethanol, and isopropanol, respectively, aligning well with the maximum structured
environments of the alcohol/water mixtures [92]. This can be attributed to the transition point
where the minimum number of both alcohol and water molecules are orphaned in solution and

do not have any hydrogen bonding.

Deconvolution of the OH stretching band at 200 °C and 60 bar is shown in Figure 4.12. D1
could not be deconvolved because of a reduction in the tetrahedrally bonded water structures
(D2) which cause the increased intensity of the OH bending overtone (D1) via fermi-resonance
[293]. Additionally, because of the reduced overall signal provided by the high temperature

reaction cell it was problematic to follow trends in the deconvolved OH stretching peaks. The
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reduced signal to noise ratio leads to inaccurate analysis of deconvolved peak areas. Issues

associated with overall low signal and low signal to noise are overcome by multivariate

analysis techniques such as 2D-correlation spectroscopy presented Section 4.3.
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Figure 4.12 Peak area of deconvoluted O-H stretching bands in (a) MeOH, (b) EtOH, and
(c) IPA at 200 °C, 30 bar He.

4.2.2. Deconvolution of C-O Vibrational Stretching Band

Ahmed et al. presented deconvolution of the C-O stretching band in alcohol/water mixtures to
avoid the issues associated with the overlapping alcohol and water bands observed in the O-H
stretching band [303]. In this instance the C-O stretching band for methanol/water mixtures
was observed to consist of four different Gaussian distributions. The first was an absorbance
for the methanol acting as a hydrogen acceptor at the hydroxide site (1000 cm™) labelled as
D5. Next an absorbance for methanol hydroxide with hydrogen bonds on both the oxygen and
hydrogen to two water molecules (1010 cm™) categorised as D6. Then an absorbance at
1023 cm™ is ascribed to methanol hydroxide with hydrogen bonds on both oxygen and
hydrogen to two methanol molecules (D7). Finally, a weak absorbance at 1060 cm™ arises from
methanol acting as a hydrogen donor at the hydroxide site (D8). A reference table is provided

for clarity (Table 4.6) in addition to a figure depicting each system (Figure 4.13).
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Table 4.6 Reference shorthand for the deconvoluted peaks in the C-O stretching of
MeOH/water mixtures and a description of the bonding environment.

Reference  Wavenumber (cm™?) Description
D5 1000 Methanol hydrogen acceptor with either water or methanol in
hydrogen bond
D6 1010 Methanol hydrogen donor and acceptor in hydrogen bond with
two water molecules
D7 1023 Methanol hydrogen donor and acceptor in hydrogen bond with
two methanol molecules
D8 1060 Methanol hydrogen donor with either water or methanol in

hydrogen bond
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Figure 4.13 Different hydrogen bonding environments of deconvoluted peaks in C-O
stretching vibrational band of MeOH/water mixtures.

Dawes et al. simplified the fitting when deconvoluting the C-O stretching band in
methanol/water mixtures deposited as ice (30 K) into only three observed bands [310]. They
observed a shift in the dominant deconvolved peak at 50 mol% methanol, indicating that a
larger majority of methanol below 50 mol% was hydrogen bonded to two water molecules.
Additionally evidence was found in blueshifting of C-H stretching positions that at low
methanol concentrations the methyl group was participating in hydrogen bonding. This
supports the theory that at low alcohol molar percentage in alcohol/water mixtures the
individual alcohol molecules are surrounded by water as hydration shells [92]. Therefore, the
application of this deconvolution in both ambient and sub-critical methanol/water mixtures

should provide further insights into the hydrogen bonding environment.

Ambient methanol/water mixtures were deconvolved into the two stronger absorbances D7 and
D8. The ratio of the peak area for each of these deconvolved peaks is then plotted against the

molar percentage of methanol (Figure 4.14). This can be used to assess the number of methanol
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molecules forming hydrogen bonds with methanol molecules vs water molecules and therefore
give an indication of the hydrogen bonding environment. From 2 mol% methanol to 12.2 mol%
there is only a minor decrease in the D6/D7 ratio from 3.77 to 3.47. After this the next point at
15.3 mol% there is a large decrease in D6/D7 ratio down to 2.20. This is attributed to a
transition point in structure of the methanol/water mixture from methanol mostly surrounded
by water hydration shells to clusters of methanol forming part of the hydrogen bond network
in the mixture [301]. After this point the rate of decrease in D6/D7 ratio reduces until linearity
is observed from 30.6 mol% methanol. This indicates that after this molar concentration
methanol molecules are mostly formed into aggregates hence hydrogen bonding of methanol
with water is obstructed and reduced [311]. The linear decrease in D6/D7 ratio is observed up
until the highest mol% of 90.4 mol%, representative only of a reduced number of water
molecules available to form hydrogen bonds with methanol. No further structural observations

for the methanol/water mixture can be surmised from this deconvolution.
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Figure 4.14 Peak area ratio of D6 over D7 for the deconvoluted peaks in C-O stretching
of MeOH/water mixtures at ambient conditions.

Deconvolution of the C-O stretching region for methanol/water mixtures at sub-critical
conditions is complicated by the appearance of gaseous methanol bands at 40.4 methanol mol%
Figure 4.15 [312]. The methanol/water mixture is at 200 °C and 60 bar, whilst 30 bar of He
was used at room temperature, the ideal gas law provides an estimate of 48 bar attributed to the
He at 200 °C. Therefore, an additional 12 bar is provided by the methanol/water mixture, with
an estimated maximum liquid volume of 0.43 mL entering the gaseous phase compared to
10 mL used as filling volume. However, whilst the majority of the methanol is present in
solution the gaseous phase methanol obscures the C-O stretching region sufficiently to make

deconvolution unfeasible. Therefore, alternative data analysis techniques are required to gain
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insight into the structure of methanol/water mixtures (and other alcohol/water mixtures) at

sub-critical conditions.
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Figure 4.15 FT-IR spectral range for C-O stretching in methanol water using a Shimadzu
IRAffinity-1S spectrometer fitted with a 22 mL Specac reaction cell top plate for golden
gate™, Analysis conditions: scans 250, resolution 4 cm™, absorbance mode.

4.3. 2D FT-IR Correlation Analysis of Alcohol/Water Mixtures

In 1971 the concept of multidimensional NMR spectroscopy to aid in identification of organic
compounds was proposed by Jean Jeener [313]. Fundamentally 2D NMR spectroscopy is
achieved by multiple radio frequency pulses being applied to the sample with a wait (t1)
between them and the time for relaxation (t2). These time domains are then converted into
frequency domains and can be plotted against one another to create a contour (3D) plot which
yields information about interactions between the different chemical shifts absorbances. Whilst
resonance based spectroscopic techniques such as this dominate the field there is a different
form of 2D correlation spectroscopy which can be applied to a broad range of analytical
techniques [314]. This is known as perturbation-based 2D correlation spectroscopy and
involves the analysis of perturbation-induced spectral vibrations. This is achieved by
performing standard analysis of samples with unmodified instrumentation and adding a single
external perturbation to the sample such as temperature, concentration, pressure, etc. Herein,
this multivariate analysis technique is applied to the obtained spectra for alcohol/water
mixtures with the separate perturbations of both concentration and temperature. The equations
and mathematical conversions performed on the obtained data to produce 2D contour plots is
detailed in Section 3.3.16. 2D correlation analysis provides a method of simplifying complex

spectra with overlapping peaks and increasing the spectral resolution. Furthermore the
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assignment of correlation is unambiguous and precise because the correlations are related to
exact x and y variables (e.g. wavenumber). The product of 2D correlation analysis is a
synchronous and asynchronous contour plot, this is shown schematically by Harrington et al.
in Figure 4.16 [315]. In the synchronous contour plot the peaks along the X=Y line (orange)
are autopeaks as they originate from a correlation of a peak with itself and therefore they are
ignored in the contour plot. A positive peak in the synchronous plot as observed at (C, D) is
caused by peaks that are correlated with one another and therefore as one peak increases with
the perturbation it causes the other peak to increase as well. The opposite occurs in negatively
correlated peaks in the synchronous contour plot as in (A, B) the increase of one peak across
the perturbation causes a decrease in the other peak. Absence of any peak (flat) portions of the
contour plot occur because the peaks have no correlation with one another. Moving over to the
asynchronous contour plot there are no autopeaks present and datapoints are asymmetric across
the line X=Y. The sequential order of peak intensity change can be determined from the
asynchronous 2D correlation contour plot. For a peak position (x,y) if the asynchronous
spectral peak is positive then the change in the x value occurs first followed by the change in
the y variable. For negative asynchronous peaks the opposite is true. If no peak is observed in

the asynchronous spectrum the peaks are fully correlated and can be attributed to the same

o Synchronous Asynchronous
A B C D A B C D
X-axis X-axis

Figure 4.16 Examples of synchronous and asynchronous 2D correlation contour plots
presented by Harrington et al. [315].
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4.3.1. Concentration Perturbation at Ambient Temperature

Contour plots (synchronous and asynchronous) for the 2D correlation analysis of
methanol/water mixtures with the perturbation of methanol concentration (at 5 v/v%) is
displayed in Figure 4.17. The analysed range was reduced to 3700-925 cm™ to reduce noise in
the correlation spectra without removing the observable trends thus, producing an improved
correlation spectra for analysis. In the synchronous plot (Figure 4.17,a) a strong negative
correlation between the O-H stretching (3270 cm™) and the C-O stretching (1018 cm™) band
is observed at an intensity of -0.013, this is assigned the descriptor OHs-COs. Negative
correlation is expected as the methanol has a lower intensity O-H stretching band and the water
has no C-O stretching band. Therefore, as methanol concentration increases the size of the C-
O stretching band increases and the size of the O-H vibrational band decreases. An additional
correlation observed and expected is between the O-H bending (1633 cm™) and the C-O
stretching vibrations with an intensity of -0.008 (OHs-CO:s). Finally, examining the correlation
between C-H asymmetric stretching (2980 cm™) and C-O stretching as both arise from the
increased concentration of methanol, this has a reduced correlation intensity of 0.006 (CHas-
COs). The synchronous and asynchronous contour plots for ethanol/water and isopropanol
water mixtures under ambient condition with concentration perturbation are displayed in
Appendix 9 & Appendix 10.
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Figure 4.17 (a) Synchronous and (b) asynchronous 2D correlation contour plots for
ambient MeOH/water mixtures with MeOH concentration as the perturbation.

Broad autopeaks are observed for O-H stretching (3270 cm™) because it is a broad peak. There
is potential to extract further information from close examination of this autopeak due to the

different hydrogen bonding environments present within the O-H stretching. Hence, a close up
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synchronous and asynchronous plot is displayed in Figure 4.18. Positive correlation is observed
as the concentration of methanol decreases the peak intensity decreases; the correlation
maximum point is along the y=x line as expected for autopeaks. Deviation from this would
suggest correlation between different hydrogen bonding environments within the broad O-H
stretching peak. Analysis of the asymmetric contour plot (Figure 4.18, b) shows two
asymmetric peaks at (3310, 3177) and (3464, 3310) which are negative and positive
respectively. Therefore both the 3177 cm™ and 3464 cm™ peak decrease in intensity after the
3310 cm™ peak decreases in intensity. This is related to a reduction in strongly tetrahedrally
bonded water clusters (D2, 3220 cm™) in addition to a reduction in the breadth of the O-H

stretching peak which is only observed at the higher methanol molar percentages.
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Figure 4.18 (a) Synchronous and (b) asynchronous 2D correlation contour plots for O-H
stretching region in ambient MeOH/water mixtures with MeOH concentration as the
perturbation.

4.3.2. Concentration Perturbation at 200 °C

The 2D correlation analysis of alcohol/water mixtures with concentration perturbation at
200 °C as investigated (Figure 4.19). The asynchronous spectra in this 2D correlation analysis
were flat indicating that all of the correlations are occurring at the same time (in-phase).
Examination of the synchronous 2D correlation contour plot of the alcohol/water mixtures
provides evidence of the reduced hydrogen bonding network at sub-critical conditions. This is
shown by reduced correlation intensities for OHs-COs, OHs-COs, and CHas-COs at -0.006,
0.0016, and 0.0013. These lower intensities are attributed to a lack of hydrogen bonding
environment affecting the size and shape of the O-H stretching and C-O stretching vibrations.

The observed correlations from these contour plots are attributed to only the change in alcohol

123



or water concentration.
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Figure 4.19 Synchronous 2D correlation spectra contour plots for (a) MeOH/water (b)
EtOH/water, and (c) IPA/water mixtures at 200 °C concentration as the perturbation.

4.3.3. at Specific Molar Concentrations with Temperature Perturbation

Finally, 2D correlation analysis of different alcohol/water mixtures at a specified concentration
(10 v/v%) using temperature as a perturbation was attempted. The synchronous and
asynchronous contour plots for 30 mol% methanol/water mixtures is shown in Figure 4.20. No
OHs-COs correlation is observed when using temperature as the perturbation because O-H
bending does not reduce in intensity as temperature is increased (Figure 4.7), this is because
the O-H bending vibration is unaffected by the hydrogen bonding environment. Furthermore,
the correlation intensity of OHs-COs is positive and can be related to the reduction in the
hydrogen bonding environment in the alcohol/water mixtures. As observed in the 200 °C
alcohol/water spectra there is minimal hydrogen bonding present. Therefore, the C-O stretching
and O-H stretching peaks are reduced in intensity through the reduction in the extended
hydrogen bonding network. Analysis of the asynchronous spectra reveals a positive peak
centered at (3394, 3217), this shows that the 3220 cm™ peak decreases in intensity first
followed by 3394 cm™ by the peak. This is attributed to an initial reduction in the strongly
hydrogen bonded molecular clusters (D2) followed by a reduction in the remaining O-H
stretching peak as discussed in Section 4.2. This shows that initial disruption occurs within the
strongly hydrogen bonded clusters as temperature is increased followed by reduction in the
overall O-H intensity of the stretching peak.
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Figure 4.20 (a) Synchronous and (b) asynchronous 2D correlation contour plots for
MeOH/water mixtures at 30 mol% MeOH with temperature as the perturbation.

Correlation intensity for the OHs-COs at each methanol molar percentage with temperature
perturbation is calculated and displayed in Figure 4.21. The maximum of this plot aligns well
with the negative excess enthalpy of mixing in methanol/water mixtures (Figure 2.14) and it
follows a comparable shape. The cause of this correlation with excess enthalpy of mixing is
attributed to the positive OHs-COs intermolecular interactions between methanol and water
forming the extended hydrogen bonding network. This provides a direct analogue to the
amount of hydrogen bonding in the system and how the hydrogen bonding network changes
over time by measuring the OHs-COs at each methanol molar percentage with temperature
perturbation. A maximum correlation intensity is observed at 30 mol% and therefore at this
molar percentage there is the most strongly hydrogen bonded methanol/water environment.
This aligns with previous investigation the literature showing maximum methanol/water
structuring at 30 mol% [316]. The same relationship can be determined from analysing the

ethanol/water and isopropanol/water mixtures.
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Figure 4.21 Synchronous correlation intensity of O-H stretching to C-O stretching peak
against the molar concentration of MeOH. 2D correlation used with temperature as the
perturbation at specific concentrations.

4.4. Conclusions

This research chapter exemplifies the use of FT-IR as a facile, cheap, and non-destructive
technique to analyse the molecular dynamics of alcohol/water systems. To aid this a full FT-IR
spectral assignment is presented for methanol, ethanol, and isopropanol. This is challenging to
obtain in the literature and suitable for reference by future researchers. Three different
analytical approaches are exemplified which can provide information about molecular and
hydrogen bonding within the alcohol/water mixture. These techniques can be transferred to
other solvents systems in addition to different techniques such as Raman spectroscopy. The
effect that hydrogen bonding dynamics have on the spectroscopic information is explained and
demonstrated in the FT-IR data.

Firstly wavenumber position and intensity analysis is presented as the typical technique used
in FT-IR analysis. Wavenumber position (blueshifting and redshifting) is widely used, whereby
an increase in position is related to a reduction in intermolecular interactions. However, the
calculation of excess intensity presented gave further evidence of hydrogen bonding dynamics
and agreed with the structural changes measured by other techniques. Excess intensity has been
demonstrated to be a valuable and easily obtainable dataset which is underutilised in the
research area. Secondly deconvolution which is often used in the literature to separate different
hydrogen bonding environments has been demonstrated and provides well resolved peaks.

However, the main challenge with this application is determining the appropriate number of
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peaks for deconvolution and the correct assignment of those peaks once extracted. Finally, to
the authors knowledge this research represents the first attempt at using perturbation based 2D
correlation spectroscopy on sub-critical alcohol/water mixtures. Moreover, the analysis of
temperature effects on specified concentration methanol/water mixtures provided data in
agreement with the maximum structured environment of methanol/water at 30 mol%. This was
achieved because the minimal hydrogen bonding environment in sub-critical conditions
allowed for assessment of the ambient hydrogen bonding through the reduction in
spectroscopic interactions. This demonstrates the effectiveness of perturbation based 2D

correlation analysis techniques.

Subsequently, it is important to consider how these changes in the structure of the liquid phase
will effect its properties and thus how this will influence the reactions in other processes such
as hydrothermal carbonisation. This is investigated experimentally, in Chapter 5 (Section 5.7)
the effect of ethanol/water mixtures on properties of the hydrochar produced from bread waste
is investigated at a full range of different molar compositions. The increase in intermolecular
bonding which is observed clearly in the FT-IR data and discussed in the literature is theorised
to encourage different reaction pathways to those observed in only water sub-critical
conditions. Some potential interactions are as follows. Increased intermolecular bonding,
particularly at the critical molar percentage (23.5 mol% in ethanol), increases the number and
strength of solvent cages on the dissolved molecules which reduces the polycondensation
reactions and limits the amount of hydrochar formed. The intermolecular interactions between
the alcohol and water mean that the more permeative alcohol (given by self-diffusion
coefficients) ‘drags’ the water further into the biomass and therefore hydrolyses and increased
percentage of the biomass into the aqueous phase. If the addition of alcohol during
hydrothermal carbonisation can produce these effects on the process it could be utilised as a

valuable tool to allow tunability of the reaction towards the desired product characteristics.
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Chapter 5 HTC of Bread Waste
In this chapter the HTC of dried bread waste (DBW) is assessed by characterising the hydrochar

produced under various reaction conditions. Temperatures between 160-200 °C, retention
times between 30-90 min, and pressurising gases helium (He) and carbon dioxide (CO3) are
examined. In addition, pressurising gases are substituted for palmitic acid (PA) and the effect
of varying the DBW particle size is investigated. The full outline for experimental procedures
and parameters can be found in Section 3.2.3. HTC of bread waste was investigated for several
reasons; An estimated 10% of all food waste produced in the United Kingdom can be attributed
to bread waste [317]. Due to a propensity for microbial spoilage, bread waste is problematic
when used as animal feed[318]. Furthermore, sources of pure bread waste can be obtained from
food manufacturers as “bread ends” are not used in production and as unsold products from
supermarkets. Bread waste is a relatively simplistic feedstock when compared to complex
municipal solid waste mixtures, consisting of water (~39%), carbohydrate (~43%), protein
(~10.3%), fibre (~5%), lipid (~2.2%) and salt (~0.5%) [319]. Finally there are only a few
investigations into the hydrothermal treatment of unmixed bread waste with no analysis of
varying processing conditions [320], [321]. After characterising the HTC of DBW the effect
of different alcohol/water mixtures is investigated in Section 5.7.

5.1. Energy Density and Yield of DBW Hydrochar

Combustion characteristics of the hydrochar are evaluated in full as described in Section 2.3.2.
Bomb calorimetry was used to determine higher heating values (HHV) - energy densities - of
all hydrochars and the DBW. Yield was also analysed on a dry weight basis. HHV and yield
are displayed with both the processing temperature, retention time, and pressurising gas in
Figure 5.1. DBW feedstock has a HHV of 17.69 MJ Kg* comparable to approximate values of
hemicellulose and cellulose at 14.7-18.2 MJ Kg* and 16.1-19 MJ Kg?, respectively [182].
HHV of the DBW feedstock was subtracted from that of the hydrochars to quantify the energy
densification during HTC. The general trend observed is that HHV and yield of the hydrochar
both increase with higher processing temperatures and longer retention times. This is expected
as increased retention time allows for the reactions occurring during HTC to proceed to
completion. Increased processing temperature provides additional activation energy, allowing
for a larger number of hydrothermal carbon producing reactions to occur. However, at 160 °C
as retention time increases there is a reduction in yield, at 30 min under CO> hydrochar yield

is 18.3% lowering down to 10.1% at 90 min, the same is trend is seen under He. This is because
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at 160 °C there is sufficient heat to allow the dissolution and hydrolysis of organic compounds
into the aqueous phase however there is insufficient activation energy for carbonisation
reactions to occur [322]. Therefore the increase in HHV, with respect to the DBW, is because
the compounds which are resistant to hydrolysis and dissolution at 160 °C have a larger HHV.
Increasing retention time from 30-60 min for HTC at 180 and 200 °C has a notable increase on
both yield and energy density, however, there is negligible effect on increasing from 60 to
90 min. Thus, 60 min is sufficient retention time for carbonisation reaction to proceed to
completion during HTC and additional time provides minimal benefit. Increases to processing
temperature have a more significant effect on yield than HHV. Under CO; after 60 min,
increasing the temperature from 180 °C to 200 °C raises the HHV of the hydrochar by 2.4%
but increases the yield by 70.4%. With a hydrochar yield of 30.0%at 200 °C and 17.7% at
180 °C. This demonstrates that higher activation energy is required for some of the

carbonisation reactions to occur within the dissolved organics and form the hydrothermal

carbons.
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Figure 5.1 (a) HHV increase (MJ Kg!) from DBW feedstock of hydrochars analysed with
bomb calorimeter (3.3.7), (b) yield (%) from HTC of DBW both of which plotted against
processing temperature. Datapoints are coloured for retention time from 30 mins (dark
blue) to 90 mins (bright green). He (squares), CO:2 (circles), and PA (diamonds).

HHV of the hydrochar formed after 60 min at 180 °C and 200 °C in CO; is 36.02 and
36.46 MJ Kg* respectively. Whilst this is by no means the most important or only indication
of the quality of solid fuel, this HHV is significantly high, above the most energy dense types
of anthracite (31.4 MJ Kg*) and bituminous (33.7 MJ Kg*) coals [186]. Compared to the HHV
of hydrochars analysed from literature (Section 2.3.2.5) this DBW hydrochar synthesised in

presence of CO has the highest HHV and is processed at comparatively low operating
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temperatures. For example, mixed food waste hydrochar processed at 200 °C and 300 °C for
60 min produced hydrochar with HHVs of 20.8 and 31 MJ Kg, respectively [183]. HHV of
hydrochar formed under He is significantly lower at 25.91 and 26.71 MJ Kg™* for 180 °C and
200 °C respectively at 60 min, just slightly below that of the least energy dense anthracite
(27.9 MJ Kg?) and bituminous (27.9 MJ Kg1) coals. Therefore, using CO; as the pressuring
gas instead of He produces a hydrochar with between 8.5 and 12.5 MJ Kg* larger HHV. This
increased HHV when using CO, as the pressurisation gas is attributed to carbonic acid
formation which acts as a homogeneous acid catalyst for carbonisation reactions of the organics
in the aqueous phase [323]. Therefore, the carbonic acid is catalysing a different reaction
pathway for either the aqueous organics or further carbonisation of the solid material to produce
a hydrochar with an increased HHV. This opposes previous investigations into using COz in
the HTC of lignocellulosic wastes which did not show a significant difference in the HHV of
the hydrochar when CO was used instead of N2 [324]. It is speculated that the large increase
to HHV observed on DBW using CO: is because of its different composition. DBW contains
a large percentage of short chain saccharides (43%), which are more readily dissolved into the
aqueous phase and consequently carbonised compared to the more resistant cellulose and lignin
present in lignocellulosic wastes. Though, yield of hydrochar remained similar between CO>
and He under the same processing conditions. A potential reaction causing this is the acid
catalysed dehydration of the alcohol present on the surface of the hydrochar (Figure 5.2).
Conversion of surface hydroxides to alkenes would increase the HHV of the hydrochar.
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Figure 5.2 Schematic representation for the dehydration of hydrochar surface hydroxide
(OH) functionality catalysed by carbonic acid during HTC.

PA is the most common saturated fatty acid in flora and fauna [325]. Therefore, it is a common
component in many feedstocks used in HTC and understanding how it impacts the hydrochar
formed is useful for future processes. However, to the authors knowledge the effect of PA as
an additive during HTC has not been investigated. Whilst strong acids such as nitric,
hydrochloric, and sulfuric have been shown to change the structure of the hydrochars and
potentially offer different reaction pathways as well as transferring heteroatoms into the
hydrochar structure [326]. The addition of PA instead of a pressurisation gas at 180 °C for
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60 min was found to yield 28.0% hydrochar which is higher than that of both CO, and He at
16.9% and 21.9% respectively. The increased yield is hypothesized to come for carbonisation
of the PA during HTC and not from it acting as a homogeneous catalyst. HHV increase for the
PA synthesised hydrochar was 13. MJ Kg? higher than that of the He synthesised at
8.2 MJ Kg* respectively. Pure PA has a HHV of 38.8 MJ Kg, therefore the increased HHV
of the hydrochar compared to the He synthesised hydrochar can be attributed to PA

incorporation [327].

Severity factor is a useful tool to combine both processing temperature and retention time into
one parameter [328]. The calculation of severity factor is shown in Section 2.3.2.2. HHV and
yield of hydrochar has been compared against the calculated severity factor and displayed in
Figure 5.3. HHV is shown to increase relatively linearly with an increase in severity factor.
Demonstrating the utility of severity factor where the processing conditions can be
approximated based upon the required HHV of the hydrochar. Yield shows an initial decrease
for lowest severity factors at 7.46, 8.16, 8.57, these correspond to the lowest processing
temperature of 160 °C. Following this there is a linear increase in yield correlated with severity
factor. This is attributed to the previously discussed, 160 °C does not provide substantial heat
for carbonisation reactions to occur [322]. Therefore, a severity factor above 9 is recommended
for substantial yield of hydrochar from DBW with a processing temperature at or above 180 °C

to provide sufficient activation energy for carbonisation reactions.
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Figure 5.3 (a) HHV increase (MJ Kg!) from DBW feedstock of hydrochar analysed with
bomb calorimeter (3.3.7), (b) yield (%) from HTC of DBW both of which plotted against
severity factor [328].

5.2. H/C and O/C Ratios of DBW Hydrochar

van Krevelen diagrams have been produced from CHNS elemental analysis of the hydrochars
from DBW (Figure 5.4). As was discussed in Section 2.3.2.3 van Krevelen diagrams are used
to estimate the viability of a solid material for fuel applications. Lower H/C and O/C ratios are
typically associated with higher energy densities because C-C bonds contain more energy than
C-H or C-O bonds [101]. Additionally there is a range of expected H/C and O/C ratios for coals
and biomasses, therefore these ratios allow approximation of the combustion behaviour of
hydrochars. Reduction in H/C and O/C ratio is also indicative of dehydration and
decarboxylation of the feedstock. Higher H/C ratio and lower O/C ratio is evidence of higher

aromaticity and lower polarity, respectively [329].

The retention time in the HTC process has little to no impact on the O/C and H/C ratios of the
hydrochar with no correlation visible (Figure 5.4, a). Whilst increased processing temperature
is shown to correlate strongly with a reduction in both O/C and H/C ratios (Figure 5.4, b).
Further cementing the conclusion drawn in literature that processing temperature is the more
important variable for HTC reactions [23]. At 200 °C the hydrochar has comparable H/C and
O/C ratios to that of lignite with no clear difference between the He and CO. synthesised
hydrochars. The hydrochars produced at 180 °C for 60 min and 90 min showed slightly higher
H/C and O/C ratios mostly comparable to that of peat. Moreover it is clearly shown that 180 °C
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and 60 min is the minimum requirement for the hydrochar to have superior qualities than
untreated biomass. Hydrochar synthesised in the presence of PA has a low O/C ratio but a large
H/C ratio, this is further evidence of the incorporation of PA into the hydrochar as the empirical
formula for PA is C16H320.. Thus PA or carbonised products of PA have been integrated within
the hydrochar and it is not acting as a homogeneous catalyst. However, this reveals PA and
similar long chain fatty acids can be used as doping agents during HTC to manipulate the
hydrogen, carbon, and oxygen content of hydrochars. Following the concept of tailoring the
properties of the hydrochar for application, comparable to nitrogen doping using organics such

as urea or melamine [330], [331]
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Figure 5.4 van Krevelen diagrams for hydrochars produced with pressurised gasses He
(square), COz2 (circle), additive PA (diamond), unprocessed DBW (triangle). (a) Retention
time is displayed with coloured datapoints from 30 mins (dark blue) to 90 mins (bright
green). (b) Processing temperature is displayed with coloured datapoints from 160 °C
(dark blue) to 200 °C (bright green).

The van Krevelen plot with severity factor again shows the effectiveness of this combined
processing parameter for use in HTC (Figure 5.5). A direct correlation between increasing
severity factor and a reduction in both H/C and O/C ratios is observed. Further demonstrating
that severity factor can be used as an effective tool to predict the degree of carbonisation that a

feedstock will undergo during HTC at varying processing temperatures and retention times.
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Figure 5.5 van Krevelen diagrams for hydrochars produced with pressurised gasses He
(square), COz2 (circle), additive PA (diamond), and unprocessed DBW (triangle). Severity

factor for the HTC process was calculated using Equation 2.6 and is displayed by
coloured datapoints from 7 (dark blue) to 12 (bright green) [328].

5.3. Proximate Analysis of DBW Hydrochar

Proximate analysis of the hydrochars was performed using a TGA following the procedure
outlined in Section 3.3.6. Percentage (wt.%) volatile matter (VM), fixed carbon (FC), and ash
of the hydrochars synthesised is shown in Figure 5.6. The ash content in the DBW feedstock
is partially attributed to the salt (NaCl) that is added during bread production to control
fermentation, strengthen gluten, and modify the flavour [332]. Additional ash content in the
DBW is from the additive’s calcium carbonate, and iron. As well as this the main naturally
occurring minerals in wheat flour are calcium, copper, iron, potassium, manganese,
magnesium, phosphorus and zinc. However, they are present at less than 0.1 wt.%
concentration [333]. Ash is a significant industrial waste from the combustion of coal which
can pollute the environment, however ash also represents a valuable raw material which can be
used in many different applications based on the chemical composition [334]. The ash content
of the hydrochars was larger than the DBW for all processes at 160 °C. As previously
discussed, this is because 160 °C is insufficient heating to allow for reactions and formation of
hydrothermal carbons during HTC. Therefore, no hydrothermal carbons are being deposited
but a large portion of the DBW has been hydrolysed/dissolved into the aqueous phase. Whilst
some inorganics are dissolved in the aqueous phase it is proportionally a smaller amount. The
ash content of the hydrochars at all higher temperatures is generally the same or slightly lower
than the DBW feedstock. It is speculated that the NaCl readily dissolves during HTC to the
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aqueous phase, whilst the calcium carbonate and iron remain to make up the ash content in the
hydrochar. Previous studies on the fate of inorganics during HTC displayed calcium as having
limited removal during HTC and feedstocks containing iron correlated with a higher ash

content [187].
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Figure 5.6 Stacked bar chart showing the percentage composition of the DBW, and the
hydrochar produced from HTC of the DBW for a specified retention time in mins and
processing temperature in °C. Composition of the ash, fixed carbon (FC), volatile matter
(VM) is given on a dry basis in wt.%.

FC content is a good indicator for the performance of a fuel, whereby the higher the FC content
the hotter and more energy efficient it is to burn. The FC of the hydrochars is almost always
higher than that of the DBW feedstock. The 160 °C reactions show the lowest increase where
it is likely the hydrolysis and dissolution resistant material is the FC in the DBW therefore no
new FC is being produced, simply that is the remaining material. Retention time has no obvious
impact on the amount of FC in the 180 and 200 °C reactions. At 180 and 200 °C after 60 min
the FC present is 15.4% and 39.6% for CO> whilst it is 32.1% and 37.6% for He. At 180 °C,
He is the slightly advantaged pressurisation gas to CO> by FC content alone, though there is no
difference at 200 °C. This is in contrast with the energy density which was significantly higher
for the CO- produced hydrochars. The high energy density of the CO2 synthesised hydrochars
must therefore be attributed to the structure and composition of the VM. The difference in VM
composition between the CO> and He synthesised hydrochars can be characterised using
evolved gas analysis which is typically TGA fitted with FTIR, MS, or GC-MS detector [335].

VM is an indicator for how easy the material will be to ignite, the higher the VM content the

easier to ignite. VM accounts for the rest of the percentage composition in the hydrochar and
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is reduced compared to the DBW feedstock under all conditions. Our observations match that
in the literature HTC data (Section 2.3.2.4) an increase in processing temperature decreases the
VM content of the hydrochar. This reduction in VM with increasing processing temperature is
because the compounds making up the VM are soluble at lower temperatures. After dissolution
they undergo carbonisation and reform carbonaceous material in the hydrochar during HTC.
The VM remaining in the hydrochar at higher temperatures is attributed to a mix of
hydrothermal carbons which are volatile and some unreacted volatile compounds within the
DBW.

5.4. Varying the Particle Size of DBW Used for HTC

An additional factor examined was the selection of different particle size ranges of DBW.
Particle sizes investigated are >500, 250-500, 125-250, 63-125, and <63 um all processed at
180 °C for 60 min pressurised with He. Particle size is an important consideration for the
industrial application of HTC because it contributes to the required energy for shredding and
pumping of the feedstock. Particle size effects during HTC have been investigated previously
in the literature, with the conclusion that smaller particle sizes undergo higher conversion
because of increased surface area for heat and mass transfer [336]. Combustion characteristics
of the hydrochars synthesised from different particle sizes of DBW are compiled in Table 5.1.
For comparison the combustion characteristics of the DBW before HTC is displayed in Table
5.2.

The most striking observation is that the HHV increase is very minimal at only 3.7 MJ Kg™!
when the largest particle size above 500 um was used. This suggests that under these processing
conditions there is insufficient energy to break up these larger particles and allow for HTC
reactions to take place. This conclusion is backed up by the proximate analysis which showed
only a minor increase in FC relative to DBW of 2.5% and a minor decrease in VM relative to
DBW of 3% which is significantly different to observations of hydrochar from smaller particle
sizes. There is further evidence in the H/C and O/C ratios which only have a small decrease of

0.2 and 0.1 respectively.
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Table 5.1 Compiled combustion characteristics for hydrochar produced from different
particle sizes of DBW (20 wt.% slurry) processed by HTC at 180 °C for 60 min
pressurised with He. VM (volatile matter), FC (fixed carbon), H/C and O/C are ratios
between the atomic abundance of hydrogen/carbon and oxygen/carbon, respectively.

Fg;g;e(fuﬁf Yield (%) H?,\\A/ J”}g_‘i‘;‘se VM (%) FC(%) Ash(%) HIC OIC
>500 20 3.7 86.4 105 3.1 18 06
250-500 20 20.2 80.8 15.1 4.2 13 04
125-250 16 19.7 76.8 19.8 35 13 04
63-125 14 18.0 69.2 27.8 3.0 13 04
<63 14 11.9 85.4 9.6 5.0 13 03

The DBW between 250-500 pm has the largest yield (20%) and HHV increase (20.2 MJ Kg™),
this then decreases with the decrease in particle size. A sharp drop in the HHV increase is
observed when particles smaller than 63 um were processed down to 11.9 MJ Kg* which is
6.1 MJ Kg* lower than 63-125 pm. The VM decreases and FC increases as the particle size is
decreased from 250-500 pm, again this trend follows up until particles smaller than 63 um were
processed. For particles smaller than 63 um a large amount of VM and small FC remains at
85.4% and 9.6% respectively. H/C and O/C ratios for all DBW particle sizes smaller than
500 um were relatively similar with no significant trend. When considered together this
suggests that the initial composition of the different particle size DBW below 500 um are
intrinsically different. This is caused by different compounds such as fibre being more resistant
to milling and so comprise less of the smaller particle sizes. However, it is clear that milling
the DBW below 500 um allows for better energy and mass transfer. This is significant because
controlling the maximum particle size for HTC reactions is considered an important factor for
efficient processing.

Table 5.2 Compiled combustion characteristics for different particle sizes of unprocessed

DBW. VM (volatile matter), FC (fixed carbon), H/C and O/C are ratios between the
atomic abundance of hydrogen/carbon and oxygen/carbon respectively.

F}?;;ge(ig HHV (MIKgY) VM (%) FC(%) Ash(%) HIC  OIC
>500 18.1 894 80 26 20 07
250 - 500 18.2 899 6.9 33 19 08
125 — 250 17.6 867 101 32 2 0.8
63-125 177 898 7.2 3.0 19 09
<63 173 845 125 30 19 08

5.5. Surface Characterisation of DBW Hydrochar

Surface functionality of the hydrochar and DBW was analysed using FT-IR spectroscopy and
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surface morphology was probed using SEM as described in Sections 3.3.4 and 3.3.8,

respectively.

5.5.1. Surface Functionality by FT-IR

To appropriately determine the changes to the DBW during HTC under different processing
conditions the DBW FT-IR spectra needs to be fully interpreted and assigned (Figure 5.7). A
broad absorbance band is attributed to O-H stretching (1, 3650-3050 cm™) vibrations [191].
Two aliphatic bands for asymmetric (2, 2922 cm™) and symmetric (3, 2857 cm™) C-H
stretching. Both these aliphatic and hydroxide absorbances are present in all compounds within
DBW. Conjugated (4, 1744 cm™) and unconjugated (5, 1649 cm™) carbonyl (C=0) stretching
absorbances owe their presence to the acidic carbonyl in the proteins (gluten) and lipids (long
chain fatty acids) present in the DBW. Amide bonds within the proteins are also responsible
for the N-H bending (6, 1537 cm™) vibration [337]. The C-O modes (1150-900 cm™) are often
related to saccharide (carbohydrates and fibre) presence within the DBW [338]. These are more
accurately assigned to C-O-C stretching (7, 1150 cm™), C-C-O asymmetric stretching (8,
1076 cm™), C-O stretching (9, 997 cm®), and C-C-O symmetric stretching (10, 933 cm™)
[339]. Finally further aliphatic presence can be determined by C-H out of plane bending (11,
855 cm™) [329].
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Figure 5.7 FT-IR spectra obtained for DBW using a Shimadzu IRAffinity-1S
spectrometer fitted with a Specac ATR plate. Analysis conditions: scans 4000, resolution
4 cm, absorbance mode. 1: vO-H,; 2: vasC-H; 3: vsC-H; 4 and 5: vC=0; 6: dN-H; 7:
vC-O-C; 8: vasC-C-C; 9: vC-0; 10: vsC-C-0O; 11: 6C-H.

Hydrochars produced at 160 °C displayed have the same peak structure in the FT-IR spectra at
30 and 60 min (Figure 5.8). After 90 min severe reduction in the peak intensity throughout the
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spectrum is observed. Backing up previous conclusions in Section 5.1, 160 °C is insufficient
processing temperature to allow carbonisation reactions to occur during HTC. The process is
only dissolving/hydrolysing the DBW compounds into the aqueous phase. No evidence for
carbon formation can be found in the FT-IR spectra of hydrochars processed at 160 °C. The

same is observed in the FT-IR spectra for hydrochars synthesised with CO- as the pressurising

gas.
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Figure 5.8 FT-IR spectra obtained for hydrochars produced at 160 °C under He
compared to DBW using a Shimadzu IRAffinity-1S spectrometer fitted with a Specac
ATR plate. Analysis conditions: scans 4000, resolution 4 cm, absorbance mode.

Hydrochars produced at 180 °C show significant changes in the FT-IR spectra compared to
DBW (Figure 5.9). There are significant differences between the 30 min and 60 min
hydrochars, because 30 min is not sufficient time for HTC reactions to proceed to completion
and after 60 min no further changes are observed. The same trend is seen for 180 °C using CO>
and 200 °C with both He and CO». Therefore backing up the established conclusion in Section
5.1. that retention time of 60 min is required for the majority of HTC reactions to occur.
Consequently, further comparisons between retention times are disregarded and only 60 min

retention times analysed.
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Figure 5.9 FT-IR spectra obtained for hydrochars produced at 180 °C under He
compared to DBW using a Shimadzu IRAffinity-1S spectrometer fitted with a Specac
ATR plate. Analysis conditions: scans 4000, resolution 4 cm1, absorbance mode.

Comparison between the FT-IR spectra of hydrochars synthesised in different reaction
environments He, CO., and PA at 180 °C for 60 min (Figure 5.10). The PA synthesised spectra
has significant differences compared to He and CO: following the same trend established in
Section 5.1. There is a large increase in the asymmetric (2914 cm™*) and symmetric (2914 cm™)
C-H stretching, as well as the appearance of a sharp peak for C=0 stretching (1699 cm™) [340].
The C-O stretching (1018 cm™) is slightly lower than in the CO, and He produced hydrochars.
New peaks appear related to the CH> groups and the long hydrocarbon chain in the PA these
are: CH_ scissoring (1470 cm™ & 1429 cm™), a variety of skeletal C-C-C stretching (1298- cm-
1), C-C stretching (941 cm™), and H-C-C stretching (723 cm™). The structure of the long
hydrocarbon chain in PA and the carbonyl bond has been retained whilst the C-O and O-H
functionality has been removed. This suggests that the PA is participating in reactions during
HTC which is selectively removing the hydroxide group. The PA is possibly participating in
the polycondensation reactions with molecules such as 5-HMF as presented in Section 2.3.1.

Both He and CO. reduced the hydroxide functionality of the material shown by a lower O-H
stretching (3650-3050 cm™) band. This is attributed to dehydration reactions during HTC and
causes the hydrochar to have higher hydrophobicity which is a desirable characteristic for fuels
[163], [341]. Aliphatic asymmetric (2922 cm™) and symmetric (2857 cm™) C-H stretching
increases in absorbance for both hydrochars compared to DBW. Following the expected
reduction in aliphatic C-H stretching observed for wastewater sludge which is opposed by HTC
of pure cellulose, lignin, and xylose in the literature [217], [342]. Based on these studies and
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observations from Saha et al. the intensity of C-H stretching peaks is related to both processing
temperature and feedstock composition [343]. Therefore 180 °C is insufficient for DBW to
remove aliphatic groups in the hydrochar but the hydrothermal carbons deposited from
aromatisation and polycondensation reactions contain C-H bonds that increase the relative
presence of them within the hydrochar surface. Furthermore, the C-H stretching band is smaller
in the CO2 synthesised hydrochar indicating that CO. increases the removal of surface

aliphatics.

There is a drastic reduction in C-O linkages which are mostly saccharide (carbohydrate and
fibre) related [279]. The saccharides are mostly dissolved/hydrolysed at 180 °C in both He and
CO2. The new broad band between 1196-1153 cm™ however is assigned to C-O ester linkages
which are likely produced by polycondensation reactions during HTC. Additional evidence of
HTC reactions is given by appearance of C=C aromatics (1512, 1454 cm?) stretches and hence
aromatisation reactions. Finally the increase in C=0 stretching (1649 cm™) presenting as a
broad peak is designated to the amide groups within the hydrochar and the N-H stretching
(1540 cm™) peak for amides is shouldered by neighbouring peaks [344]. Demonstrating that

the amino acid (proteins) within the DBW are resistant to dissolution/hydrolysis at 180 °C.
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Figure 5.10 FT-IR spectra obtained for hydrochars produced at 180 °C under He, COz,
and with additive PA compared to DBW using a Shimadzu IRAffinity-1S spectrometer
fitted with a Specac ATR plate. Analysis conditions: scans 4000, resolution 4 cm™,
absorbance mode.

FT-IR spectra for hydrochars produced at 200 °C for 60 min in both He and CO. (Figure 5.11).
A large reduction in all surface functionality is displayed in these hydrochars. CO2 produced

hydrochar has a lower surface functionality than the He produced hydrochar. As established
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previously in Section 5.1. the CO; acts as a homogeneous acidic catalyst during HTC
increasing the conversion of DBW to hydrothermal carbons [323]. The largest remaining peaks
in the hydrochars between 1750-1490 cm™ come from a combination of C=C aromatics, C=0,
and N-H stretches which are the main functionalities observed on the hydrochar surface [163],
[345]. Therefore 200 °C is sufficient to carbonise the DBW almost completely with no DBW

associated surface functionality intact.
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Figure 5.11 FT-IR spectra obtained for hydrochars produced at 200 °C under He and
CO2 compared to DBW using a Shimadzu IRAffinity-1S spectrometer fitted with a
Specac ATR plate. Analysis conditions: scans 4000, resolution 4 cm, absorbance mode.

5.5.2. Surface Morphology by SEM

Surface morphology of the hydrochar compared to the initial morphology of DBW
(63-125 pum) was assessed using SEM. Raw DBW appeared as unstructured, flat chunks of
biomass (Figure 5.12, b). Irrespective of processing conditions the hydrochar was visibly
distinct to DBW and displayed increased signal and hence conductivity, this is attributed to
increased relative carbon content. Hydrochars presented a generally amorphous structure and
retention time had negligible effect on the structure compared to processing temperature.
Hydrochars produced at 160 °C had a more structured rough surface, often with visible holes
and cracks from the hydrolysis of the compounds in DBW (Figure 5.12, a) [346]. Hydrochars
synthesised under 180 °C had the formation of discernible microspheres on the surface often
fused together, not completely covering the material. Microspheres are the product HTC
polycondensation reactions as described in Section 2.3.1 [347]. At 200 °C the microspheres are
larger and completely cover the surface of the hydrochar showing that considerably more

hydrothermal carbons have been formed. The use of CO: did not change the morphology of
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the hydrochars under any given processing conditions (Figure 5.12, c). PA synthesised
hydrochar was structurally distinct from all other hydrochars with no evidence of microsphere
formation and therefore expected polycondensation reactions. The surface was however
structured and rough with no holes or cracks from hydrolysis of DBW. Building upon previous
conclusions this is attributed to the PA taking part in condensation reactions and being
deposited onto the surface of the material.

a) 30 minutes 60 minutes 90 minutes

160 °C

180 °C

SEI 20kV  WD11mm $S60

200 °C

DBW 180 °C 60 minutes CO, 180 °C 60 minutes PA

Figure 5.12 SEM images of (a) hydrochar synthesised under He with varying processing
temperatures and retention times, (b) DBW feedstock 63-125 pm, (c) hydrochar produced
at 180 °C under COg, (d) hydrochar produced at 180 °C with no pressurising gas and PA
additive. SEM performed on instrument in Section 3.3.8.
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5.6. Qualitative Analysis of Aqueous Phase

Volatile organics within the aqueous phase were analysed by GC-MS to give complementary
analysis on the hydrochar formation reactions which occur within the aqueous phase.
Instrumental analysis settings for GC-MS are outlined in Section 3.3.5. Chromatograms were
often dominated by a peak eluted at 12.5 minutes, this has been attributed to only 5-HMF
(Figure 5.13) in this research, 5-HMF is previously discussed is a common product in HTC
from carbohydrates, which constitute ~60 wt.% DBW (Section 2.3.1). Whilst the authors are
aware that the peak is not separated and other organics with similar structures are being eluted
at the same time it was not possible to resolve this issue in the given timeframe. Consequently
5-HMF was the only product quantified by GC-MS in this convoluted peak, the peak area is
used to qualitatively determine the relative abundance of other products (Appendix 8). The
calculated HMF concentration of the aqueous phase under each condition is displayed in Table
5.3.

Table 5.3 5-HMF concentration of the aqueous phases produced at different processing
conditions obtained by GC-MS (Section 3.3.5).

Temperature (°C)  Retention Time (Min)  Pressurising Gas HMF Concentration (ppm)

180 30 He 1499
180 60 He 9748
180 90 He 2892
160 30 CO; 10

160 60 CO; 488

160 90 CO2 218

180 30 CO2 1207
180 60 CO2 5935
180 90 CO; 8873
200 30 CO2 10259
200 60 CO2 6695
200 90 CO; 2904

HTC at 160 °C produced a sweet smelling yellow liquid which was likely high in dissolved
sugars which are not detectable by GC-MS. Low overall signal was present in the GC-MS
chromatogram. 5-HMF was present at a relatively low concentration (488 mg L), giving
further evidence that this processing temperature is insufficient for HTC reactions. d-allose was
the only detectable sugar by GC-MS, non-volatile sugars are expected from the
dissolution/hydrolysis of the DBW. Processing at 180 °C yielded a brown liquid which was

found to have significant concentration of 5-HMF which increased with the retention time.
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Beginning at 1207 mg L™ after 30 min and increasing to 5935 then 8873 mg L for 60 and
90 min, respectively. Indicating that more of the carbohydrates are being converted into 5-HMF
as the retention time increases however they are not all undergoing polycondensation to form
hydrothermal carbons, a large proportion are left in the aqueous phase even after a long
retention time. An increase in long chain fatty acids e.g. dodecanoic acid is also observed with
this increase in temperature, attributed to the dissolution of lipids in the DBW. At 200 °C the
highest concentration of 5-HMF is observed at 30 min with 10259 mg L™ this decreases with
time to 6695 and 2904 mg L for 60 and 90 min respectively. Demonstrating that the
hydrolysis and dissolution occurs rapidly at 200 °C which is followed by polycondensation
reactions of the 5-HMF into hydrothermal carbons. Further carbonisation reactions are
occurring shown by the presence of 2-furaldehyde and 3-methyl-1,2-cyclopentanedione which
are ascribed to different conversion reactions of carbohydrates and 5-HMF. The observed
highest 5-HMF concentration equates to 0.2 g from 5 g of DBW, therefore for every 25 tons of
DBW processed 1 ton of 5-HMF would be produced that could be extracted. 5-HMF has a
retail price of approximately $1100 ton™ [348].

Agqueous phases of He pressurised reactions were quantified only at 180 °C because of
experimental limitations. Though no difference between the products in these chromatograms
was found, hence no insight gained. PA reaction chromatogram at 180 °C for 60 min showed
a large reduction in 5-HMF to 5869 mg L. Two possible reasons for this are speculated. The
PA is retarding HTC reaction mechanisms and preventing the formation of 5-HMF. PA is
reacting with 5-HMF by condensation reactions to produce a different form of carbonaceous
material. Based on previous observations showing differences in the hydrochar when PA is
used the later speculation is more probable.
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Figure 5.13 GC-MS chromatograms for the aqueous phase produced at 160, 180, and
200 °C processing temperature with 60 min retention time and carbon dioxide
pressurisation gas.

5.7. Effect of EtOH/Water Mixtures on HTC of DBW

The impact of solvent additives such as ethanol during hydrothermal processes is a neglected
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area within the literature. Solvent additives have the potential to tailor the characteristics of
hydrochar and bio-oil to required applications by changing the reaction dynamics during HTC
[28]. The objective of this research was to investigate the effect that ethanol had on the HTC
of DBW at a full range of different molar percentages. With full characterisation of the physical
and chemical characteristics of the hydrochar, this information can be correlated to the
physicochemical properties of the solvent mixture. Therefore, a deeper understanding of the
effect that ethanol (and other short chain alcohols) has on the HTC process can be acquired and

applied to future processes.

Used herein are molar ethanol/water mixtures at 3.0, 6.7, 11.1, 16.6, 23.5, 32.0, 42.9, 56.9,
75.3, and 100 mol% ethanol, the calculation of which is shown in Section 3.2.3. The processing
conditions used were 180 °C for 60 min under He (30 bar). When compared with results
presented in the previous section without ethanol additives the hydrochar will be referred to as
STDChar. The non-ideal nature of alcohol/water mixtures is discussed in Section 2.1.4.1. It is
suggested that there are three critical molar percentages for ethanol/water mixtures at 7, 15,
and 60 mol% [92]. At mixtures below 7 mol% the ethanol molecules exist independent of one
another surrounded by water in a “hydration shell”. Between 7 and 60 mol% ethanol there is
significant hydrogen bonding interaction between the ethanol and water molecules. There is a

maximum for this interaction at the point of greatest nonideality, occurring at 15 mol% ethanol.

5.7.1. Energy Density and Yield in EtOH/Water Mixture Hydrochar

Clear differences in the physical appearance and form of the product were shown compared to
STDChar. At 3, 6.7, 11.1, 16.6, 23.5 mol% the hydrochar was a comprised of more finely
dispersed and smaller particles. At 32, 42.9, and 56.9 mol% a single large oily lump was
produced. Finally at 75.3 and 100 mol% a very fine powder material which was brown in colour
was produced. In all instances at 6.7 mol% and above there was prevention of carbon formation
on the wall and impeller of the autoclave which required removal after STDChar HTC. HHV
shows the largest increase at 6.7 mol% at 18.12 MJ Kg* higher than the DBW feedstock
(Figure 5.14). This is observed maxima where either side at 3 and 11.1 mol% yielded lower
HHV hydrochars with 5.91 and 16.03 MJ Kg* increases respectively. STDChar had a lower
HHYV increase of 8.22 MJ Kg. Providing evidence that when ethanol molecules are present at
significant quantities independently in solution (below 7 mol%) they facilitate different

reaction mechanisms for carbon formation. However, it could also be due to the hydrothermal
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conversion of the ethanol molecules into carbon during HTC, with the HHV of pure ethanol at
29.7 MJ Kg* which is 12 MJ Kg* higher than the DBW feedstock at 17.69 MJ Kg*. Evidence
against the latter theory is that the yield of each of hydrochar at 3, 6.7 and 11.1 mol% is lower
between 12-13% compared to STDChar at 16.9%. The yield of hydrochar would be anticipated
to be higher if ethanol was being carbonised into the hydrochar during HTC.
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Figure 5.14 (a) HHV (MJ Kg?) of DBW, hydrochar analysed with bomb calorimeter
(3.3.7), (b) yield (%) from HTC of DBW both of which plotted against the ethanol (mol%o)
present in the reaction mixture (Table 3.3). (Reaction conditions 180 °C, 60 min, 30 bar
He).

HHV shows a gradual decrease after 6.7 mol% which reaches the same HHV as the DBW
feedstock at 32 mol% (Figure 5.14). The excess enthalpy of mixing for ethanol/water mixtures
at these conditions has a Gaussian distribution with maximum ~45 mol% (Figure 5.15).
Therefore, the rapid decrease in the HHV of the hydrochar after 6.7 mol% can be correlated to
this increasingly positive excess enthalpy of mixing. Further evidenced by flattening of HHV
at 32 mol% correlating to the levelling off point in the excess enthalpy of mixing for
ethanol/water mixtures at these conditions. Because this represents the ethanol and water have
negative interactions with each other at these conditions. Hence it is proposed that the HHV of
the hydrochar is the same as from DBW since the structure of the solid material is the same
and no carbonaceous material is being deposited. Indicating that above 32 mol% ethanol
polycondensation reactions observed in HTC are inhibited and the process is acting only to
dissolve or extract the organics into the aqueous phase. Qualitative analysis of the aqueous
phase is presented in Section 5.7.6. Maximum extraction into the aqueous phase is displayed
at 23.5 mol% yielding only 5.1% hydrochar with no HHV change. At 56.9 mol% ethanol HHV

change is relatively high at 8.57 MJ Kg™* this is considered an erroneous data point which
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would not be repeatable if HTC was performed again under these conditions and is therefore
eliminated. Though higher molarities of alcohol/water mixtures may be applicable to
hydrothermal liquefaction applications. There is a large variation in the yield of hydrochar for
all between 32 and 100 mol% with no observable trend.
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Figure 5.15 Excess enthalpy of mixing for EtOH/water mixtures at 175 °C under 50 bar
external pressure [349].

5.7.2. H/C and O/C Ratios in EtOH/Water Mixture Hydrochar

H/C and O/C ratios can give further evidence for the degree of carbonisation at each molar
percentage of ethanol investigated and are displayed in Figure 5.16. A general trend observed
is that as the ethanol mol% increases the H/C and O/C ratios also increase. As observed in the
yield of each hydrochar there is a jump at 32 mol% ethanol where the H/C and O/C ratios group
up around the DBW. Placing all of these hydrochars within what is expected of cellulose,
indicating that insignificant carbonisation has occurred under these conditions [350]. The
exception to this is at 56.9 mol%, going back down again in H/C and O/C ratio. This sample
also exhibited an increased HHV. Both of these considered together points towards some
carbonisation type reactions occurring at this molar ratio of ethanol. The H/C and O/C ratios
for water synthesised hydrochar are 1.31 and 0.35 placing it well within the range of peat.
Hydrochar from 3 mol% showed slightly less carbonisation with higher H/C and O/C ratios of
1.41 and 0.42. However the previously observed high HHV hydrochar synthesised with
6.7 mol% hydrochar had a lower O/C ratio but a higher H/C ratio at 0.32 and 1.56. Thus ethanol
may be acting as a hydrogen donor during HTC, acting as a deoxygenation agent further
depolymerising the DBW [351].
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Figure 5.16 van Krevelen diagram for hydrochars produced in EtOH/water mixtures
(squares) compared to DBW (triangle). Datapoints are coloured for EtOH molar
concentration from 3 mol%o (dark blue) to 100 mol% (red).

5.7.3. Proximate Analysis of EtOH/Water Mixture Hydrochar

Ash content of the hydrochar is increased compared to the DBW for all hydrochars from
6.7 mol% up to 32 mol%. A maximum in the ash content occurs at 23.5 mol% containing 9.3%
ash. The hydrochar at 23.5 mol% contains 6.3% higher ash content than raw DBW and the
STDChar. This is caused by a reduction in the solubility of NaCl in the ethanol/water mixture
without an enhancement of solubility of either calcium carbonate or iron. Solubility of NaCl at
25 °C in ethanol is 0.65 g kg* compared to solubility in water at ~360 g kg™ and solubility
increases in both as temperature is increased [352], [353]. The reduction in solubility of the
ethanol/water even at low molar presence of ethanol is a noteworthy finding, demonstrating
that the single ethanol molecules surrounded by hydration shells noticeably change its
thermodynamic properties. Ash content increase is likely further compounded at 23.5 mol% by
a low final yield of hydrochar with a majority of the DBW transferring into the aqueous phase,
as previously established. Hydrochar ash content then lowers down to similar levels of DBW
at 42.9 mol% and higher. This is attributed to matching dissolution of inorganics and organics
at the higher ethanol molar percentages with little to no carbonisation of dissolved organics.

This causes the overall percentage of ash present to remain unchanged.
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Figure 5.17 Stacked bar chart showing the percentage composition of the DBW, and the
hydrochar produced at different EtOH molar percentages. Composition of the ash, fixed
carbon (FC), volatile matter (VM) is given on a dry basis in wt.%.

At 3, 6.7, 11.1, and 16.6 mol% ethanol molar percentages a reduction in VM and an increase
in FC was observed. This is attributed to dissolution of less resistant material which
encompasses a higher percentage VM and then carbonisation of the dissolved organics into a
mixture containing a higher amount of FC than VM into the hydrochar. As observed in the
literature for hydrochar synthesised under typical HTC conditions. Peak FC is displayed at
11.1 mol% with 19.2% FC. It can therefore be surmised that reactivity at these lower molar
percentages up to 16.6 mol% is similar to that in STDChar formation. Then with 23.5, 32, 42.9,
and 56.9 mol% there is a shift observed, FC content decreases and VM increases. This effect
has been observed previously from addition of ethanol to lignocellulosic wastes during HTC
[28]. The range observed here of 16.6 mol% to 56.9 mol% is significant because it roughly
aligns with the range in which ethanol/water mixtures exhibit an extended hydrogen bond
network [92]. Compounds constituting the FC require nucleophilic species to disrupt the
chemical bonds and the fragments need to be dissolved. The extended ethanol/water network
links the water which can disrupt the structure of the FC to the ethanol which can then dissolve
the fragments. In this way the ethanol and water complement each other to cause maximum
dissolution of the FC into the aqueous phase. Furthermore, this is backed up by maximum
delignification of wood chips occurring at 50 mol% ethanol, where lignin is a highly resistant
constituent of lignocellulosic feedstocks [354]. With 56.9, 42.9, and 32 mol% having a lesser
effect on the DBW overall and particularly the VM content. At both 100 and 75.4 mol% there
is increased FC content which is likely due to selective dissolution of VM within the DBW
instead of any carbonisation.
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5.7.4. Surface Functionality of EtOH/Water Mixture Hydrochar

To further understand the effect of different ethanol/water mixtures FT-IR analysis was
performed on all hydrochars produced using different molar percentages of ethanol (Figure
5.18). The hydrochar produced under 3 mol% ethanol showed the same functionality as
observed in STDChar (Figure 5.9). This amount of ethanol therefore has a negligible effect on
surface functionality during HTC. However, at 6.7 mol% there is significant decrease in the O-
H stretching (3650-3050 cm™), and C=0 stretching (1649 cm™) bands. As well as an increase
in the aliphatic asymmetric (2922 cm™), and symmetric (2857 cm™) C-H stretching. This
6.7 mol% hydrochar represents an observed tipping point for these absorption bands. C-H
functionality then decreases with increase molarity up to 42.9 mol% where it is then consistent
with the DBW feedstock. O-H stretching increases up to the same 42.9 mol% returning to
DBW absorbances. Carbonyl (C=0) stretching returns to DBW levels at 32 mol%. Hydrochar
synthesised with 6.7 mol% ethanol was previously observed to have a higher H/C ratio than
the water synthesised equivalent this increase in aliphatic functionality is consistent with that
observation. Leading credence to the hypothesis that the ethanol is acting as a hydrogen donor
during HTC, thereby facilitating deoxygenation and depolymerising reactions [351]. It is an
important molar percentage, just before the critical molar percentage, the mixture is considered
as individual ethanol molecules surrounded by water as hydrates [92]. Consequently, whilst
ethanol is free moving in the ethanol/water system it is able to act as a hydrogen donor and
increase aliphatic functionality in the hydrochar. At higher molar percentages of ethanol there
is a change in liquid structure after this critical concentration into an extended hydrogen bond
network between ethanol and water molecules. Because the hydroxide in the ethanol is
hydrogen bonded to water more strongly, the hydrogen is more strongly bound into the

meso-structure limiting its capacity for hydrogen donation.
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Figure 5.18 FT-IR spectra obtained for hydrochars obtained in different ethanol/water

mixture molarities using a Shimadzu IRAffinity-1S spectrometer fitted with a Specac
ATR plate. Analysis conditions: scans 4000, resolution 4 cm, absorbance mode.

The gradual increase in the intensity of the C-O functionality (1150-900 cm™) attributed to
saccharides is displayed up until 32 mol% at which point it matches DBW (Figure 5.9) [338].
At 42.9 mol% the FT-IR spectra of the hydrochar is near that of the DBW feedstock showing
only a reduction in the N-H bending (1537 cm™). Moving further to 75.9 mol% the spectra
exactly matches that of the DBW. At 100 mol% ethanol a large increase in O-H stretching is
observed, it is concluded that the ethanol protonates the surface of the hydrochar and therefore

increases the intensity of the O-H stretching band.

5.7.5. Surface Morphology of EtOH/Water Mixture Hydrochar

At the lower molar percentages of ethanol, 3 and 6.7 mol% the hydrochar had a similar form
to the STDChar with a noticeable reduction in the microsphere concentration on the surface
(Figure 5.19). Further evidence that HTC proceeds by similar mechanisms below the critical
ethanol molar concentration of 7 mol% where ethanol molecules exist in isolation of one
another [92]. Looking at the morphology of the 11.1, 16.6, and 23.5 mol% hydrochars there
was no visible microsphere formation but a heavily structured amorphous surface with a
number of holes and cracks. This indicates that the DBW structure is being broken up and
potentially solid-solid conversions during HTC are agglomerating the remaining material. At
32 mol% the hydrochar is a large unstructured lump of carbon, the solid product at these molar
percentages was a large oily lump and once dried was broken up into smaller pieces. The same
was observed for 42.9 and 56.9 mol%. For 75.3 and 100 mol% the structure of the hydrochar
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was comparable to that of the DBW, a small number of cracks and holes was evidence from

minor hydrolysis/dissolution.

3 mol% - 7 11.1 mol%

SEl 20kV WD10mm SS60 X3 SEl 10kV WD11mmSS60 x m SEI 20kV WD11mm SS6

Figure 5.19 SEM images of hydrochar synthesised 180 °C under He with varying
EtOH/water molar percentages. SEM performed on instrument in Section 3.3.8.

5.7.6. Qualitative Analysis of Aqueous Phase from EtOH/Water Mixture HTC
GC-MS analysis provides complementary information, allowing for speculation of the
reactions occurring in the aqueous phase. All ethanol/water mixtures yielded a lower
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concentration of 5-HMF compared to 5935 mg L™ without ethanol (Table 5.4). A slow
decrease in 5-HMF concentration initially occurred up to 11.1 mol%. This is followed by a
relative increase in 5-HMF concentration for both 16.6 and 23.5 mol%. This can be attributed
to the large dissolution/hydrolysis of the DBW at these temperatures as shown by the low yield
in Section 5.7.1. Following this the 5-HMF concentration for the ethanol/water mixtures from
32 to 75.3mol% remains between 1000-2200 mg L™ this can be ascribed to the low
dissolution/hydrolysis of the DBW under these conditions. Finally pure ethanol yields a very
low concentration at 400 mg L™, providing further evidence that water is the more reactive
nucleophile during HTC and causes the majority of the bond cleavage reactions to the
feedstock.

Table 5.4 5-HMF concentration of the aqueous phases produced at each EtOH/water
molar percentage calculated from GC-MS data.

Ethanol (mol%) 5-HMF (ppm) Ethanol (mol%) 5-HMF (ppm)
3 5467 32 1103
6.7 4823 429 1946
11.1 3559 56.9 2165
16.6 4452 75.3 1050
23.5 3977 100 400

Chromatograms contained a myriad of different products in these ethanol/water mixtures
compared to the pure HTC, some of which are displayed in Figure 5.20. 3,4-altrosan was
produced with similar peak area to 5-HMF in 3 and 6.7 mol% ethanol/water mixtures. This is
reported to be an early product from the dehydration of glucose units during HTC [355].
However, it is not observed as a product conversion of DBW without ethanol under these
conditions. For 11.1 mol% and all higher molar concentration of ethanol it is observed that
ethyl alpha-d-glucopyranoside becomes the dominant peak for the rest of the ethanol/water
mixtures. Ethyl alpha-d-glucopyranoside is a simple sugar with one modified hydroxyl group.
Observing both of these together it is evident that the ethanol is hindering the expected HTC
conversion reactions typically imposed upon the dissolved sugars. Another unique product
created is hydrazinecarboxamide, 2-(2-methylcyclohexylidene) formed in 3, 6.7, and
11.1 mol% mixtures. Peak area is highest under 3 mol% then decreases with increasing ethanol
concentration. Reactions of dissolved proteins from the DBW facilitated by the ethanol are
attributed to the formation of this product. Pyroglutamic acid, which is a product of glutamine
when heated in water, is observed only in 16.6 and 23.5 mol% mixtures. Above that at 32, 42.9,
56.9, and 75.3 mol% glutamine appears as a peak instead. Although there is generally low

signal and few peaks in all chromatograms at 32 mol% ethanol and higher. Further evidence
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that HTC reactions are retarded at molar percentage ethanol/water mixtures above 32 mol%.
Oleoyl chloride was a significant product from 23.5 mol% ethanol HTC of DBW. Likely
produced from a novel reaction between the dissolved sodium chloride and long chain fatty
acids (lipids). This reaction is facilitated by the dissolution of long chain fatty acids in the
ethanol rich part of solution whilst the NaCl is dissolved by the water rich part of solution. The

free interaction between these two then allows for the formation reaction to take place.
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Figure 5.20 Chemical structures of different products discovered in the aqueous phase
from HTC of DBW under different ethanol/water mixtures.

5.8. Conclusions

HTC of a real waste stream (DBW) has successfully been assessed at a range of different
processing temperatures and retention times. Hydrochar was thoroughly characterised by
composition and morphology. Following this the effect of ethanol as a solvent additive during
HTC is profitably investigated at specific molar percentages. At 200 °C and after 90 min under
CO; the hydrochar had a large HHV at 39.66 MJ Kg™ with reasonable yield at 1.53 g from 5 g
of DBW (30% yield). CO> acting as a homogeneous catalyst during HTC is attributed to the
large HHV. Moreover, hydrochar had O/C and H/C ratios within the expected lignite and
proximate analysis gave favourable FC, VM, and ash content for fuel application.
Demonstrating the feasibility of performing HTC on DBW to produce a high value renewable
solid fuel. Potential issues identified are that large particle size material (> 500 pm) undergo

reduced conversion during HTC and calcium carbonate/iron is retained in the hydrochar.
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As described in literature processing temperature was a more important factor for the qualities
of the hydrochar produced from HTC. After 60 min additional retention time had little effect
on the hydrochar produced, therefore most reactions have proceeded to completion at 60 min.
However, the combination of processing temperature and retention time into one variable
(severity factor) gave good correlation with HHV, yield, as well as O/C and H/C ratios. Giving
credence to using severity factor in modelling and designing HTC reactions of biomass. 160 °C
was insufficient for the formation of hydrothermal carbons but dissolved/hydrolysed a large
amount of the DBW. Representing potential for pre-treatment to yield the carbohydrate rich
liquid product for use in anaerobic digestion or fermentation. 180 °C was shown to yield
unreacted of 5-HMF in solution but the hydrochar had microsphere formation attributable to
the polycondensation of 5-HMF. Consequently 180 °C was a conflicted processing temperature
not completely favouring hydrochar formation or the production of a high value liquid phase.
Compared to 200 °C many larger agglomerated microspheres were formed and 5-HMF was
minimal in solution, thereby favouring the formation of hydrochar. When PA was used as an
additive it underwent carbonisation reactions being incorporated into the structure of the
hydrochar. Yielding a significantly different carbonaceous product, this displays potential to
use PA and other derivatives to produce a doped hydrochar product for adsorption/catalysis

applications.

Looking at ethanol as a solvent additive a couple of critical molar percentages were observed.
For both 3 and 6.7 mol% the DBW is dissolved/hydrolysed to produce a recognisable
hydrochar (microspheres, increased HHV, reduced O/C and H/C ratios). Moreover, the
hydrochar was a finer powder and had higher miscibility, therefore the reactor required less
cleaning. However, it is clear that ethanol is acting as a hydrogen donor and facilitating
different reaction mechanisms. A product with increased HHV is produced compared to
STDChar and a higher H/C ratio but lower O/C ratio. This is because the ethanol exists as
singular molecules in the mostly water solution, consequently water can react as expected for
HTC with ethanol available to facilitate additional reactivity not otherwise observed. After
these molar percentages the formation of hydrothermal carbons is inhibited until 23.5 mol%
where minimal carbon is formed. This is important as above 7 mol% the ethanol/water mixture
exists as a non-ideal solvent with an extended hydrogen bond network. Therefore as the water
molecules become entangled in the extended ethanol/water mixture they are prevented from
interacting with the dissolved organics for long enough to enable HTC reactions. This is true

at 180 °C but might only require a higher processing temperature to enable these reactions. A
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large amount of the DBW is however dissolved/hydrolysed into the aqueous phase up to
23.5 mol% ethanol. After this point there is a huge reduction in the interaction between the
ethanol/water mixture and the DBW. Low dissolution/hydrolysis and minor carbonisation

evidence can be found.

In future research it is recommended that evolved gas analysis is used to further analyse the
composition of the hydrochar formed. Additionally analysing the effect of ethanol during HTC
at higher processing conditions is essential towards fully characterising its influence of
reactivity. It is possible there is insufficient activation energy for different carbonisation

reactions at the higher ethanol molar percentages.
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Chapter 6 Magnetic Carbon Composites from Avocado Seeds via
HTC and the Effect of Ethanol/Water Mixtures

This research chapter discusses the synthesis and characterisation of iron oxide
supported/encapsulated in hydrothermal carbonaceous material, classified as magnetic
iron-carbon composites (Fe/C). Avocado seeds (AS) have been processed in high temperature
water (230 °C) at elevated pressure (30 bar at room temperature) in the presence of iron nitrate
and iron sulfate. Fe/C was separated into two particle sizes: 32-232 um (particles) and <32 um
(powder) these have been characterised using analytical techniques: XRD, AAS, XRF, XPS,
FT-IR, ICP-OES, BET, this is presented in Section 6.1. The adsorption of methylene blue and
indigo carmine is presented in Section 6.2. A hydroalkoxylation reaction was used to evaluate
catalytic efficiency in Section 6.3. Where appropriate, Fe/C has been compared to raw AS,
hydrochar produced from AS without iron salts, and magnetite nanoparticles. The effect of

ethanol as a solvent additive on the Fe/C produced has been evaluated in Section 6.4.

AS were chosen as the waste feedstock for a number of reasons. They are a rapidly growing
source of waste with global production of avocados forecast to triple by 2030 as compared to
2010 values [356]. The AS and avocado peel are produced in high quantities from industrial
production of guacamole, sauces, oils, and frozen avocado products [357]-[359]. An
estimated 12 Mt of avocados are processed every year producing ~2 Mt of waste AS.
Furthermore, the AS are rarely used in animal feed because of their unpleasant taste and low

nutrient content, therefore a large amount of AS waste is sent to landfill.

Iron oxide was studied as the supported material because it has a wide variety of different
applications including adsorption, heterogeneous catalysis, photocatalysis, immobilisation, and
bio-pharmaceuticals [360], [361]. Moreover, the surface functionality can be controlled by
employing different synthesis conditions. Some of the procedures for preparing iron oxide
nanomaterials are: sol-gel, oxidation, co-precipitation, hydrothermal, aerosol, supercritical, and
microbial syntheses. These synthesised iron oxide nanomaterials can exhibit ferrimagnetism,

high biodegradability, and low toxicity.

Previous research into hydrothermal synthesis of iron materials has demonstrated potential to
produce functional iron oxide materials supported on, or encapsulated within, hydrochar. One

example, produced carbon encapsulated nanoparticles using glucose as the feedstock [362],
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[363]. For example, Rattanachueskul et al. demonstrated a 24 hour one-pot synthesis approach
to magnetic carbon composites using sugarcane bagasse as a feedstock [200]. Most other
research has focussed on the synthesis of hydrochar followed by wet impregnation of iron and
pyrolysis under an inert atmosphere [364]-[366]. This approach requires pyrolysis at
temperatures above 600 °C in order to oxidise the carbon and produce porous a carbonaceous

structure.

6.1. Physical and Chemical Characteristics of Fe/C

Analysis of Fe content was performed by AAS, and XRF on 5 different Fe/C samples, the
results of which were corroborated with one sample externally analysed by ICP-OES (Table
6.1). Each of these analyses were in good agreement with each other (within the standard error
from 5 different samples). Based upon the final weight of the Fe/C, the metallic loading of the
samples and the moles of iron used in the precursor iron nitrate, iron sulfate solution it was
calculated that losses of iron during the process are negligible because they are less than the
standard error associated with analysis. Therefore, the majority of the iron precursor solution
is incorporated into the final Fe/C and the metallic loading can be adjusted by altering the
weight of AS (or other lignocellulosic) feedstock used in HTC. This allows for the metallic
loading of the Fe/C to be tuned for the desired process. Whilst Fenton-like processes for
wastewater treatment requires low metallic loadings down to 3 wt.%, higher iron content

(~20 wt.%) is required for electrocatalysis applications [367], [368].

Table 6.1 Iron (Fe) content in Fe/C analysed by AAS, XRF, and ICP-OES.

Sample AAS (wt.% Fe) XRF (wt.% Fe) ICP-OES (wt.% Fe)
Fe/C particles 36.6+£5.4 375191 34.5
Fe/C powder 31.1+46 342+6.8 -

XRD analysis of the Fe/C showed the crystal structure was dominated by the characteristic
peaks for magnetite (FesOs) at 30.2, 35.6, 43.3, 57.2, and 62.8°; additionally, a smaller
contribution from haematite (Fe2Oz3) is observed (Figure 6.1, a). The percentage composition
of magnetite and heamatite was quantitatively determined using MATCH! Software. Fe/C
particles comprised 73 + 5.6% magnetite (Index# 96-151-3305) and 27 * 5.6% haematite
(Index# 96-154-6384), while Fe/C powder comprised 72.4 + 8.9% magnetite and 27.6 + 8.9 %
haematite. Magnetite is widely shown as the product of iron nitrate, iron sulfate and sodium
hydroxide [369]. However, Li et al. demonstrated that magnetite is oxidised to heamatite under

hydrothermal conditions [370]. At 275 °C under autogenously generated pressures 41% of the
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magnetite was oxidised to heamatite. Therefore, it is determined that the heamatite in the Fe/C
is attributed to oxidation during HTC. Furthermore, the presence of heamatite is likely
preferred at the exposed surface iron oxide particles whilst the carbon encapsulated iron oxide
remains as magnetite because it is shielded during HTC.
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Figure 6.1 (a) X-ray diffractogram patterns for Fe/C particles compared to RRUFF
spectroscopic references for magnetite and haematite between 17 — 65° obtained using a
Cu tube with 1.54184 A, scanning for 1 second at increments of 0.02° [371], [372]. (b)
Magnetisation hysteresis loop for Fe/C particles, inset shows small remnant of
magnetisation at zero field (~10% of total moment), measured using a Quantum Design
SQUID-VSM Magnetometer MPMS3.

XPS analysis of surface composition was performed externally on one sample of Fe/C particles
(Table 6.1). This analysis revealed a reduced presence of iron on the surface with an iron
content of 23.9 wt.%, 4.5 wt.% below the low limit of the standard error and 13 wt.% below
the average. Therefore, more of the iron oxide is encapsulated within the carbonaceous
hydrochar than on the surface. A minor presence of sodium, nitrogen, and sulphur was detected
in the Fe/C. Sodium can be attributed to sodium hydroxide used during synthesis and can be
eliminated with longer washing steps. The nitrogen and sulphur can be attributed to lignin and
proteins within the AS feedstock. Additionally, detection of indium through the pores in a
pressed Fe/C sample via XPS was possible, suggesting a heavily porous, and hence high

surface area material.
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Table 6.2 Surface composition (wt.%) of Fe/C particles determined by quantifying XPS
survey scans performed on Kratos Supra instrument with a monochromated aluminium
source.

Analysis Number NE & o 1t X c 2
(wt.%) (wt.%) (wt.%) (wt%)  (Wt.%) (wt.%) (wt.%)

Position 1 (20eV pass) 1.1 22.8 21.9 3.4 2.9 47.1 0.8

Position 2 (20 eV pass) 0.9 22.0 22.1 0.7 3.0 50.7 0.6

Position 3 indium (20 i i 171 67.7 05 14.7 i
eV pass)

Position 3 (10 eV pass) 1.2 27.3 22.6 - 2.8 45.4 0.8
Position 4 1.3 21.0 22.2 - 2.9 52.1 0.4

Position 5 (10 eV pass) 1.1 26.3 22.2 - 3.1 46.7 0.6

C 1s analysis by XPS (Figure 6.2, b) showed a majority of sp3 hybridized carbon
(285.35 eV, 50.31%), some of which is oxygen functionalised (287.59 eV, 23.76%),
there is also evidence of graphitic carbon (284.38 eV, 15.19%). Fe 2p analysis (Figure
6.2, a) is difficult due to multiplets and satellites. However, the major peak for Fe 2P3,
is likely attributed to a mix of heamatite Fe** (711.0 eV) and magnetite Fe?* (709.6 eV)

contributors. Iron carbide presence was not detected.
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Figure 6.2 high resolution XPS from position 1, collected at 20 eV pass energy, after curve
fitting to determine main peak position (a) Fe 2p (b) C 1s.

BET analysis reveals surface areas of 546 and 1454 m? g for Fe/C particles and powder
respectively, whilst hydrochar has a reduced surface area at 45 and 194 m? g* for particles and
powder respectively. The increased surface area in the Fe/C is attributed to the iron oxide acting
as a Lewis acid to facilitate the aromatic condensation and emission of volatiles, hence
increasing porosity compared to hydrochar post-carbonised without iron oxide [373].
Furthermore, increased surface area of powder samples (~3-4x larger) is recognised to be
because of increased surface area to volume ratio of the smaller size. The surface areas obtained
for Fe/C are comparatively large compared to lignin synthesised hydrochar with wet
impregnation of iron before post carbonisation (1100 °C) at 272 m? g [374]. In order to

achieve a high surface area (>1000 m? g1) sacrificial templating materials such as silica is often
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used during HTC to deposit the hydrothermal carbons onto as discussed in Section 2.2.3.3.
Procedures using sacrificial templates require several more preparation steps, higher

processing temperatures (800 °C), and the utilisation of more costly and less environmentally

friendly reactants [375].

Both the Fe/C and hydrochar have a heterogeneous surface, comprised of carbonaceous
material with hydroxide, carbonyl, and iron functionalities unevenly dispersed across the
surface. Nitrogen adsorption isotherms for both Fe/C and hydrochar are between Type Il and
V (Figure 6.3), suggesting that the material has weak interaction with the nitrogen leading to
minor adsorption at low p/po [376]. However, at high p/po molecular clustering and unrestricted
monolayer-multilayer adsorption of nitrogen onto the micro-mesoporous carbonaceous
material produces high adsorption volumes [377]. The obtained nitrogen adsorption isotherms
are comparable to that of catalysed graphitised hydrothermal carbon presented in the literature
[374], [375].
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Figure 6.3 N2 adsorption-desorption isotherm for (a) magnetic carbon composites (Fe/C)
particle and powder, and (b) hydrochar particles and powder.

Further evidence of microporosity is shown in Figure 6.4, the majority of the pores present are
below 2 nm [377]. Microporosity is a desirable characteristic of adsorbents and catalysts
because it often yields high surface area as well as a high pore density [378]. For this reason
microporous carbons (as observed in Fe/C and hydrochar) can be used widely for gas and liquid

phase adsorption processes [379].
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Figure 6.4 Pore size distribution for (a) magnetic carbon composites (Fe/C) particle and
powder, and (b) hydrochar particles and powder.

The surface functionality of Fe/C, hydrochar, and dried avocado seed (DAS) has been
characterised by FT-IR spectroscopy (Figure 6.5). DAS exhibits strong absorbance in
the O-H stretching region (1, 3650-3050 cm?), however this is significantly reduced in
the hydrochar and fully eliminated in Fe/C. A similar trend is observed in the aliphatic
region for asymmetric (2, 2919 cm™?) and symmetric (3, 2858 cm™) C-H stretching
which is linked to the presence of methyl and methylene groups. The loss of these
aliphatic and hydroxide bonds can be attributed to condensation reactions occurring
during HTC [342]. Aldol polycondensation reactions are the final reactions within HTC
that result in the formation of the extended polymeric structure of the synthesised
carbonaceous material [156]. That these are further reduced in Fe/C as compared to the
hydrochar may indicate that the reaction has proceeded to a greater extent and that it
may therefore be catalysed by the presence of iron. It has been previously demonstrated
that iron chloride acted as a Lewis acid during HTC and increased the carbonisation,
hence reducing the oxygen functionality of the hydrochar [380]. However, it should also
be noted that the presence of iron oxide means that a lower fraction of the surface is
hydrocarbonaceous, when compared to hydrochar. C=0 functionalities are also more
apparent in DAS, as indicated by the presence of peaks associated with conjugated (4,
1737 cm™) and unconjugated (6, 1619 cm™) C=0 stretching. The large C=0 stretching
band (5, 1690 cm™) present for hydrochar is attributed to conjugated aldehydes formed
during HTC. Further evidence of carbonisation is observed in the samples through the
appearance of an aromatic C=C stretching band (7, 1575 cm™) in the spectrum of Fe/C
and hydrochar, in addition to C-C aromatic stretching (8, 1397 cm™) [149], [381]. This is
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supported by the loss of C-O-C (9, 1149 cm™), C-O (10, 1005 cm™) and C-C-O (11,
938 cm) stretches present in the DAS spectrum. These peaks are associated with ether
C-O linkages from cellulose, lignin and hemicelluloses and elimination of this is
indicative of the carbonisation of these compounds during HTC [342]. The broad
absorbance between 1475-1211 cm™ present in the spectrum of DAS is attributed to a
mixture of C-C aromatic, C-N and C-O stretching vibrations. This is notably reduced in
intensity for both hydrochar and Fe/C. Some surface C-O functionality does remain after
HTC as indicated by the peaks between 1250 to 1050 cm™. Notably, hydrochar has
relatively greater absorbance in this region than Fe/C. This is attributed both to the
increased carbonisation noted by the reduction in aliphatic C-H, vide supra, but also to

the likely displacement of these functionalities by supported iron particles.
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Figure 6.5 FT-IR spectra obtained for dried avocado seed (DAS), hydrochar, and Fe/C
using a Shimadzu IRAffinity-1S spectrometer fitted with a Specac ATR plate. Analysis
conditions: scans 4000, resolution 4 cm™, absorbance mode. The numbered peaks are
assigned as follows: 1: vO-H,; 2: vasC-H; 3: vsC-H; 4, 5 and 6: vC=0; 7: vC=C; 8: vC-C;
9: vC-O-C; 10: vC-0O; 11: vC-C-0; 12 and 13: vFe-O.

The FT-IR spectrum of Fe/C is dominated by Fe-O stretching associated with heamatite
(12, 532 cm™®, 13, 440 cm™) [382], [383]. Magnetite typically exhibits a peak at
588 cm™; if present this is obscured in this work by the broad haematite peak. Bulk
characterisation (XRD, vide supra) indicated that magnetite was the dominant iron
oxide phase present. ATR is a surface sensitive technique and therefore the

identification of haematite is indicative of the oxidation of the surface iron oxide.

Material stability in solution was qualitatively examined by leaving in deionised water

for 24 h. Previous investigations showed iron-carbon composites discoloured the water
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after soaking for 24 h [200]. However, the synthesised Fe/C showed no discolouration
in solution during or after the soaking period. All of the Fe/C was easily collected with
an external magnet. Analysis of the metallic content of the recovered Fe/C revealed an
iron loading of 35.6% by AAS and 36% by XRF, consistent with characterisation of the
as-synthesised material, and hence showing no evidence of iron leaching during the
soaking period. Furthermore, XRD analysis confirmed the phase of the iron oxide
remained unchanged with magnetite and haematite contents of 79.2% and 20.8%
respectively, indicating that negligible oxidation or reduction of the oxide occurred. In
contrast, hydrochar visibly discoloured the solution to light grey immediately upon
addition and then to dark brown after 24 h. The material leaching from the hydrochar is
most likely unconverted hydrocarbonaceous material, with the brown colouration of the
hydrochar indicative of the presence of tannins. Ultimately, the increased stability of the
Fe/C is related to its increased carbonisation and therefore higher resistance to leaching

which is a desirable characteristic for liquid phase adsorption and catalysis processes.

SEM was used to investigate the physical surface morphology of the DAS, Fe/C, and
hydrochar (Figure 6.6). Analysis of the DAS shows an irregular mesoporous surface, the
structure of raw AS has a non-porous surface [384]. The porosity observed is attributed
to removal of tannins and water in the AS producing the empty cavities observed. The
Fe/C particles appeared as large separate graphitic grains with no evidence of iron oxide
clumping. Additionally, there is no evidence of microsphere formation typically
associated with hydrochar and observed in Section 5.5.2 for HTC of DBW. This
suggests that the microspheres formed during HTC are converted into graphitic carbon
during post-carbonisation as microspheres are not observed in other post-carbonised
hydrochar samples [385]. SEM analysis exposes the drawbacks of Fe/C powder samples;
they contain separate clusters of iron oxide and carbonaceous material. Hydrochar particles
also have a graphitic surface however they have more mesoporosity and more structured
surface than Fe/C particles, this can be related to the FT-IR showing an increased surface

functionality and therefore more remnants of microspheres formed during HTC.
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Figure 6.6 SEM images of DAS, Fe/C particles, Fe/C powder, and hydrochar particles
SEM performed on instrument in Section 3.3.8.

6.2. Adsorption Testing of Fe/C
The adsorption of methylene blue (MB) and indigo carmine (IC) onto Fe/C and hydrochar has
been examined to model their liquid-phase adsorption behaviour. Adsorption is an important
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material characteristic for many different applications such as wastewater treatment,
heterogeneous catalysis, metal leaching, gas storage, molecular separation, and molecular gas
sensing [386]-[391]. The main areas of application for the synthesised Fe/C and other HTC
produced materials are low-cost environmen